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AMP — adenosine monophosphate
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FOREWORD

This PhD project titled “Sirtuin Type 1 (SIRT1) — a key regulator in bone alterations and bone
marrow differentiation capacity in mouse model of Anorexia Nervosa”, originated as a
continuation of studies on separation based anorexia (SBA) mouse model, published by Zgheib
et al. and Louvet et al. (1,2).

Based on previous findings, we hypothesised that SIRT1-mediated regulation of bone marrow
stromal cell differentiation capacity can contribute towards an increase in bone marrow
adiposity and loss of bone tissue. Understanding of potential mechanisms that are responsible
for SIRT1 suppression during nutrient deficiency, in future, can lead to the development of

new treatment strategies for anorexia induced bone loss.

This piece of work starts with general introduction on interaction between bone and adipose
tissue within bone marrow, as well as description of SIRT1. It will be followed by the aims of
thesis and objectives. Main body consists of 3 main parts — 1. Focuses on SBA model and
associated changes in mice; 2. Describes preliminary results of RNA sequencing on BMSCs
extracted from SBA mice; 3. Explores relationship between SIRT1 and AMPK. Each of the

parts contain the discussion and conclusion sections.

The last part of the manuscript is general conclusion, where our findings would be presented
in the context of previous work, highlight the contribution to the field, and we will try to answer
the question — why there is an increase in bone marrow adipose tissue during severe nutrient

deficiency?
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INTRODUCTION

1. Crosstalk between Bone and Adipose tissue

Back in 1970 Friedenstein et al. published a discovery of cells harvested from bone marrow
(BM), which have been shown an ability to form into fibroblastic colony forming cells (3).
This was the first encounter with mesenchymal stem cells (MSCs) that led to the extensive
research in this area and the discovery of other sources of adult MSCs. It was demonstrated
that MSCs are able to differentiate in neurons, adipocytes, chondrocytes, osteoblast and
myoblasts (Fig. 1) (4,5). The self-renewal capacity and differentiation abilities of MSCs
allowed the development of various therapeutic purposes of this cell type (tissue regeneration,
tissue repair) (6,7). A strong link exists between the adipose tissue (AT) and bone; therefore,
an introduction will start with literature review of skeleton, different subtypes of adipose tissue

and their interconnection.

G Figure 1. In vitro differentiation
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1.1 Skeleton
A Skeleton serves a crucial function in providing a structural support for the body, movement

abilities, internal organ protection, mineral reservoir and also provides the environment for

haematopoiesis (8,9). Human skeleton consists of 213 bones and each bone undergoes
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remodelling throughout the lifetime to adapt to biomechanical changes, as well as preventing

damages to preserve the structural strength (10,11).

1.1.1 Bone development and remodelling

In mammalian skeleton, formation starts with migration of MSCs to the site of the future bone
and form a highly dense cellular structure in its shape (12). The MSCs start to differentiate into
chondrocytes within these structures to form a cartilage model of the future bone. The complex
process of endochondral ossification is initiated in the primary ossification centre by the
differentiation and proliferation of chondrocytes, which reach a hypertrophic state. The pre-
osteoblast, osteoclast and endothelial cell invasion in the hypertrophic cartilage is leading to
the cartilage resorption (13). With time of foetus growth and development, the primary
ossification centre expands into cortical bone and blood vessels invade the mineralised matrix.
Secondary ossification centres form in both ends of the developing bone and allows to form
epiphyseal growth plate cartilage, which is responsible for longitudinal expansion of the bone
(14-17).
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Figure 2. The schematic diagram of endochondral ossification process. 1. Formation of
bone collar around hyaline cartilage model; 2. Cavitation of the hyaline cartilage within the curtilage
model; 3. Invasion of internal cavities by the periosteal bud and spongy bone formation; 4.
Formation of the medullary cavity as ossification continues, appearance of secondary ossification
centres; 5. Ossification of the epiphyses; Adapted from Black et al. 2017 (17).
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Fully developed mineralized tissue consists of four cell types — osteocytes, osteoblasts,
osteoclasts and bone lining cells (18,19). Each type of these cells plays an important role in
bone structure and remodelling, where osteoclasts perform bone resorption and osteoblast

maintain bone deposition (10,20) (Fig. 3).

The bone remodelling cycle starts with recruitment and activation of mononuclear osteoclast
precursors from the circulation to bind lining cell surface of the bone. This leads to the fusion
of mononuclear cells to form multinucleated preosteoclast and their binding to bone matrix
(22). In adult humans, the process of bone resorption takes place for approximately 2 to 4 weeks
and is completed by osteoclast apoptosis (23). The reversal step of bone remodelling is a
transition point between bone resorption and start of bone formation. The pre-osteoblast cells
are being recruited to the resorption cavity to induce a process of new bone formation (11).
After 4 to 6 weeks of new bone formation, osteoblasts secrete the collagenous matrix and
induce matrix mineralisation (24). Furthermore, osteoblasts that were surrounded by the matrix
become osteocytes, which form a network within the tissue (25). The cycle of bone remodelling
is repeating constantly throughout the life; however, the trabecular bone balance is slightly
negative, leading to bone thinning with age. A lot of various factors (age, sex, metabolic

conditions) affect the bone thinning process and development of the disease.
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Figure 3. The process of bone remodelling. The old bone is resorbed by osteoclasts,
following this macrophage like cells are found at the intermediate of the resorption site. This leads
to the recruitment of osteoblast precursors, which proliferate and develop into mature osteoblasts.
Mineralisation of matrix is taking place and this finalizes process of bone remodelling. Adapted
from Biomedical Tissue Research, University of York
(https://www.york.ac.uk/res/bonefromblood/background/boneremodelling.html)
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1.1.2 Bone functions

Bone not only serves the function of structural support and muscle attachment point, but also
it contributes to whole body homeostasis. Bone participates in maintenance of haematopoiesis

and immune system activity, brain function and energy metabolism (26-28) (Fig. 4).
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Figure 4. Bone signalling molecules affecting body homeostasis. Diagram shows
molecules secreted by osteocytes, osteoblasts and osteoclasts that play important role in regulation
of body homeostasis. Adapted from Su et al., 2019 (28).

1.1.2i  Bone function — haematopoiesis

The process of new blood and immune cell formation take place in BM. The close proximity
of the bone cells and haematopoietic stem cells (HSCs) allows their communication, which
was extensively studied in past years. Visualisation of HSCs using intravital microscopy
showed an adjacent localisation of these cells to osteoblasts (29). Furthermore, runt-related
transcription factor 2 (RUNX2) loss in mouse model resulted not only in failed skeleton
development, but also in shift of haematopoiesis to extramedullary organs (spleen and liver),

demonstrating the importance of mineralized tissue development for haematopoiesis (30,31).

Induced osteoblast deficiency in mice lead to the decrease in HSCs, linking the haematopoiesis
and osteoblasts (32). Parathyroid hormone (PTH) signalling in osteoblasts results in an increase
of both osteoblasts and HSCs (33). Close attachment between osteoblasts and HSCs allows the

secretion of molecules, which maintain HSCs quiescence. This is achieved through osteoblast
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production of wingless-type family member 11 (Wnt11), leading to initiation of Wnt signalling
pathway in HSCs (34). Additionally, secreted thrombopoietin and angiopoetin-1 are also able
to regulate quiescence in HSCs (35,36). Cells of osteoblast lineage produce C-X-C motif
chemokine ligand 12 (CXCL12) and interleukin 7 (IL-7) in response to PTH signalling were
shown to support B lymphopoiesis (Fig. 4) (33,37-39).

Other types of bone cells within the BM niche were also shown to be involved in the regulation
of HSCs. BM engraftment of HSCs is partially dependent on calcium ions level (Ca%*) within
the microenvironment. One of the sources of Ca?* is bone resorption by osteoclasts (40). Kollet
et al. suggested that osteoclast produced cathepsin K protease mediates cleavage of CXCL12
chemokine and further result in mobilization of HSCs into the systemic circulation (41).
Moreover, Kollet et al. observed that receptor activator of nuclear factor kappa-B ligand
(RANKL)-stimulated osteoclast secrete matrix metalloprotease 9 (MMP9), which results in
recruitment of the progenitors (Fig. 4) (41). Similarly to Kollet et al., Heissig et al.
demonstrated that matrix metallopeptidase 9 (MMP9) induces a release of stem cell factors
(SCFs), which promote haematopoietic reconstitution (42). Loss of osteoclast activity was
shown to result in defective HSC niche, due to the decrease in osteoblast differentiation (43).
Also, osteocytes play an important role in maintaining haematopoiesis within BM, by
promoting myeloid expansion through production of granulocyte-colony stimulating factor
(GCSF) (44). Sato et al. conducted a study on osteocyte-less (OL) mice and observed that this
model exhibited lymphopenia, decreased number of lymphocytes (45). These studies clearly

demonstrate the importance of bone cells in maintaining healthy haematopoiesis.

1.1.2ii  Bone function — energy metabolism

Osteocalcin (OC) is a hormone secreted by osteoblasts, which alters whole body glucose
metabolism (46). Uncarboxylated OC (GlaOC) is found to be embedded into the bone matrix.
In the process of bone resorption, osteoclasts generate the acidic environment of resorption pit
and promote the decarboxylation of GlaOC to undercarboxylated OC (GluOC), an active form
of OC (47-49). The effect of OC on glucose homeostasis was firstly described in OC deficient
mice study by Ducy et al. (50). Further research in this area revealed that OC is able to promote
cell proliferation, leading to improved insulin production and secretion, and improve insulin
sensitivity in metabolic tissue (liver, AT, muscle) (Fig. 4) (28,49). Additionally, a positive

signalling loop exists between insulin signalling and OC production. Insulin signalling was
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shown to induce osteoblastogenesis, in mice, insulin receptor (IR) deletion leads to impaired
osteoblast differentiation and decrease in OC production (51). Furthermore, loss of IR induce
production of osteoprotegerin (OPG), which inhibits osteoclast differentiation, reducing bone
resorption and decreasing the circulating level of GIuOC (52). The decrease of GIuOC serum

level will further result in decrease of insulin production.

Osteocytes are also participating in regulation of osteoanabolic capacity by upregulating
Whnt/B-catenin signalling and whole body energy metabolism through production of
glycoprotein sclerostin (53). Sclerostin influences body composition by regulating anabolism
and catabolism in AT (Fig. 4) (54,55). The treatment with sclerostin neutralising antibody in
mouse model resulted in the reduction of white adipose tissue mass and improvement of insulin
sensitivity (54).

1.1.2iii Bone function — mineral metabolism

Additionally, to whole body energy metabolism, bone serves an important role as an endocrine
organ in regulation of systemic mineral metabolism. Osteoblast and osteocytes secrete
fibroblast growth factor 23 (FGF23) hormone, member of FGF family (56). In the beginning
of 21% century the mutation in FGF23 that resulted in glycoprotein gain of function, was found
to be a genetic cause of autosomal dominant hypophosphatemic rickets (ADHR), a disease
resulting in renal phosphate wasting (57). On the other hand, loss of function mutation in
FGF23 cause the development of familial hyperphosphatemic tumoral calcinosis (TC). This
disease is characterised by hyperphosphatemia, which takes place as a result of renal phosphate
reabsorption, and by elevated vitamin D (1a,25-dihydroxyvitamin D;) concentration (58-60).
The main function of FGF23 in kidneys is the suppression of phosphate reabsorption from the
urine and the suppression of vitamin D synthesis (61,62). Inhibition of phosphate reabsorption
is taking place through suppressing the expression of the type Ila sodium-phosphate co-
transporter (NaPi-2a) by binding to a FGFR1-a-Klotho co-receptor complex, that are located
in the proximal tubules of the kidney (37—-41)(63,64). These events lead to phosphate loss.
Also, FGF23 promotes calcium reabsorption by acting upon the transient receptor potential
vanilloid-5 (TRPV5), a channel located in distal renal tubules (65).

FGF23 also functions within the bone itself. It was reported that FGF23 within the bone cells
is a transcriptional suppressor of tissue non-specific alkaline phosphatase (TNAP) (66). TNAP
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is cleaving the mineralisation inhibitor pyrophosphate and therefore that it regulates bone

mineralisation (67).

1.1.2iv Bone function — extraskeletal tissues

Secreted by bone, OC (its active form GIluOC) signalling affects various peripheral tissue.
Muscle is not only using bone as an attachment point, but also bone signalling affects the I1L-6
production in muscle cells. During exercise, the GluOC induced production of IL-6 results in
enhanced uptake of fatty acids (FA) and glucose in myofibers, resulting in adaptation to
exercise (Fig. 4) (68,69). Furthermore, administration of GluOC in high concentration to mice,
resulted in muscle mass growth (70). OC was also shown to regulate the male fertility through
the inhibition of Leydig cells apoptosis and promotion of testosterone production in testes (Fig.
4) (71).

In recent years, a role of OC in brain function and development had emerged. In mice, the
maternal GluOC was found to cross the placental barrier, as well as blood brain barrier (BBB)
in order to promote the brain development of cognitive functions in the foetus (72-74).
Deletion of OC in adult mice (OC -/-) resulted in development of brain structure abnormalities,
impairment of memory abilities and the level of neurotransmitters. The administration of OC

in these mice improved the phenotype and memory deficit (72).

Based on the information above, it can be concluded that bone serves an important role not
only in mobility and protection, but also in function maintenance of vital organs. In the same
time this thesis focuses on the relationship between bone and adipose tissue, and changes in
these relationships which results in development of bone disease, therefore it is important to

thoroughly look at the bone function and development, as well as the AT.

1.2 Adipose tissues

The AT is an organ, which main function is to maintain energy homeostasis and serves a role
of nutrient storage (75). In humans and rodents AT can be divided in four subtypes, white
adipose tissue (WAT), brown adipose tissue (BAT), beige adipose tissue (Beige AT) and bone
marrow adipose tissue (BMAT). AT subtypes are located around the body in distinct fat depots

(Fig. 5). Visceral WAT depot surrounds internal organs and protects them, subcutaneous WAT
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depot is predominantly located in abdominal and thoracic cavities. Inguinal AT is composed
of both WAT and Beige AT, therefore is highly influenced by dietary and environmental
factors (76). In humans, BAT is located in the deep sections of the neck. BMAT is located
within limbs, as well as in the spine (77,78). Each of the AT subtype has its unique morphology,

composition and localization, which facilitates its function (Table 1).

©® war
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Figure 5. WAT, BAT, Beige AT and BMAT depots in humans and mice. In rodents and
adult humans WAT depots are divided into visceral and subcutaneous AT. Visceral AT surrounds
and protects vital organs, subcutaneous AT is predominantly located in abdominal and thoracic
cavities. BAT is located in the deep sections of the neck (humans) and in the intrascapular region
(rodents). BMAT in both humans and rodents is located within limbs, as well as in the spine.
Adapted from Suchacki et al., 2016 (76).
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Table 1. Summary of AT subtypes. Focusing on morphology, localization, composition and
function of distinct adipose tissue depots. Summarises the diversity of adipose tissue function in

human body.

Components of the diagram were taken from https://smart.servier.com/.
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1.2.1 Adipose tissue functions

WAT depots account for most AT in the body and its primarily function is fat storage in the
form of lipid droplets. WAT stores excess energy from food consumption in a form of
triacylglycerol (TAG) (89). Additionally, WAT acts as an endocrine organ and secretes various
adipokines like adiponectin and leptin, which regulate the lipid and glucose metabolism in the
body (90-92). The main function of BAT is to convert the TAG consumed within a diet and
transfer it into the heat (93). This function is facilitated by high number of mitochondria within
the BAT and expression of uncoupling protein 1 (UCP1) in these adipocytes (94). UCP1 serves
role of proton channel within the mitochondria membrane and allows re-entry of protons back
into matrix, by this process adenosine triphosphate (ATP) is not produced, but allows the
conversion of chemical energy into the heat energy (95). The intermediate tissue, between
WAT and BAT, was shown to be Beige AT (88). This subtype of adipocytes was shown to be
derived from and within WAT sub-population, but have thermogenic parameters of BAT, as
well as expression of UCP1 protein (96,97). Beige AT is able to switch between thermogenic
and fat storage phenotype depending on environmental conditions, therefore, it is able to
perform all functions of WAT and BAT described before (98). Finally, BMAT for a long time
was considered as a space filler within bone cavity, without distinct function and origin.
Beresford et al. in 1992 demonstrated that bone and adipose tissue derives from same precursor
cells —bone marrow stromal cells (BMSCs) (99). Due to BMAT heterogeneous origin and gene

expression profile similar with Beige AT, it was classified as distinct AT type (100,101).

1.2.1i  WAT function - lipogenesis, TAG synthesis and lipolysis

The process of lipogenesis in AT starts with glucose sensing and uptake via glucose transporter
type 4 (GLUT4) (102). In the process of glycolysis, glucose is broken down into metabolites
and pyruvate, which both play a role in de novo lipogenesis (DNL). Pyruvates undergo
tricarboxylic acid cycle (TCA) cycle in mitochondria to produce the citrate, leading to its
transport into cytoplasm of AT and initiation of lipogenesis. The cascade of DNL starts with
release of acetyl-CoA (Ac-CoA) by ATP-citrate lyase (ACLY) enzyme (103). During next
step, acetyl-CoA carboxylase 1 (ACC1) enzyme converts Ac-CoA into malonyl-CoA (104).
After fatty acid synthase (FASN) converts malonyl-CoA into palmitate and at last palmitate is
transformed into FA Dby stearoyl-CoA desaturase 1 (SCD1) (105,106). Meanwhile, the
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metabolites produced in the process of glycolysis are also participating in DNL. The
intermediate metabolite xylulose-5-phosphate (X5P) acts as an activator of protein phosphatase
2A (PP2A) (107). It was shown that PP2A dephosphorylates carbohydrate response element
binding protein- (ChREBP-) at serine 196 (Ser196) and threonine 666 (Thr666) residues and
facilitate its translocation to the nucleus (108). ChREBP- together with Max-like protein X
(MIx) binds carbohydrate response element (ChORE) and initiate transcription of ChREBP-,
which subsequently induce expression of target genes that are participating in DNL (ACLY,
ACC1, FASN, SCD1) (Fig. 6) (109,110).

SCD1

e Palmitate

Lipogenesis

Figure 6. Summary de novo lipogenesis in WAT. Diagram shows the metabolism of glucose,
which facilitates DNL, as well as activation of target genes necessary for the process of lipogenesis.
Components of the diagram were taken from https://smart.servier.com/.

Glucose transporter type 4 (GLUT4); xylulose-5-phosphate (X5P); protein phosphatase 2A (PP2A);
carbohydrate response element binding protein-a (ChREBP-«); Max-like protein X (MIx);
carbohydrate response element (ChORE); ATP-citrate lyase (ACLY); acetyl-CoA carboxylase 1
(ACCL); stearoyl-CoA desaturase 1 (SCD1); fatty acid synthase (FASN); fatty acid (FA); acetyl-
CoA carboxylase (ACC); malonyl-CoA decarboxylase (MCD); triacylglycerol (TAG).
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Newly synthesised FA are transferred into endoplasmic reticulum (ER), where TAG synthesis
is taking place (111). In the cascade of the enzymatic reactions on the sn-glycerol-3-phosphate
(Gly-3-P) backbone glycerol-3-phosphate acyltransferase (GPAT) attaches FA-CoA to
produce lysophosphatidic acid (LPA) (112). After an acylglycerophosphate acyltransferase
(AGPAT) facilitates the attachment of another FA-CoA to form phosphatidic acid (PA) (113).
Phosphatidic acid phosphohydrolases (PAP) enzyme catalyses the PA to generate 1,2-
Diacylglycerol (1,2-DAG) (114). At last 1,2-DAG is acetylated by diacylglycerol
acyltransferases (DGAT) and attach last FA-CoA, forming TAG, which is later stored in the
lipid droplets (115,116). TAG is derived not only from FA produced in the process of DNL,
but also through the uptake from the bloodstream. After food consumption, FA are absorbed
in small intestine into the bloodstream, they enter adipocyte through CD36 transporter and after
are stored in a form of TGA (Fig. 7) (117,118).

During feeding, when blood glucose rise, pancreatic -cells sense the change in glucose gradient
and secrete insulin into the bloodstream (119). Insulin binding to IR on the surface of AT and
induce downstream signalling. These events activate insulin receptor substrate (IRS), which
further phosphorylates phosphatidylinositol 3-kinase (PI3K) and protein kinase B (PKB/AKT)
(120,121). Activation of mammalian target of rapamycin complex 1 (mTORC1) by PBK/AKT,
induce the translocation of sterol regulatory element-binding protein (SREBP1c) into the cell
nucleus, where it binds to the serum responsive element (SRE) to induce the expression of
DNL genes (122,123). mTORC1 is also involved in suppressing the activity of adipose
triglyceride lipase (ATGL) and block the lipolysis (124). Furthermore, PKB/AKT is involved
in blocking protein kinase A (PKA), that induces lipolysis. Additionally, both ATGL and
hormone sensitive lipase (HSL) are repressed by PKB/AKT, stopping the lipolysis in AT (125).
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WAT

Figure 7. Summary of triacylglycerol synthesis and lipolysis in WAT. Diagram shows
the TGA synthesis and lipolysis, which are induced or suppressed by insulin or glucagon signalling,
in response to feeding condition.

Components of the diagram were taken from https://smart.servier.com/.

Insulin receptor (IR); insulin receptor substrate (IRS); phosphatidylinositol 3-kinase (PI3K); protein
kinase B (PKB/AKT); rapamycin complex 1 (mTORC1); element-binding protein (SREBPIc);
serum responsive element (SRE); ATP-citrate lyase (ACLY); acetyl-CoA carboxylase 1 (ACC1);
stearoyl-CoA desaturase 1 (SCD1); fatty acid synthase (FASN); endoplasmic reticulum (ER); sn-
glycerol-3-phosphate (Gly-3-P); glycerol-3-phosphate acyltransferase (GPAT); lysophosphatidic
acid (LPA); acylglycerophosphate acyltransferase (AGPAT); phosphatidic acid (PA); Phosphatidic
acid phosphohydrolases (PAP); 1,2-Diacylglycerol (1,2-DAG); 2,3-Diacylglycerol (2,3-DAG);
diacylglycerol acyltransferases (DGAT); glucagon receptor (GCGR); adenylyl cyclase (AC); cyclic
adenosine monophosphate (CAMP); protein kinase A (PKA); hormone sensitive lipase (HLS);
adipose triglyceride lipase (ATGL); 2-monoacylglycerol (2-MAG); monoglyceride lipase (MGL);
triacylglycerol (TAG); peroxisome proliferator-activated receptor gamma (PPARY).
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In a period of energy demand, glucagon is secreted by pancreatic -cells in response to low
blood glucose level (126). Binding of glucagon to the glucagon receptor (GCGR) on the
adipocyte surface triggers the G-protein coupled activation and interaction with adenylyl
cyclase (AC), which converts ATP into cyclic adenosine monophosphate (CAMP) (127).
Increase in intracellular cAMP level results in activation of PKA (128). PKA facilitates
activation of HLS, a key enzyme in TAG lipolysis (129,130). Overall, lipolysis starts with
hydrolysis of TAG by ATGL to form 1,2-DAG or 2,3-DAG. After HLS breaks it down to 2-
monoacylglycerol (2-MAG). Next step is driven by monoglyceride lipase (MGL), to produce
glycerol and FA (131). However, the involvement of glucagon in lipolysis induction in human
AT is highly questioned. Numerous studies in rodents demonstrated glucagon promoting
activation of HLS (132,133). In the same time, some studies in humans did not demonstrate
any effect on lipolysis in response to glucagon (134,135). Recently, Periera et al. showed that
the expression level of GCGR on the surface of human AT is low, but after exposure to high
glucagon concentration the increase in lipolysis was observed (136). A variety of other lipolytic
hormones was established to play role in induction of lipolysis in WAT — norepinephrine (NE),
is a primary activator of fasting induced lipolysis (137). Also, adrenocorticotropic hormone
(ACTH) and GH have been shown to induce lipolysis (138).

1.2.1ii  WAT function - adiponectin and leptin secretion

Initially, adipose tissue was considered primarily an energy storage unit, however after
Friedman et al. discovery of leptin this misconception was disproved (139). This hormone is
secreted by AT in response to changes in nutrient availability and thus modulates the food
intake (Fig. 8) (140,141). Leptin acts in the hypothalamus by blocking the food intake, through
inhibition of neuropeptide Y and Agouti-related protein (NPY/AGRP) neurons and activation
of anorexigenic pro-opiomelanocortin (POMC) neurons (68—70)(142). Through activity in the
sympathetic nervous system, leptin regulated lipolysis in AT (143). Also in liver, leptin
indirectly is activating AMP protein kinase (AMPK), which induce intracellular signalling
cascade and result in suppression of SREBP1c and subsequent decrease in lipogenic gene
expression (144,145). The activation of AMPK in liver inhibits DNL by phosphorylating
ACC1 enzyme and blocking its activity (146). Additionally, in muscle cells leptin is also
regulating the glucose uptake and fatty acid oxidation (147,148). High blood circulating leptin
level is positively associated with increase in body mass index (BMI), as its preliminary

function is to decrease the fat content (149). The leptin production in anorexia nervosa (AN)
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patients was significantly reduced in several studies, which was predictable, as leptin level in
positively associated with BMI (150).
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On the other hand, in individuals with high BMI, the adiponectin was shown to be decreased,
as secretion of this adipokine is associated with caloric restriction (CR) (151,152). First,
adiponectin activates the AMPK signalling pathway in the liver, resulting in upregulation of
carbohydrate breakdown and FA oxidation, as well as protection against insulin resistance (Fig.
9) (153,154). This is achieved not only through activation of AMPK pathway, but also via
induction of PPAR expression (155). It also, facilitates glucose and FA uptake in muscle cell,
in order to provide them with sufficient energy source (156,157). Moreover, adiponectin
improves insulin production and secretion by pancreatic (-cells (158). However, adiponectin
can also work in an autocrine manner and promote the adipogenesis in AT, by inducing PPAR

expression (159).
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Figure 9. Main mechanisms of adiponectin’s functions on peripheral tissues to regulate
metabolism and insulin sensitivity. From Turer and Scherer, 2012 (154).

1.2.1iii  BAT function — thermogenesis

In BAT development, peroxisome proliferator-activated receptor gamma (PPARY) suppression
results in recruitment of the PR domain containing 16 (Prdm16), which induces the
transcription of BAT genes and results in AT browning. The thermogenesis in BAT starts with
decrease in body temperature, which triggers the NE production in hypothalamus (160). This
neurotransmitter is binding B-adrenergic receptors on the surface of BAT and triggers the G
protein coupled receptor activation and AC activation (161). AC converts ATP into CAMP,
which activates PKA (128). PKA facilitates phosphorylation and activation of cAMP-
response-element-binding protein (CREB), that binds to UCP1 gene promoter and induce its
transcription (162). UCP1 acts with the mitochondria of BAT, where it serves a role of a
channel. UCP1 transfers the H* proton, produced by a series of reactions in electron transport
chain (ETC), into inner mitochondria matrix, independently of ATP production (93,163). In

the process of energy transduction, heat is produced.
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Additionally, UCP1 requires FA binding in order to be activated (95). PKA also induces HSL
enzymatic activity and increase the rate of lipolysis in BAT, but this way FA content is

increased and is used to activate UCP1 and to produce Ac-CoA by -oxidation (164,165).

1.3 BMAT

In the end of 20" century it was found that BMAT, as well as bone cells are derives from same
precursor cells population — BMSCs (99). Back in 1991, Caplan et al. for the first time
established a term of MCS, referring to stem cell population within BM (166). The initial
naming of this class of cell was based upon their differentiation capacity into multiple tissue
types beyond the skeletal lineage (including skeletal muscle, myocardium, smooth muscle)
(167). After the discovery of different MSC sources (synovial, dental pulp or adipose tissue),
BM specific population of cell with MSC like differentiation ability, currently are referred as
BMSCs (168-171).

BMSCs are considered to be a highly heterogeneous population of the cells. Cells are typically
isolated by plating to the in vitro culture plates, due to their ability to adhere to plastic surface
(172,173). Also, BMSC population can be isolated though negative sorting by fluorescent-
activated cell sorting (FACS), using haematopoietic lineage marker CD45 (174). Currently,
BMSCs specific marker was not identified, therefore, markers of MSC that cross-react with
BMSC population can be used (e.g., CD271/CD63/W8-B2/MSCA-1 in humans) (175).
Kuznetsov et al. study showed by single cell colony analysis, that only low percentage of
extracted cells are able to exhibit a stem cell differentiation capacity into trilineage (osteoblast,
adipocyte and chondrocyte) and furthermore, form a heterotopic bone marrow organ when cells
are implanted in vivo (176). The rest of the cell population is considered to be a lineage
committed cells (177). These subpopulations of the cells, are likely to function as a
haematopoiesis support or immune system regulators (non-progenitor function of BMSC
population) (178).

Overall, BM is a dynamic tissue that consists of BMAT together with haematopoietic and
variety of stem cells, enclosed in complex extracellular matrix. BMAT is a distinct type of AT,
which is saturated within BM cavity and composes 70% of whole BM volume. In adult human,

BMAT account approximately 10% of total fat composition (76,179). One of the first
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documented observation of BMAT was dated back in 19" century, when Ernest Neumann
identified “large yellow cells” during the trabecular bone autopsy (180). Later this finding was
confirmed by various investigators (181-183). The interest in BMAT origin and function rose
throughout the years and development of technologies in medical research (positron emission
tomography (PET) and magnetic resonance imaging (MRI) scans) allowed the non-invasive
study on BMAT (184,185). Currently, it is established that in human BMAT starts to develop
only postnatally at the distal ends of long bones. Therefore, the red haematopoietic marrow,
which was prenatally composing BM, is slowly replaced by BMAT and BM is converted into
yellow marrow (Fig. 10) (186,187).

Newborn Child Adolescent Adult Aged

Figure 10. Conversion of red marrow to yellow marrow. Diagram shows the gradual
replacement of red (haematopoietic) marrow by yellow (adipose tissue) marrow in the process of
aging. From Li et al., 2018 (182).

In the process of ageing, BMAT expansion was found to be associated with development of
bone pathologies (188,189). Additionally, increase in BMAT was observed in menopausal
women, due to the oestrogen deficiency, leading to development of osteoporosis and other bone

associated conditions (190,191).
1.3.1 BMAT study approach
Advances in technologies lead to the breakthrough in characterisation of BMAT and in
understanding its function. In particular, the histological analysis brought a historical value in

understanding composition of BMAT. Therefore, histomorphometry is one of the most

important aspects in standardised methodology in BMAT research (192). Recently,
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methodologies working group from the Bone Marrow Adiposity Society published a review

article covering the most recent models and techniques in BMAT research (192).

Dr Parfitt publication “Terminology and symbols in bone morphometry” was a base for first
guidelines on bone histomorphometry (193). This technique can be described as a method to
quantify the components of marrow to assess quality of bone and changes in cells size or
number. Histomorphometry is based on 5 main steps — 1. sample preparation; 2.
decalcification; 3. embedding; 4. staining; 5. quantification (192). Despite the scientific value
of this technique, it has few limitations, as being time-consuming and requiring the microscopy
and in most of the cases manual quantification. Moreover, it relies on interpretation of a user
and therefore control of quality is required. The process of detection of BM adipocytes
(BMAUSs) and their quantification can be challenging due to their close connection in adipocytic
areas (192).

To overcome the challenges of this 2D technique, more recently appeared the use of 3D
imaging to quantify and establish BM adiposity (BMA) distribution within BM. X-ray
microfocus computed tomography (micro-CT) is currently the most powerful tool to study
mineralised tissue (194). However, the limitation of this technology is low specificity for soft
tissue, which doesn’t allow to study the BMAT within the bone. This problem was solved with
development of contrast enhanced micro-CT (CE-CT) (195). With a help of contrast enhancing
staining agents (CESA), it allows to bind to tissue ex vivo and visualise BMAT. Scheller et al.
reported the use of osmium-tetroxide (OsOa) as a CESA, in study and quantification of BMAT
using CE-CT (196-198). This type of staining is continued to be widely used, however it is
highly toxic and should be appropriately handled (199,200). This limitation was improved by
Kerckhofs et al., who reported the study on visualisation of bone mineral structure and soft
tissue using Hafnium Wells-Dawson polyoxometalate (Hf-WD-POM) (201). This technique
allows not only to perform 3D CE-CT, but also subsequently perform immunostaining and

histology, with non-toxic material for safer manipulations.

In clinical studies, it is crucial to use non-invasive imaging. Currently, MRI is widely used as
in vivo BMAT study tool (202,203). It allows to quantify changes in BMAT volume in response
to treatments, dietary adjustments or exercise (204,205). The measurements in rodents are more
challenging due to their small size, therefore most of the in vivo studies using MRI are

conducted on human subjects. In order to quantify BMAT in these studies, a proton-density fat
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fraction (PDFF) biomarker can be used. It measures the unconfounded fat signal in relation to
the sum of the unconfounded fat together with water signals (202,206,207). The challenge is
to minimize the number of confounding factors and focus only on lipid proton signals.
Therefore, more accurate quantifying techniques emerged - single-voxel proton spectroscopy
(*H-MRS) and chemical shift encoding-based water-fat imaging (WFI) techniques (206).
Moreover, recently high-resolution peripheral quantitative computed tomography (HR-pQCT)
is used to accurately quantify BMAT in humans (208).

To study the BMAT subtypes, localisation and function at the cellular level, it is crucial to
establish in vitro systems. BM is a complex microenvironment, which consist of various cell
types, therefore it is difficult to isolate BMAds from BM. This led to the development of in
vitro adipogenic differentiation protocols, to study BMAdSs derived from BMSCs. This method
is based on isolation of a stromal vascular fraction (SVF) that is plated on the plastic and
expanded in tissue culture. The monolayer of adherent cells represents the fraction of BMSCs,
which are treated with a cocktail of molecules inducing adipogenic differentiation. The
validation of obtained BMAdSs is done through fluorescent dyes to detect the formation of lipid
droplets (Nile Red, Oil Red O) or the detection of adipocyte specific gene and protein
expression (RT-gPCR, Western Blotting, RNA sequencing). Additionally, cells can be

characterised base on surface markers by flow cytometry (192).

1.3.2 BMAT functions

With the developing interest in BMAT research and with advancing of experimental
techniques, a broad range of BMAT function was established. BMAT stores significant amount
of fat and expresses IR, these parameters link BMAT with energy metabolism (209). FA and
lipids stored in BMAT can be used to produce ATP for osteoblasts (210). It was also shown
that BMAT not only interacts with tissue within the closed system of BM, but also function as

an endocrine organ that is participating in regulation of whole body metabolism (83,211,212).

In regard to fatty acid uptake and lipid storage, BMAT lipid droplets are made up of a core of
neutral lipids such as TAG and cholesteryl esters that is surrounded by a phospholipid
monolayer with embedded proteins (213-215). As a result, bone marrow adipocytes must first
acquire fatty acid substrates before being esterified and stored. These fatty acids, like those

found in other adipose depots, are assumed to be obtained either by absorption from the
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circulation or through de novo synthesis from glucose substrates. When fatty acids enter the
cell, they must be esterified to glycerol or cholesterol via a two-step, ATP-dependent
mechanism catalysed by acyl-coenzyme A synthetase (ACS) and involving acyl-CoA
synthetase long chain family member 1 (ACSL1), ACSL3, and ACSL4 (213). When these fatty
acids are activated, they might begin to be integrated into the lipid droplet core. TAGs are by
far the most prevalent lipid detected in MAT, despite the fact that the relative proportions of
TAGs and cholesteryl esters might fluctuate (213-215). PLIN1 has been discovered as a
component of bone marrow adipocytes by immunohistochemistry as well as western blot
analysis (216). In other adipose depots, tiny lipid droplets are assumed to be covered with
perilipin 2 (PLINZ2) and PLIN3, and when the droplet grows larger, they are replaced by PLIN1
(217,218). Despite the fact that marrow adipocytes are distinct and much remains unknown
about marrow adipocyte lipid droplets, their biogenesis appears to include similar machinery
seen in classic WAT. However, study by Attane et al. suggested that BMAT exhibit a distinct
lipid metabolism characteristics comparing to WAT (219). They showed that BMAT has a
reduced level of lipolytic activity and the metabolism in this tissue is focused on cholesterol
(219).

Once lipid droplets form in BMAdSs, they may function as a source of stored energy or ATP.
When cellular energy is required, whether by BMAdSs or other cells, lipid droplets are thought
to be broken down into free fatty acids by lipolysis. BMAT lipolysis was previously
undervalued and rarely explored. For example, histological investigation of BMAT would
frequently offer some insight on the number or volume of marrow adipocytes/lipid droplets,
but because to the nature of lipid flow, it was impossible to determine whether this was due to
increased fatty acid storage or decreased lipolysis. BMAT has recently been revealed to
undergo cytoplasmic lipase-mediated lipolysis, this distinct depot appears to be less susceptible
to B-adrenergic stimulation than WAT (216). As a result, although lipolysis seems to occur in
BMAds similarly to other adipose depots, the stimulus or response may be exclusive to this

depot.

BMAUds use FA for their own ATP generation. Because BMAT in the distal tibia, proximal
tibia, and femur has a high amount of long-chain fatty acids, it is hypothesised that
predominantly 3-oxidation occurs in these sites (215,220). Acetyl-coenzyme A is joining the

TCA cycle and undergo oxidative phosphorylation, resulting in the production of ATP. This
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ATP may now supply the bone with the energy necessary for cellular operation and

maintenance.

1.3.2i BMAT function - haematopoiesis

Haematopoiesis can be divided into five brunches — myelopoiesis, lymphopoiesis,
erythropoiesis, thrombopoiesis and HSC self-renewal (221). Haematopoiesis occurs in close
proximity to stroma cells, which provide the support for HSC self-renewal and differentiation
(222). BM stroma consist of stromal fibroblasts, endothelial cells, smooth muscle cells,
reticular cells, osteoblasts and adipocytes (223,224). BMAdSs are the most abundant cell type
within the BM stroma and in the process of ageing BMAT, within yellow marrow, gradually
replace the red haematopoietic marrow, potentially affecting the HSCs expansion (225).
Indeed, the accumulation of BMAT was shown to correlate with a decrease in HSCs and
induces the reversible quiescence of HSCs within yellow marrow (226). However, recently in
was highlighted that the role of BMAT in inhibition or maintenance of haematopoiesis is still
considered disputable (226,227).

The transwells co-culture experiments, showed that in vitro in the presence of BMAds, HSCs
has a reduced expansion ability. On the other hand, inhibition of BMAT in vivo, results in
reconstitution of haematopoiesis and leukocyte formation. These findings suggest that BMAds
secrete the signalling molecules that induce inhibition of haematopoiesis and lymphopoiesis
(226). Accumulation of BMAT during high fat diet in vivo, found to rapidly reduce B
lymphopoiesis (228). Additionally, in vitro, BMAT secreted paracrine factors were found to
inhibit lymphopoiesis, through suppression of proliferation and maturation of lymphoid

progenitors (229).

Contradictory, BMAT expansion and further increased level of BMAT secreted adipokine
(adiponectin), are reported to be involved in pathological and normal regulation of
haematopoiesis (179,230). Adiponectin is able to regulate the HSCs quiescence and therefore
promote haematopoiesis (231). Study on mice, demonstrated that BMAT produced
adiponectin signalling activates p38 MAPK pathways in HSCs and stimulate their
multipotency (232). The haematological malignancies were found to be associated with low
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level of adiponectin within interstitial fluids (233). Additionally, reduced BMAT in subjects
with haematological malignancies and low level of local adiponectin reduce the macrophage
secreted tumour necrosis factor, leading to reduced protection from inflammatory environment
and increased risk of cancer development (234). Several types of haematopoietic cells were
reported to express leptin receptor, suggesting the role of BMAT derived leptin on
haematopoiesis, however current findings are contradictory (235). A number of studies on
leptin or leptin receptor deficient mice exhibited impaired haematopoiesis, reduced number of
circulating lymphocytes and inability to recover lymphopoiesis following the irradiation (236—
239). However, in vitro, in murine and human derived BM cells, leptin stimulation failed to
induce cell proliferation or survival (240). Another BMAT secreted cytokine, stem cell factor,
signals to HSCs through binding the c-Kit receptor and promote cell proliferation and survival
(241). Moreover, complete BMAT depletion in BMAd-Cre mice was shown to result in
significant reduction of HSCs population without affecting mature cells, suggesting that

BMAGs lipolysis is required to fuel myelopoiesis (242).

1.3.2ii BMAT function - bone turnover

It is well established that adipocytes are able to inhibit the osteoblast activity. Co-culture of
primary osteoblast with mature adipocytes results in suppression of osteoblastogenesis (243).
It was suggested that this effect of adipocytes on osteoblast takes place due to lipotoxicity of
FA (244). Finding from clinical and animal studies, demonstrated a negative correlation
between BMAT and bone mass (189,245). In BMAd-Cre model, where mice lack specifically
BMAT, Li et al. demonstrated an increase in cortical bone formation and trabecular bone
formation was enhanced in caudal vertebrae of mice (242,246). BMAdSs and osteoblasts derive
from the same precursor cells BMSCs, therefore the inverse relationships between these cell
types might be driven by external stimulation of BMSCs to favour particular fate (247,248).
Furthermore, similarly to WAT, BMAT functions as an endocrine organ secreting adipokine -
leptin (179,229,249). BMAT secreted leptin is involved in suppression of bone formation
through activation of Janus kinase 2 (JAK2)/ signal transducer and activator of transcription 3
(STAT3) signalling pathway in BMSCs (250).

On the other hand, various research articles showed the BMAT contribution to
osteoclastogenesis. In the process of adipogenesis, the transcription factors CCAAT/enhancer-
binding protein beta (CEBP) and CEBPS bind to the receptor activator for RANKL promoter

42



and facilitate its expression (251). Using flow cytometry, it was identified that RANKL
expressed cells were also positive for pre-adipocyte marker (Prefl) and were capable of
generating osteoclast from macrophages (251). In vitro study on mature adipocytes derived
from bone marrow stromal cell line 2 (BMS2) were demonstrated to support osteoclast
differentiation and function (252). Additionally, BMAT was shown to secrete chemokines C-
X-C motif chemokine ligand 1 and 2 (CXCL1, CXCL2), which are promoting
osteoclastogenesis in the context of metastatic prostate cancer (253). Leptin secretion by
BMAT and it’s further signalling in brain stem increases sympathetic activity, however
currently the degree of BMAT contribution to circulating leptin level is poorly understood
(254). This leads to support of bone resorption through an activating transcription factor 4
(ATF4) — mediated process and decreases bone formation through CREB (255,256). Leptin
receptor (LepR) was shown to be expressed in BMSCs and it was suggested that leptin
signalling in these stem cells suppresses adipogenic differentiation and activates osteogenic
(257,258). In leptin deficient mouse models (ob/ob mice), the administration of leptin at

different cites resulted in decreased size and number of adipocytes within the BM (259-261).

Extracellular vesicles (EVs), or exosomes, released by adipocytes might potentially have a
negative effect on the osteogenesis in co-culture system (262,263). These EVs contain various
transcripts that are adipose tissue specific — PPARYy, leptin or micro-RNAs (miR-138, miR-
30c, miR-31, miR-125a and b) (262). Secretion of these EVs can potentially affect the

phenotype of osteoblasts.

Recently, Li et al. demonstrated that lipolysis in BMAdSs is requited for regeneration of

trabecular bone, suggesting that BMAds are playing a positive role in bone homeostasis (246).

1.3.2iii BMAT function — systemic

As was mentioned before, BMAT is another source of circulating adipokines — adiponectin and
leptin (249,264,265). Secreted adipokines regulate local and systemic bone homeostasis and
energy metabolism. It was established that in WAT, adiponectin secretion promotes insulin
sensitivity and protects against inflammation. However, Cawthorn et al. demonstrated that in
CR condition BMAT secretion of circulating adiponectin is greater than from WAT (179).
Additionally, BMAT and circulating adiponectin were found to be increased in other

conditions, like type 1 diabetes mellitus (T1LDM), ageing or oestrogen deficiency (266-269).
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Moreover, in the study of Cawthorn et al. it has been shown that skeletal muscle CR-adaptation
was impaired in Ocn-Wnt10b mice (overexpress Wnt10b from osteoblast), which are resistant
to CR-induced BMAT expansion and hyperadiponectinaemia (179). More specifically, in the
adiponectin suppression condition, it was observed that in skeletal muscles expression of
mitochondrial transcripts (PPARG coactivator 1 alpha (Ppargcla), mitochondrial transcription
factor A (Tfam) and acyl-CoA dehydrogenase medium chain (Acadm)) was absent (179). Other
studies have shown the positive effect of adiponectin on mitochondrial biogenesis (270).
Furthermore, adiponectin is involved in regulation of systemic functions — glucose tolerance,
insulin sensitivity in metabolic tissue, improved cardiovascular function and anti-inflammatory
(157).

Leptin is known to form a sense of satiety in the brain and store energy in peripheral tissue
(271). In 1998, for the first time, it was confirmed that in vitro primary BMAT cells express
leptin (249). Later, multiple studies confirmed that in vitro human primary BMAds and BMSC-
derived BMAds are able to express leptin and further secrete it into the system (272-274). The
level of leptin secretion in BMAT and WAT differs in different species. In male C57BL/6J
mice, Liu et al. demonstrated using microarray analysis that BMAT expressed lower level of
leptin comparing to epididymal WAT (267). Cawthorn et al. described that in rabbit model,
BMAT secreted similar amount of leptin as, inguinal WAT and perirenal WAT (179).

In contrast to WAT, Liu et al. transcriptomic analysis demonstrated that BMAT can be
characterised by transcription of elevated level of inflammatory response genes — tumour
necrosis factor a (TNF- a) and IL-6 or IL-1 (267). In the study of Tencerova et al., BMAT
exhibited higher expression level of TNF-a and IL-1 comparing to WAT in C57BL/6J mice
(275). Interestingly, high fat diet and development of obesity in mice induced the increase of
inflammatory cytokines in visceral AT, but in BMAT their decrease was observed (275). These
results suggest that BMAT exhibits different inflammatory response to other AT depots.
Human BMSC-derived adipocytes were also shown to secrete macrophage inflammatory
protein 1o (MIP-1a), granulocyte colony-stimulating factor (G-CSF) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) (276). Furthermore, it was found that murine
BMSC-derived adipocytes produce CXCL1 and CXCLZ2, allowing to regulate immune
response (253). Overall, BMAT was found to secrete a range of pro-inflammatory factors,
which are involved in regulation of bone and haematopoiesis, as well as whole body
homeostasis (277-279).
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1.3.3 BMAT regulation

With the development of new techniques described above, further characterisation of BMAT
allowed to distinguish the presence of two different BMAT subtypes. For the first time,
Tavassoli et al. defined two distinct groups of adipocytes that diverge in their location within
BM, their cellular properties and composition, as well as their regulation (280,281). Adipocytes
firstly appears in distal part of the skeleton (distal tibia or caudal vertebra) are identified as
constitutive BMAT (cBMAT) within yellow marrow. This type of BMAT contain large
adipocyte size, and they predominantly consist of unsaturated lipids (Fig. 11) (196). On the
other hand, different type of BMAT is present in the lumbar and thoracic vertebrae, in the limb
skeleton (proximal tibiae or in distal femur), hip and ribs, and is interspersed between
haematopoietic cells (196,242,282). It forms later in life and appears in more scattered way
comparing to cBMAT. This type of BMAT is referred as regulated BMAT (rBMAT) and it has
been shown to consist from smaller adipocytes and saturated lipids (Fig. 11) (196).
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Figure 11. Location and characteristics of mouse and human cBMAT and rBMAT. A.
Mice tibiae were studied using osmium staining and haematoxylin and eosin (H&E) staining shows
difference between cBMAT and rBMAT, properties are summerised in the table. Adapted from Li
et al., 2018 (182); B. Summary of cBMAT and rBMAT in the mice tibia/femur junction and in the
human proximal tibia metaphysis or femur. Adapted from Scheller et al., 2015 (259).
Bone marrow adipose tissue (BMAT); marrow adipose tissue (MAT).
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Studies on the adult mice revealed that females exhibit higher level of r BMAT comparing to
males. However, the cBMAT was found to be similar between sexes (101,196,283).
Furthermore, the ovariectomy in rodents cause a dramatic increase in BMAT, interestingly that
rBMAT expansion in this condition was greater than cBMAT (101,284). rBMAT and total
BMAT appears to be regulated by various changes in the body — nutrient availability,
environment or endocrine factors. In particular, studies have shown that specifically -BMAT
population is expended in response to CR, ovariectomy and irradiation, which is typically

associated with bone loss and abnormal haematopoiesis (285).

A 21-day cold exposure resulted in extensive rBMAT loss in mice tibia (196). Another negative
regulator of rBMAT is the exercise or mechanical loading. Extensive research on this topic
demonstrated that mice, which were undergoing exercise, exhibited a decrease in BMAT
within proximal tibia and in whole bone (204,286-289). Endocrine signalling of PTH also is
able to affect BMAT. Deletion of PTH/PTHrP receptor in BMSCs, was shown to have a
positive effect on BMAT accumulation (290). Furthermore, the administration of PTH can
reduce an increase in BMAT in mice (290). Interestingly, in BMAd-Cre mice, Depletion of
very abundant cBMAT resulted in increased cortical bone in the distal tibia and trabecular bone
in the caudal vertebrae, whereas loss of less abundant rBMAT resulted in minor or no effects
on proximal tibial trabecular bone (242). Based on these findings, it can be concluded that
various factors cause changes in BMAT, and it demonstrates the plasticity of -BMAT, as well

as BMAT tissue overall.

1.3.3i BMAT regulation - ageing

Since 1882 various studies of the qualitative changes in the human marrow have been
published, when Ernst Neumann noted that there is trabecular bone shrinkage with age and that
most of the bone marrow in the axial skeleton consists of AT that does not participate in
haematopoiesis. Many other researchers confirmed the same findings (181-183,189). These
initial histomorphometric findings in elderly and osteoporotic individuals were validated in
subsequent research utilising other techniques (190,291). Changes in marrow, including a rapid
increase in BMAT content, are noted in female participants between the ages of 55 and 65, but
the increase in male subjects is much more gradual, however it is continuous (190). In recent
years, a lot of attention was given to the role of BMAT in the development of age related

osteoporosis (292). Due to the fact that both adipocytes and osteoblasts are derived from
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BMSCs, it was assumed that increase in adipogenesis is associated with a suppression of
osteoblastogenesis (293-297). Studies in haploinsufficiency of PPARY, indicated a promotion
of bone formation through enhanced osteoblastogenesis, combined with suppression of
adipogenesis (298,299). In contrast, in the process of ageing, the increased expression of
PPARy was observed in the BM leads to enhanced adipogenesis and reduced osteogenesis
(300). Studies in BMSC cultures from senescent accelerated mouse models (SAMP-6) and
normal aged mice revealed increased adipocyte differentiation, through increased expression
of Pparg2, and decreased osteoblastogenesis, through decreased expression of Runx2, distal-
less homeobox 5 gene (DIx5), collagen type 1 (Colllal), osteocalcin (Bglap) (301,302).
Additionally, several studies have demonstrated the relevance of PPARYy activation in the age-
related rise of BMAT and reduced osteoblastogenesis. PPARy and CEBP levels were shown
to be higher in aged mice BM (251). An increase in production of endogenous PPARY2 ligands
could explain the observed phenotype, the increase in BM adipogenesis and subsequent
reduction of osteoblastogenesis. Examples of these ligangs are - dietary lipids, dyslipidemia,
hyperlipidemia, and the use of medications such as lipid lowering agents, glucocorticoids, and
thiazolinediones (303). Moreover, Chandra et al. study supported the idea that accumulation
of BMAd is leading to the depletion of BMSCs pool through contribution towards age-
associated cell senescence, as well as lineage switching towards adipogenesis in ageing
environment (304-307).

Overall, this research indicates that BMAT appears to be associated to age-related bone loss;
nevertheless, the cause of BMAT throughout ageing remained unclear. Woods et al. in their
association study showed that in men there were no associations between BMAT and changes
in bone density or strength (308). However, in older women, they found a strong association
between BMAT and greater loss of trabecular bone at the spine and femoral neck, and greater
loss of spine compressive strength (308). Highlighting the role of menopause on woman bone
health.

1.3.3ii  BMAT regulation - menopause

Multiple studies established a correlation between increased BMA volume and bone loss at
multiple sites, in older woman and in ovariectomised (OVX) animal models (190,205,214,308—
313). Recently, Woods et al. described that higher BMAT predicts trabecular bone loss at the

spine and femoral neck in older women, as well as reductions in spine compressive
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strength.(308). Oestrogen treatment reduces BMA while increasing bone mass in oestrogen-
deficient humans and animals (311,314). These data suggest that BMAT plays a role in bone
loss caused by oestrogen discontinuation, but it is unclear if this is a causative link. Therefore,
it should be noted that before defining the involvement of BMAT in postmenopausal
osteoporosis (PMOP) pathophysiology, the molecular processes of abnormal BMAT growth

following oestrogen removal must be understood.

One of the potential mechanisms of BMAT accumulation in PMOP, is through the imbalance
in BMSCs differentiation capacity. Oestrogen has a considerable influence on the final
differentiation of BMSCs into osteoblasts or adipocytes. According to several research studies,
oestrogen enhances osteogenic differentiation while suppressing adipogenic differentiation in
BMSCs via multiple mechanisms (315-317). Kumar et al. found that oestradiol inhibits
adipogenesis in the bone marrow stromal cell line ST2 by increasing transforming growth
factor (TGF)-mediated connective tissue growth factor (CTGF) production (315). Rooney et
al. demonstrated that silencing oestrogen receptor alpha (ERa) induces BMAds proliferation,
indicating that ERa is involved in BMSCs fate decision by oestrogen signalling (318).
Furthermore, oestrogen can inhibit the synthesis of sclerostin (SOST) by osteogenic cells
(319,320). In PMOP women, oestrogen deprivation resulted in increased BMA and
concomitantly higher SOST levels (321). SOST has been demonstrated to enhance adipogenic
differentiation of MSCs, resulting in BMAT growth and bone loss (322). Also, oestrogen
deficient triggers overproduction of TNF-a, which leads to suppression of osteogenesis with
subsequent upregulation of adipogenesis, through upregulation of purinergic receptor (P2Y?2)
in BMSCs (323).

Due to the endocrine feedback of the gonadal-pituitary axis, decreasing oestrogen
concentrations correspond with increasing follicle stimulated hormone (FSH) concentrations.
Recent research found that inhibiting FSH binding to its receptor with an antibody prevented
the growth of BMAT following ovariectomy, and that therapy with this antibody in sham-
operated animals reduced marrow adipose tissue (324). They demonstrated that both
adipocytes and BMSCs express the FSH receptor and that FSH receptor defective animals had
enhanced adipogenesis in BMSCs, implying that postmenopausal high FSH leads to increased
BMSC adipogenesis. Additionally, FSH has been shown to have a direct effect on bone,
independently of oestrogen (325). The FSH receptor was found to be present on osteoclasts,
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and has been associated with positive regulation of osteoclast differentiation (326). Therefore,

it can be suggested that FSH has a direct negative effect on bone volume.

Oestrogen deficiency, has also been shown to induce trans-differentiation in vitro. Foo et al.
described that lack of oestrogen induces trans-differentiation of hFOB 1.19, a human pre-
osteoblast cell line, into adipocytes via down-regulation of B-catenin signalling (327). Similar
findings were obtained by Gao et al., where through the canonical Wnt signalling pathway, 17-
estradiol resulted in reduction of the osteo-adipogenic trans-differentiation of MC3T3-E1 cells
in a dose-dependent manner. They also discovered that MSC-derived osteoblasts in OV X mice
had more trans-differentiation potential into the adipocytic lineage than the sham group (328).
Overall, an increase in osteo-adipogenic trans-differentiation during menopause may lead to

increasing MAT content while decreasing bone production.

Longitudinal studies, revealing changes in both BMD and BMAT in response to therapies for
low bone mass, support the link between BMAT and BMD. Teriparatide (recombinant human
PTH) treatment of postmenopausal women for one year resulted in reduced vertebral BMAT
while increasing lumbar spine BMD (329). Following 12 months of oestrogen replacement
therapy, there was a reduction in adipocyte volume/tissue volume (AV/TV) in postmenopausal
women (330). In animal models, in vitro studies demonstrated a decrease in BMAT in OVX
rats, which were treated with raloxifene, a modulator of ER widely used in osteoporosis
treatment (331). However, the same treatment in postmenopausal women did not induce

significant changes in BMAT volume, despite 2 year exposure (313).

1.3.3iii BMAT regulation - cancer

The interaction of tumour cells, osteoclasts, and osteoblasts is well recognised, but the
association between BMAT, multiple myeloma, and breast or prostate cancer metastases has
only just begun to be appreciated. Lately, multiple research teams have published excellent
overviews of the expanding data, which is linking BMAT to tumour growth and the

development of related bone disease (332—-335).
Breast and prostate cancer are both solid tumours that primarily spread to the BM. Adipocytes

in the BM may be implicated in the recruitment and proliferation of certain tumour forms.

Previous in vitro investigations found that BMAds enhance tumour development and
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metastasis of prostate cancer through FA production and hypoxia inducible factor 1o (HIF-1)
activation (336,337). Moreover, mice studies on melanoma, showed that cancer cells induce
lipolysis in BMAdSs, on the other hand BMAds were found to secrete factors that promote
cancer cell growth (338). Clinical studies on breast cancer patients, showed higher level of
BMA comparing to matching healthy controls (73% BMA in cancer patients vs. 60% in control
individuals) (339). These findings suggest that breast cancer is related with increased BMA,

despite the fact that these individuals did not have metastatic illness.

Changes in the BM are caused by haematological malignancies, and it has long been recognised
that BMA is raised in aplastic anaemia and decreased in leukaemia (340). This was formerly
assumed to be related to the lack or increase of haematological cancer cells, but this has lately
been challenged. Indeed, it is currently recognised that bone marrow adipocytes play an active
part in the pathogenesis of haematological neoplastic illness (341). In vitro studies have
revealed that human BMAGdSs actively stimulate leukemic development via lipid transfer and
mediator release (342,343). Furthermore, pharmacological reduction of lipid transfer between
BMAUds and leukemic blasts by inhibition of fatty acid binding protein 4 (FABP4), which is
required for lipid transport, results in lowered tumour survival in vitro, in the same time
increasing leukemic mouse survival in vivo (342). Likewise, inhibiting carnitine palmitoyl
transferase 1 (CPT1), which is required for fatty acid entrance into the mitochondria, reduced
the survival of human leukaemia cells in vitro, showing that fatty acids constitute an essential
source of energy for these cells. Despite the fact that these animal and in vitro findings are

encouraging, no human clinical trials have yet been published.

1.3.4 BMAT in metabolic disease

It was described above, BMAT is a dynamic tissue that is involved in overall metabolic
homeostasis and is strongly correlated with skeletal health. The BMAT correlation with low
bone mass has been observed in various healthy individuals study groups — Caucasian woman
(344), in young, middle-aged and elderly mixed population (345-347). In addition to data
presented on healthy individuals, abnormalities in bone observed during process of ageing or
metabolic disease were associated with BMAT accumulation within BM cavity (191). Effect
of ageing on altered bone architecture and increase in BMAT was widely described in both sex
(190,348,349). It was found that in females accumulation of BMAT takes place rapidly

between age of 55 and 65, however in male the increase is gradual throughout the life (190).
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In ageing woman, gonadal deficiency or menopause, leads to the development of imbalance
between BMAT and bone (309). Furthermore, the increase in BMAs number has been observed

in different metabolic and nutrient associated disease.

1.3.4i BMAT in diabetes

Diabetes, both TIDM and T2DM, are metabolic conditions during which patients experience
increased risk of bone fracture due to bone loss (350-352). Mouse models of TIDM were
characterised by attenuation of insulin production, reduced body weight, hyperglycaemia and
bone loss (353). Additionally, these animal models exhibited an increase in BMAT (352,354—
356). However, in clinical study on TIDM patients, MRI indicated slight shift in amount of
BMAT within BM comparing to controls, but within normal range (357,358). Therefore, more
human studies required to understand the presence of BMAT alterations in TIDM patients. In
T2DM studies, it was concluded that increase in patient fracture risk is independent of bone
mineral density or BMAT (359-361). Interestingly, Goulding et al. showed that in patients
with T2DM, there was no increase in BMAT observed, however, the level of saturate lipids in
BM was higher than in controls (362). Furthermore, T2DM patients who experienced a fracture
had the highest level of saturated FA (362).

1.3.4ii BMAT in obesity

Similarly to diabetes, obesity was found to affect bone mass (209). In obese premenopausal
woman, it was found that amount of visceral AT correlated with BMAT, and these findings
were associated with decrease in bone mineral density (BMD) (363). In vitro studies on BMSCs
extracted from overweight subjects were committed to adipogenic differentiation, suggesting
that circulating factors affect stem cell fate and lead to increase in BMAT (364,365).

1.3.4iii BMAT in anorexia nervosa

Anorexia nervosa (AN) - characterisation

Another nutrition associated disease that was found to result in bone loss is AN. Anorexia is a
psychiatric disorder characterised by extrema level of self-imposed starvation and CR, which

results in weight loss (366,367). Unfortunately, this disease becoming increasingly common in
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modern society and occurs in almost 4% of young females (368-370). Furthermore, cases of

AN among male population are increasing as well (368,371).

This psychiatric disease results in severe weight loss, patient mean body weight was shown to
be only approximately 70% of healthy body weight controls and was frequently associated with
chronic stress (372,373). The severity level of the disease consequences was linked to its
duration (374). Commonly, AN patients exhibit nutritionally acquired growth hormone (GH)
resistance (375,376). Hepatic GH resistance was confirmed, through the administration of
supraphysiologic doses of recombinant human GH to AN patients, which did not results in to
increase output of insulin like growth factor 1 (IGF-1) (375). The consequences of GH
resistance were evident in young male patients with AN, who were found to be shorter
comparing to control individuals (377). In the same time, data on young females with AN is
contradictory, as studies reported variability in their data (378-380). Furthermore, alterations
in adipokine (adiponectin and leptin) production were observed in adults and adolescents with
AN. Affected individuals have low levels of leptin comparing to healthy subjects (381,382).
Degreased leptin secretion reflects a decrease in fat depots. Additionally, reduced leptin
concentration results in dysfunction of hypothalamic-pituitary-gonadal (HPG) axis and
impaired gonadotropin secretion leading to amenorrhoea in females (381,383). Reports state
that AN induces an increase in adiponectin comparing to controls, which also potentially can
result in impaired gonadotropin secretion (384,385). Further, in post-menopausal women and
elderly men, high circulating adiponectin level was associated with reduced BMD, through
decrease in OPG and an increase in osteoclast activity (386,387). This suggests that AN
associated increase in adiponectin can contribute to the decrease in BMD. Another serious
consequences of AN in females with amenorrhoea, as a result of compensatory response to

negative energy balance (388).

AN is associated with approximate 7-fold increase in bone fracture risk, which is caused by
significant bone loss and imbalance in bone turnover (389-391). Most of the fracture risk was
found to be associated with reduction in BMD; in clinical study it was identified that 38% of
AN patients had T scores less than -2.5 and 92% of patients had T score less than -1 (negative
T scores indicate the bone is weaker than normal) (392). These complications, which affect
almost 50% of AN patients, may not be reversible and can be associated with life-long risks of

spinal vertebrae compression fracture and long bone fracture (393).
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The reduction of BMD in AN patients can be classified in two main types — osteopenia and
osteoporosis (394). Osteopenia is a mild form of the disease, that is defined by bone
densitometry with T score between -1 to -2.5 (395). In case when osteopenia is not addressed,
it can quickly progress into the more severe form of osteoporosis. This severe degree of BMD
loss is characterised by T score lower than -2.5 (396). AN associated osteoporosis in younger
individuals can result in increased long-term or life-long fracture risk and loss of height due to
spinal compression fractures with chronic back pains (394). Due to the seriousness of AN

consequences, the treatment of patients should be carefully addressed.

Currently, osteopenia parent’s treatment focuses on weight restoration and supplementary
intake of vitamin D and calcium, without osteoporosis medications (397). On the other hand,
vitamin D or calcium intake is not sufficient enough to reverse consequences of osteoporosis,
therefore stronger medication and treatment plan required. For adult AN patients with
osteoporosis, bisphosphate agents (alendronate or risedronate) are orally administered (398).
These agents act as inhibitors of bone resorption and bone turnover, leading to reduction of
bone loss and around 4% restoration in BMD (399). However, this treatment exhibits side
serious effects in some of the patients, therefore is not considered to be the best treatment option
(399). On the market there are three other medications to treat adult AN related osteoporosis —
teriparatide, denosumab and transdermal oestrogen therapy (394). Teriparatide is an analogue
of PTH, which increases new bone formation. The clinical trial study with AN and osteoporotic
patients showed a remarkable 10% increase in BMD following 6-month teriparatide treatment
(400). However, this treatment requires daily injections during 2 years, which make them
practically difficult. Denosumab is a biological agent used in treatment of osteoporosis and in
post-menopausal woman it has a positive effect on BMD, but no studies on AN patients were
conducted (401). Amenorrhoea has been also shown to be an associated with severe bone loss
in AN patients, therefore it is treated with high oestrogen doses given in birth control pills
(402). In AN adolescent patients oestrogen replacement increased BMD, but dosage was not
high enough to mimic healthy puberty (403). AN studies on bisphosphate agents described the
controversial finding (398,404,405).

In summary, current treatments of severe bone loss in AN patients requires improvements,

therefore it is important to study molecular mechanisms of bone loss within BM in CR context.

This will allow to develop new therapy strategies and reverse osteoporosis in AN patients.
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BMAT accumulation in AN — clinical studies

AN leads to the acute decrease in peripheral adipose tissue, but paradoxically an increase in
BMAT was observed in AN patients (406,407). In a healthy individual, BMAT comprises 10%
of total fat, but in people with AN the BMAT can take up around 31% of total body AT (406).
Previously, Bredella et al. conducted a small cohort study on 10 AN and 10 normal weigh
individuals, where they emphasised the difference in BM fat content between the two study
groups (245). Women with AN had more lumbar and femoral BM fat than controls, and BM
fat was negatively correlated to BMD. In addition, AN patients with amenorrhoea had
significantly greater BMA than anorexia patients with regular menstrual cycles, which might
be owing to the cumulative effect of oestrogen withdrawal on BMA. Second study of Bredella
et al., focused of slightly bigger cohort of premenopausal AN patients (14 women, mean age
29.5+7.1 years) and compared them with 12 normal weight controls (aged 20-45). Using 1H-
MR spectroscopy and dual-energy x-ray absorptiometry (DEXA) analysis of the bone and BM
content, they confirmed the existence of negative correlation between lumbar spine BMD and
total femoral fat content. Also, in long bones on AN patient, hip BMD was inversely associated
with total femoral fat content (406). However, not only the amount of femoral fat was found to
have a negative correlation with BMD, but also the quality of formed lipids. The degree of
marrow FA saturation correlates adversely with BMD, suggesting that saturated fats may affect
BMD in the context of AN (406).

Range of studies were performed to identify the correlation between BMAT, BMI and BMD.
Difference between studied groups was observed, mainly due to the subject age and the severity
of AN (408). Larger study, which was conducted by Ecklund et al. described that in 70
adolescent subjects, with different severity level of AN, BMAT accumulation was strongly
associated with their age — 16 (or less) years old subjects displayed a positive tendency between
BMAT, BMI and BMD. On the other hand, patients who were 17 years old (or more) had
higher level of BMAT when the severity of the disease was increased (subjects with lower
BMI). This study had shown a strong age association with BM fat. A trend of increasing BM
fat throughout the childhood, adolescence and adulthood was previously described, and this
study confirmed that association in AN patients (408,409). Moreover, it has been shown that
BMD exhibited negative association with BM fat in older subjects, once again providing

evidence of BMA negative effect on bone (408).
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Another study on 47 adolescent subjects (14-24 years old) with AN confirmed the increase in
BMAT comparing to 55 age matching controls. Also, inverse relationship between BMAT and
BMD in spine and long bones was described (410). This particular study looked at bone
strength of AN patients, and they found a positive association between strength and lean mass,
as well as bone microarchitectural parameters. Predictably, BMAT was estimated to be

inversely correlated with bone strength and BMD (410).

Recently, Bard et al. had a close look at femoral head composition in AN patients, as well as
recovered individuals (411). This study covered a comparatively large cohort of patients, 40
underweight and 36 weight recovered AN patients were contrasted to 10 normal weigh women.
The team identified that BM fat fraction in AN patients was higher than in controls. Moreover,
the unsaturation level of this fat also has been found to be lower in underweight individuals, as
well as recovered AN patients, supporting findings of Bredella et al. (406). Study of multiple
locations in the hip showed an inverse connection between BM fat percentage and lipid
unsaturation levels. Overall, this study emphasised that there are complex relationships
between BMA, BMD, and body fat.

Similar findings were observed in older, pre-menopausal woman (25-31 years old) (412). 26
AN subjects and 20 normal weight controls have been followed for 12 months. Initial findings
stated that BMAT level was associated with decrease in BMD in AN patients. However, after
short weight gain, both BMAT and BMD were increase in same subjects (412). These
longitudinal results show the dynamic character of this fat deposit and give more evidence for
its potential function in mineral metabolism. Unfortunately, very limited number of studies

provided a follow-up data on AN patients after recovery.
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Bredella et al. Bredella et al. Ecklund et al. Singhal et al. Badr et al. Fazeli et al.
2009 2014 2017 2018 2019 2019
. . . . 86 subjects )

20 subjects 26 subjects 40 subjects 102 subjects (10CT: 76AN 46 subjects
10CT; 10AN 12CT; 14AN 20CT; 20AN T; 47AN ' 20CT; 26AN
(10CT; 10AN) (12CT; ) | (20CT; 20AN) (55CT; ) (40UW + 36WR)) (20CT; 26AN)
20-42 yearsold | 20-45yearsold | 13-18 yearsold | 14-24 years old 18-35 years old 24-32 years old
BMIAN-17.6 | BMIAN-17.7 | BMIAN-16.9 | BMI AN —18.4 BMI AN - 15.4 BMI AN - 16.7
BMICT-219 | BMICT-22.1 | BMICT-223 | BMICT -22.1 BMI CT - 20.2 BMICT - 22.6

BMD AN —
BMD AN —-0.97 | BMD AN - 0.66 N/A 297.5 BMD AN — 0.67 BM(??A%N a
BMD CT -1.14 | BMD CT -0.82 BMD CT — BMD CT — N/A '
BMD CT - 0.96
328.0
BMA Femur BMA Femur | Red Marrow (T, BMA L4 BMFF BMA L4
AN -7.11 AN -10.8 Va|ue), lower in AN -0.89 AN -0.91 AN -0.98
CT-4.05 CT-51 AN subjects CT-0.52 CT-0.82 CT-0.48
Patients with Marrow FA Sh0\_/ved a t_rend POSI.“V.G AN subjects had Sh_o rt term
amenorrhoea saturation of increasing association lower unsaturation weight gain
had sianificantl correlates BM fat between bone level caused BMAT
g y adversely with throughout the strength and and BMD
greater BMA . of BMAds .
BMD childhood lean mass increase

Table 2. Summary of studies conducted on AN patients. Table highlights 6 recent studies on AN patients,
describing the number of participants, their body parameters and association between studied parameters.
CT - control; AN — anorexia nervosa; BMI — body mass index; BMD — bone mineral density; BMA — bone marrow

adiposity; BMFF — bone marrow fat fraction;

BMAT accumulation in AN — studies on animal models

In order to better understand the process of BMAT accumulation in condition of food

deprivation, various studies on animal models were conducted. The first published paper in the
topic of CR in animal models was by Hamrick et al. in 2008 (413). In this study, experimental

design was focused on 14-week-old male mice, which were exposed to 10% food restriction

for 1 week, then it was increased to 25% for another week and at last it was risen up to 40%

restriction for another 8 weeks. This gradual increase in food restriction during 10 weeks
resulted in significant decrease of body weight (-33% vs. CT), fat and lean mass in mice (vs.

CT) (413). Unfortunately, no data was provided on mice initial weigh, therefore mice body

weigh change throughout the protocol cannot be estimated. Interestingly, that whole body
BMD, did not change in CR mice, but spine BMD and trabecular bone were increases in this

condition. Only femur BMD, cortical thickness and fracture strength decreased dramatically in
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CR mice (vs. CT). Importantly, these bone alterations in CR mice took place in the environment
that lacked BMAdSs (413).

Later, Devlin et al. conducted a study on young C57BL/6J male mice (3-week-old), where they
were exposed to 30% CR for 9 weeks (414). This protocol induced slow weigh gain in CR
mice (+88% vs. day 0) and resulted in bone and BMA alterations. Cortical and trabecular bone
acquisition were both impaired by CR, including whole-body BMD and bone mineral
composition (BMC), trabecular bone volume percentage, cortical bone area, as well as bending
strength. Histomorphometry revealed that CR mice had decreased bone production and
increased bone resorption. Moreover, CR mice had significantly greater BMA (+794% vs. CT)
(414).

One of the Cawthorn et al. studies focused on 15-week-old male rabbits, which were fed 30%
CR diet for 7 weeks. This particular diet was previously shown to induce BMAT expansion in
animal models (179,414). Additionally, in this study they explored the effect of extensive CR
on bone and BMAT, where young male rabbits (6-week-old) were fed 50-70% lower than ad
libitum controls, for 7 weeks (415,416). Unexpectedly, neither moderate (30% CR), nor
extensive (50-70% CR) protocols, did not cause an expansion of BMAT, in opposite these
protocols resulted in BMAT loss (283). The initial study of Cawthorn et al. on 9-week-old
female and male C57BL/6J mice, which was firstly published in 2014, animals were exposed
to 30% CR for 6 weeks (179). This study focused on establishing the correlation between
BMAT expansion and an increase in circulating adiponectin (417-419). They discovered that
BMAT expansion significantly contributes to increased serum adiponectin during CR. These
data demonstrate that BMAT is a key source of circulating adiponectin in lean conditions, and
that BMAT can act beyond the skeleton to have systemic effects via endocrine activities (179).
Replication of the study described above, where female C57BL/6J mice were exposed to 30%
CR, resulted in an increased BMAT at the proximal tibia (283). In this study, Cawthorn et al.
also concluded that changed in BMAT can be associated with glucocorticoids, as they were

increased in mice and unchanged in rabbit model (283).
Scheller et al. conducted a study on acute short (48h) fasting in 16-week-old male rats and 18-

week old female (216). Animals did not have access to food for 48h, in prior to the sacrifice.

Results showed that short-term fasting induced a decrease in BMAdSs cell size by 18% in males
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and 34% in females, within proximal tibia. This study suggested that BMAT lipolysis is
required to fuel BM in acute energy deprivation (216).

Another study on extended CR used 4-week-old female and male C57BL/6J mice and CR mice
received ad libitum food, but only every other day (EOD) (420). This protocol lasted for 9
months and after bone mineralisation content was quantified. Unfortunately, BMA in this study
was not quantified. Female EOD mice gained 31% of weight (vs. day 0) and male EOD mice
gained 21% of weight (vs. day 0). In contrast, CT groups gained 46% for males and 42% for
female mice (vs. day 0). Results showed that prolonged EOD treatment did not result in
significant mineral loss. Starting an EOD feeding pattern in maturity did not worsen the loss
of mineral content with age, but rather improved the reduction of mineral deposits in animals

with low mineral density (420).

Recently, Duque et al. conducted a study on 2-month-old male Sprague-Dawley rats, who were
individually housed and were fed chow diet (421). After 8 months, rats were randomized into
CT and CR groups (40% CR feeding). After 10 months of protocol, rats were sacrificed.
Results demonstrated that CR mice had a significant decrease in body weight (vs. CT), as well
as reduction in bone volume per tissue volume (Bv/Tv) (-20% vs. CT) in proximal tibia. CR
group contained significantly higher BMAds number comparing to the CT group. Interestingly,
circulating leptin level was found to be decreased in CR rats, probably due to the decrease in
AT mass outside the bone (421).

One of our recent studies demonstrated that long term (8-week) Separation Based Anorexia
(SBA) model protocol in 7-week-old C57BL/6J female mice results in reduction of bone
parameters and BMD with subsequent increase in BMA (2). Overall, it was found that effect

of CR on BMAT is specie specific, can depend on a strain and also sex of the model.
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. Age Protocol CRor FR BW Bone BMA
Specie (Day 0) Length Severit Change Changes Changes
y g y g (vs CT) (vs CT)
Hamrick et 10% (1W) + 0
al., Mouse | 14-week-old | 10-week | 25% (1W) + (Vii/;) Fe”ﬁ;‘rl;'v'c No BMAds
2008 40% (8W)
Devlin et +88% Femur Bv/Tv BMA
- - - 0,
al. 2010 Mouse | 3-week-old 9-week 30% FR (vs DO) 1% +794%
Baek et al. -20% Tibia BMD BMA
! - - - 0
2012 Rat 6-month-old | 12-week 40% FR (vs DO) 1504 +94%
Cawthorn Decrease BMA
- - - 0, -
etal. 2014 Mouse | 9-week-old 6-week 30% FR (vs DO) Increase
Cawthorn ) 30%/50-70% Bv/Tv
etal. 2016 Rabbit | 15-week-old | 7-week CR - 20% No Change
Piotrowska . +26% No Mineral
etal.. 2020 Mouse | 3-week-old | 9-month | EOD Feeding (vs DO) L oss -
Duque et 10-month- 10- 0 -20% Tibia Bv/Tv | BMAds N.
al., 2020 Rat old month 40% CR (vsCT) -20% +400%

Table 3. Summary of studies conducted on animal models of CR. Table highlights 7 recent studies on
CR animal models, describing the specie, their age, protocol length, protocol severity and its effect on animal
body parameters.
CT — control; FR — food restriction; EOD — every other day feeding; BW — body weight; BMD — bone mineral
density; BMC — bone mineral composition; Bv/Tv — bone volume fraction; BMA — bone marrow adiposity;

BMFF — bone marrow fat fraction; BMAds — bone marrow adipocytes
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2. Sirtuin Type 1 — metabolic regulator

Surtuin Type 1 (SIRTL1) is a nicotinamide adenine dinucleotide (NAD™)-dependent deacetylase,
the mammalian homolog of yeast silent information regulator 2 (SIR2) (422). It affects a
variety of cellular processes by regulation of protein activity (targeting forkhead box O
(FOXOs), nuclear factor kappa-light-chain-enhancer of activated B (NF«kB), PGC-1a, etc.) and
gene expression through deacetylation of histones (H3 and H4) (422). In mammals, SIRT1 is
one of seven members of sirtuin family, a conserved family of proteins found in all domains of
life (423).

2.1 Sirtuin family

For the first time Klar et al. in 1979, described a mutation in mating-type regulator (MAR1)
loci, which resulted in sterility of Saccharomyces cerevisiae through silencing the mating-type
loci HMR and HML (424). Later, other sterility causing mutations were discovered by Rine et
al., the responsible gene in these studies was named silent information regulator 1 - 4 (SIR1-
4), which replaced old nomenclature (425-427). Further studies revealed that yeast SIR2
functions as histone deacetylase, which is dependent on NAD* as a co-factor (428).
Furthermore, experiments in yeast demonstrated the role of sirtuins in ageing, through a model
of replicative life span (429). Later it was confirmed that SIR2 has a conserved functional role
in ageing in a wide range of organisms from bacteria to mammals (430). Throughout the years,
interest in SIR grown and by 1999 Roy A. Frye identified five human homologues of SIR2,
naming them sirtuins (431). At the moment, seven members of sirtuin family have been
identified (SIRT1-7), where human SIRT1 is evolutionary closest to yeast SIR2 (432,433).

Seven members of sirtuin family in humans are found in distinct compartments within the cell.
SIRT6 and SIRT7 are predominantly found in cell nucleus, whereas SIRT1 and SIRT2 could
be found both in nucleus and cytoplasm (423,434,435). SIRT3, SIRT4 and SIRT5 were found
to contain the mitochondrial targeting sequence on the N-terminal end and were characterised
to function within the mitochondrial matrix (436-438). Despite the differences in N- and C-
termini, all family members contain highly conserved NAD* - binding and catalytic domain
(439,440) (Fig. 13).
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1 Yeast 562 Figure 13. Sirtuin family structure.
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Sirtuin family — function

Tsang et al. has identified a ribosyltransfer reaction catalyzed by cobB, the bacterial homologue
of SIR2 (441). This discovery was followed by characterisation of sirtuin activity and their
NAD*-dependent deacetylation, with few exceptions (428,442-444). Unlike most of the
members of mammalian sirtuin family, SIRT4 functions as NAD*-dependent mono-ADP-
ribosyltransferase (437). Furthermore, SIRT1 and SIRT6 have been shown to conduct both
auto-ADP-ribosyltransferase and deacetylase activities (423,445-447) (Fig. 14). Acetylated
histones (H1, H3, and H4) have been shown to be targets for sirtuin histone deacetylase
(HDAC) activity. In particular, lysine 16 (Lys16) of H4 is an important residue in sirtuin-
mediated suppression of gene expression (448,449). Sirtuin activity as deacetylases allows
them to modify protein activity and regulate various in vivo processes, including cell survival,
mediation of cell metabolism and suppression of inflammation, resulting in promotion of

longevity and protection against the cancer (423,450-454).
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In cytoplasm, SIRT2 was found to be co-localised with microtubule network and together with

HDACEG regulate level of tubulin acetylation (455,456). More importantly, SIRT2 functions as
a regulator of mitotic progression during the cell cycle (455,457,458). During cell cycle, SIRT2
was shown to be associated with centrosome and mitotic spindles, which suggests that this
protein plays a role in chromosome condensation and completion of mitosis (434). However,
more recent findings emphasised the role of SIRT2 in halting cell division, when DNA damage
emerges (459). This protects the cell from wrong replication. Moreover, in adipose tissue,
SIRT2 is the most abundant member of sirtuin family, and it negatively regulates adipogenesis
through deacetylation of FOXO1 (460,461). Additionally, SIRT2 blocks the process of de novo
lipogenesis by targeting ACLY for degradation (Fig. 6) (462,463). The anti-inflammatory
effect of SIRT2 was also described (464).

SIRT3 is one out of three members of sirtuin family who is located within the mitochondria,
where it regulates diverse mitochondrial function, including ATP production, reactive oxygen
species (ROS) management, activation of FA metabolism through B-oxidation, inhibition of
lipogenesis and regulation of cell death (465-467). In pancreas, it plays an important role in
facilitating insulin secretion under high glucose condition (468,469). Furthermore, it was
demonstrated that SIRT3 is involved in BAT differentiation and in BAT thermogenesis, where

SIRT3 is associated with Ucpl gene expression (470-472).
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In contrast with SIRT3, SIRT4 was shown to suppress insulin secretion in pancreatic cells
(437,473-475). Moreover, SIRT4 suppresses glutamate dehydrogenase (GDH) activity and
reduce glutamate metabolism, subsequently reducing insulin secretion (437,476-478). Another
SIRT4 target in pancreatic B-cells is pyruvate dehydrogenase (PDH), the main producer of Ac-
CoA from pyruvate. Suppression of this enzyme results in decreased accessibility of Ac-CoA
to the TCA cycle, reduced ETC activity and reduced ATP production, generating insufficient
insulin secretion (479). In liver SIRT4 opposing function to other members of sirtuin family
and plays role in decrease of FAO during high fat diet (480,481). In WAT, SIRT4 has been
shown to upregulate lipogenesis by suppressing FA B-oxidation through blocking malonyl-
CoA decarboxylase (MCD) enzyme activity (480,482).

The last mitochondrial enzyme in sirtuin family is SIRT5 (483). Recently, it was described that
SIRT5 in proximal tubular epithelial cells (PTECS) is required for normal ATP production in
the context of ischemic renal injury (IRI1) (484). In addition, Zhou et al. has shown that SIRT5
may have a cardioprotective effect in the response to acute ischaemia, which is conducted
through liver-cardiac crosstalk mechanism (485). SIRT5 is also serving as a post-translational
modifier of proteins, maintaining desuccinylation, demalonylation and deglutarulation (486—
488).

SIRT6 is a predominantly nuclear protein that is associated with regulation of chromatin
structure and targeting H3K9Ac and H3K56Ac (489,490). It aids in protection against DNA
damage by regulating DNA repair factor C-terminal binding protein 1 (CtBP1) interacting
protein (CtIP) and suppress genomic instability through base-excision repair and DNA-end
resection (491,492). It was outlined that SIRT6 activity attenuates NFkB signalling pathways,
by binding directly affecting RelA subunit (493,494). In pancreatic -cells, SIRT6 facilitates
insulin secretion, through promotion of glucose oxidation and facilitation of calcium influx
(495-497). In liver, SIRT6 deletion results in decrease in FAO, suggesting that SIRT6 can be
involved in FA [B-oxidation (498,499). Overall, due to its functions (deacetylation, gene
promoter binding, direct physical interaction) SIRT6 plays an important role in inflammation,

stress response, genomic stability and metabolism (500-502).

SIRT7 is associated with regulation of ribosomal DNA (rDNA) transcription in mammalian

cells (503,504). Overexpression of SIRT7 resulted in increased RNA polymerase I (Pol I)-
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mediated gene transcription, and SIRT7 knockdown resulted in decrease of Pol I activity (505).
In nucleus SIRT7 serves as a component of Pol I transcriptional machinery (506,507). SIRT7

was described to suppress the ER stress and is able to reverse fatty liver in obese models (508).

2.2 SIRT1 structure and expression

As it was described above, mammalian SIRT1 is evolutionally the closest homologue of yeast
SIR2, which is located and functions predominantly in cell nucleus and was established to have
both auto-ADP-ribosyltransferase and NAD*-dependent deacetylase activity (432,435,447). In
humans Sirtl gene is located at chromosome (Chr) 10g21.3 in the region ranging from
67884669 bp to 67918390 bp, and it has been described to have three alternative splicing
isoforms (431,509). SIRT1 isoform-1 (SIRT1-v1) was established to be a close homolog of
SIR2 and has been widely described throughout the years (510). The other two isoforms are
subsequently referred as SIRT1-v2 and SIRT1-v3 (Table 4).

Sirtuin Domain

mRNA o Protein Amino
Gene Chromosome Isoform Accessiond# Exon-Skipping Accession# Add £ O %
rom=to  Lengt (SIRT/Total)
Vi NM_012238 NP_036370 747 244-498 254 34.0
SIRT1 10 V2 NM_001142498 ex1, ex3 NP_001135970 452 1-203 202 44.7
V3 NM_001314049  ex1, ex2, ex3 NP_001300978 444 1-195 194 43.7

Table 4. Summary of SIRT1 mRNA and protein isoforms in humans. Summary contains
a Genbank accession number for each mRNA and protein isoform. Comparing to SIRT1-v1, the rest
of isoforms appear to be shortened due to axon skipping. Adapted from Zhang et al., 2021 (501).

SIRT1-v2 and SIRT1-v3 were shown to contain shorter sequence comparing to SIRT1-v1, as
exon skipping events took place during the production of these variants (509). The most
important structural and functional difference between SIRT1-v1 and other two isoforms is
presence of two nuclear translocation signals (NTS), which allow SIRT1-v1 to enter the
nucleus and conduct there its activity (509) (Fig. 15).

NLS NLS = _w

el [T
hSIRT1 “; v2 lost NLS s==p- ,:;W
:_V3 lost NLS s W

Figure 15. Schematic diagram of SIRT1 isoforms. In contrast with SIRT1-v1 other two
structural isoforms lack nucleus localisation signal (NLS). Adapted from Zhang et al., 2021 (501).
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In current project main focus of the study is SIRT1-v1, therefore in all the rest of manuscript
information will be provided referring to SIRT1-v1, which will be simply called SIRTL.

2.2.1 Protein topology

In order to improve the understanding of SIRT1 function and activity, crystal structure have
provided insight into substrate and co-factor binding, as well as catalysis (511,512). Human
SIRT1 protein consists of 747 amino acids (AA), out of which 277 residues are composing the
catalytic core (509,513). SIRT1 catalytic domain contains the canonical sirtuin fold that was
firstly described in archaea (SIR2.Af1.NAD™) and is composed of two subdomains (513,514).
One part is a large NAD*-binding subdomain with a Rossmann fold super-secondary structure
and a small subdomain consisting of Zn?*-binding site and helical module (513) (Fig. 16).
Substate binding results in dramatic changes in interactions between large and small subunits,
causing the closure of SIRT1 catalytic domain (Fig. 16A). Additionally, previous findings have
shown that N- and C-terminal region plays an important role in SIRT1 activity (515,516). Pan
et al. demonstrated that conserved catalytic core of SIRT1 protein alone has low catalytic
activity, but presence of N- and C-terminal regions improve the protein catalytic activity by
12-45 fold (516). They also concluded that N-terminal domain contributes towards catalytic
rate and C-terminal domain mainly contributes to Km (affinity of enzymes for their substrate)
for NAD* (516). Furthermore, crystal structure of SIRT1 had revealed that C-terminal
regulatory segment (CTR) binding site is located on the lower edge of NAD*-binding domain,
which complements the B-sheet of the Rossmann fold, leading to inhibition of catalytic
properties of the enzyme by blocking NAD*-binding site (513,517) (Fig. 16).

It was widely described that SIRT1 has hundreds of substrates, including proteins that play
central roles in regulatory mechanism, like histones, FOXOs, p53, NF«xB (518-520). Recently,
Hendler et al. explored the question of how SIRT1 is able to recognise target acetyl-lysine
residues in such a wide variety of different substrates (521). Using the bioinformatic-
experimental approach workflow to identify key residues in SIRT1 that are important for its
multispecificity. This method allowed to identify key residues on the active site of SIRT1, for
example amino acids arginine (Arg446) and leucine (Leu450) in SIRT1 are essential for p53
deacetylation activity (521). In future this approach could also reveal the importance of SIRT1
structural dynamics and furthermore, conformational changes to conduct substrate recognition
(521).
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Figure 16. Protein structure of human SIRTL1. A. Structure of SIRT1 complex in presence of
substrate (closed state); B. Structure of SIRT1 heterodimer with CTR in inactive (open) state. From
Davenport et al., 2014 (505).

2.2.2 Expression pattern

The multispecificity of SIRT1 catalytic subunit allows it to act upon various protein in various
tissues. In humans, Sirtl mMRNA was characterised to be expressed in 55 tissue types, with low
tissue specificity (Fig. 17). Based on the data provided by the Hyman Protein Atlas, it can be
observed that Sirtl mRNA has higher expression pattern in adrenal gland, testis and ovary (Fig.
17).
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Figure 17. Sirtl mRNA expression overview. Graph is based on consensus dataset, which
consists of normalised expression (normalised protein coding transcripts per million - nTPM) levels
for 55 tissue types, created by combining the HPA and GTEX transcriptomics datasets. Data is color-
coded that is based on tissue groups, each consisting of tissues with functional features in common.
From the Human Protein Atlas (https://www.proteinatlas.org/ENSG00000096717-SIRT1/tissue).

On the other hand, protein expression pattern showed that SIRT1 protein is not present in all
44 tissues studied (Fig. 18). SIRT1 was found to be expressed at high level only in adrenal
gland, testis, placenta and lymph nodes (Fig.18). It can be remarked that limited amount of

Sirtl mRNA is translated into the protein under the basal conditions.
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Figure 18. SIRT1 protein expression overview. Graph is based on protein expression data of
44 tissues. Color-coding is based on tissue groups, each consisting of tissues with functional features
in common. Mouse-over function shows protein score for analysed cell types in a selected tissue.
From the Human Protein Atlas (https://www.proteinatlas.org/ENSG00000096717-SIRT1/tissue).

2.3 SIRT1 function
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SIRT1 is the most extensively studied member of sirtuin family and it is characterised to be a
class Il histone deacetylase that can deacetylate histone and also non-histone protein targets
(522,523). First, SIRT1 non-histone substrate was identified by Muth et al., who showed that
deacetylation of TATA binding protein-associated factor 168 (TAF168), a transcription factor
regulating RNA polymerase | complex (RNA Pol 1), inhibits its transcriptional initiation in
vitro (524). SIRT1 multispecificity allows having a wide list of targets, which are implicated

in variety of cellular processes.

2.3.1 SIRT1 cellular function

Chromatin structure and gene transcription

Similar to SIR2 in yeast, mammalian SIRT1 facilitates the organisation of heterochromatin
structure, which is associated with histone hypoacetylation and leading to gene transcription
suppression. In this process the main SIRT1 target is lysine residue at the position 9 (Lys9) or
position 26 (Lys26) of H1, position 14 (Lys14) of H3 and position 16 (Lys16) of H4
(522,525,526). The reduced expression level of Sirtl in human cells using the RNA
interference technique induced the hyperacetylation of both H3K9 and H4K16, confirming
histone deacetylase function of SIRT1 (449). Additionally, SIRT1 mediated histone
deacetylation has been shown to regulate genome stability, through deacetylation of N-
terminus tails of histones (H1K26, H2A.Z, H3K9, H3K56 and H4K16) (428,449,525,526).
Furthermore, SIRT1 is known to regulate gene expression not only through chromatin structure
modification, but also by regulation of various transcription factors. As was mentioned before,
SIRT1-mediated deacetylation of transcription initiation factor TFIID subunit (TAF168),
results in the reduction of its DNA binding affinity and leads to suppression of RNA Pol |
transcription in vitro (524). In 2005, Bouras et al. demonstrated that in human embryonic
kidney cell line (HEK-293) SIRT1 deacetylates p300 at Lys1020 and Lys1024 residues,
resulting in the negative regulation of this histone acetyltransferase (527). Since p300 is an
important transcription regulator, its alterations by SIRT1 play an important role in downstream

changes in metabolism and cell differentiation (527).
Another example of transcription regulation by SIRT1 is formation of complex with muscle
specific transcription factor myoblast determination protein 1 (MyoD), which leads to SIRT1-

mediated deacetylation of H3K9ac and H3K14ac in the myogenin and myosin heavy chain

68



promoters and inhibition of muscle specific gene expression (528). Regulation of muscle
differentiation by SIRT1 is also achieved through alteration in MADS box transcription
enhancer factor 2 (MEF2) activity. Deacetylation of Lys424 on MEF2 by SIRT1 leads to
inhibition of its activity (529). Additionally, it was shown that SIRT1 regulated the activity of
FOXO transcription factors and in skeletal muscle cells SIRT1 overexpression deacetylated

FOXO03 and blocks the transcription of atrophy-related genes (530).

DNA repair

SIRT1 plays an important role in DNA damage response (DDR) and subsequent protection
against DNA damage, as a histone deacetylase at the DNA damage site, as well as protein
deacetylase regulating DNA repair and DDR (531-535). In human fibroblasts, it was described
that SIRT1 impairs the production of UV-induced 6-4 phosphoproduct and Pt-GG
phoshoproduct lesions, which can induced cell apoptosis, by deacetylation of histones and
maintaining condensed heterochromatin structure (536). Chromatin modification have been
shown to influence temporal and spatial control of DNA damage repair (537). Oberdoerffer et
al. demonstrated that SIRT1 plays an important role in efficient repair of double-stranded
breaks (DSB), by promoting repair through ataxia telangiectasia mutated (ATM) signalling
pathway (538). SIRT1 together with enhancer of zeste homologue 2 (EZH2), DNA
methyltransferase 1 (DNMT1) and 3B (DNMT3B) are recruited to the site of DSB and
inducing hypoacetyl H4K16, H3K9me2/me3, and H3K27me3, result in maintenance of
compacted chromatin structure (533). Moreover, SIRT1 is directly related to the DDR and is
able to recruit repair proteins to DSB sites and modulate their activity by deacetylating them
(539). For example, repair proteins like KU70 and members of FOXO family, were shown to
be activated by SIRT1 through the direct deacetylation, in the context of DNA damage
(532,540-544).

Cell survival and apoptosis

A second protein that was described as a non-histone target of SIRT1 deacetylase activity was
tumour suppressor p53 (545). SIRT1 has been shown to deacetylate a variety of lysine residues
of p53 in mice (Lys317, Lys370, Lys379) and humans (Lys320, Lys373, Lys382) (545,546).
SIRT1 facilitates the suppression of p53 transactivation activity, thereby leads to apoptosis

suppression in the context of DNA damage or oxidative stress (545,547). In addition, SIRT1-
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dependent deacetylation of p53 regulated its localisation and in this way controls cell fate
decision. In absence of SIRTL, translocation of p53 to the nucleus is decreased, which results
in protein accumulation and passage to mitochondria, where it induces the apoptotic pathway
(548).

The other regulatory mechanism through which SIRT1 manage cell survival, is by
deacetylating a DNA-repair factor KU70, an inhibitor of Bcl-2-associated X protein (BAX)-
mediated apoptosis. In response to stress, this mechanism prevent apoptosis triggering in HEK-
293 cells (21).

SIRT1 and E2F1, a regulator of cell proliferation and cell cycle, form a negative regulatory
loop (549,550). E2F1 induces Sirtl expression by direct binding to the promoter region,
whereas SIRT1 plays the role as an inhibitor E2F1 apoptotic function (550).

Another type of tumour suppressor, p73, was also described as a target of SIRT1 deacetylation.
Similar to p53, deacetylated p73 loses its transcriptional activity and results in apoptosis
inhibition (551,552).

SIRT1 is able to improve cell survival by regulating FOXO transcription factors. Three FOXO
proteins (FOXO1, FOXO3A and FOXO04) has been shown to undergo SIRT1-mediated
deacetylation upon binding to LXXLL motif (in FOXO1) (553-556). SIRT1 reduces apoptosis
by affecting function of FOXOS3A in neurons and fibroblasts (542,557,558).

Autophagy

In response to environmental stress, like nutrient deficiency, cells induce autophagy, as a
protection mechanism (559,560). During the starvation, SIRT1 level and activity is increased
leading to deacetylation of autophagy proteins and subsequent induction of the autophagy
process (21,561,562). SIRT1 targets are autophagy proteins (Atg) 7 and 8, which were found
to be deacetylated in vitro. Targeting Sirtl gene expression or cell treatment with SIRT1
inhibitors, showed a remarkable increase in Atg7 acetylation (561). Moreover, deacetylation
of microtubule-associated protein 1A/1B-light chain 3 (LC3) at Lys49 and Lys51 residue by
SIRT1 was found to initiate the process of autophagy under starvation (563).
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lon channel regulation

SIRT1 was also found to regulate ion channels. In the heart, it was found that SIRT1
deacetylation of voltage-gated cardiac Na+ channel (Nav1.5) at Lys1479 position, serves an
essential function in regulating Na+ current and overall cardiac electrical activity (564). SIRT1
deficiency in cardiac myocytes has been shown to impair the regulation of intracellular
Ca?* and Na*, therefore inducing cardiac dysfunction and arrhythmogenesis (565). In addition,
it was demonstrated, in mouse model of anxiety and stress, that in dentate gyrus (DG), part of
hippocampal formation, SIRT1-mediated deacetylation of large conductance calcium-activated
potassium (BK) channel results in rapid modulation of DG function during maladaptive stress
response (566).

Inflammation

It was widely described in the literature that SIRT1 possesses strong anti-inflammatory effects,
by inhibiting expression of factors involved in inflammation. In the acute inflammatory
response like sepsis, SIRT1 was shown to deacetylate H3K16 in the promoter region of
cytokines IL-1 and TNF-a, suppressing their expression (567,568). Furthermore, SIRT1 is able
to reduce histone acetylation of IL-6 promoter region, subsequently by reducing its expression
level (569).

NF«B signalling plays one of the central roles in inflammation and is a widely studied pathway.
It is composed of NFkB1, NFkB2, p65, RELB proto-oncogene and c-REL proto-oncogene
(570). In an inactive state, NFkB is a part of cytoplasmic complex, bound by a member of
inhibitor of B (IB) family. During the inflammatory response, 1B kinase (IKK) phosphorylates
IB and targets it for degradation. Free NFxB is translocated into nucleus and initiate
inflammatory response gene transcription (571). SIRT1 directly inhibits NFxB-mediated
inflammatory response by deacetylating p65 subunit of NFkB complex and suppressing its
DNA binding ability (520,572-574). Subsequent studies confirmed that SIRT1 suppress NFkB
activity through reduction of p65 acetylation at Lys310 residue and by accelerating its
ubiquitination and degradation (575,576). Additionally, SIRT1 is able to inhibit degradation of
IB, therefore maintaining NFkB in an inactive state (577). Indirectly, SIRT1 negatively
modulates NFkB activity through positive regulation of AMPK (578). Overexpression of
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SIRT1 can result in establishment of interactions between peroxisome proliferator-activated
receptor (PPAR) and p65, inhibiting NFkB-mediated cytokine production (579).

Moreover, HIF-1a is known as an important transcription factor involved in inflammatory
response and oxidative stress. Indeed, it has been reported for the first time, that SIRT1
deacetylase activity directly regulates acetylation status of Lys374 residue on HIF-1a protein.
This posttranslational modification results in failed recruitment of p300 and inactivation of
HIF-1a (580,581).

Finally, activator protein 1 (AP-1) a transcription factor is a regulator of inflammation and
immunity, formed by c-Jun and c-Fos. Upon activation, AP-1 promotes transcription of
inflammatory factors like IL-2, IL-8 and TNF-a (582). SIRT1 is able to impair AP-1

transcriptional activity through direct deacetylation of C-terminus of c-Jun (583,584).

2.3.2 SIRT1 function in metabolic tissue

Extensive amount of research articles described importance of SIRT1 in metabolic organs, its
role in an insulin production and sensitivity, FA metabolism (585). In this context, we have
recently published a revue describing the role of SIRT1 in these metabolic organs and their

crosstalk impacting bone homeostasis (586).

2.3.2i  SIRT1 function in metabolic tissue - Pancreas

In pancreatic B-islets, SIRT1 overexpression studies demonstrated raise of insulin secretion
(587). Furthermore, B-cells specific SIRT1 knockout models displayed reduced glucose
stimulated insulin secretion, suggesting that this protein is required for efficient function of the
cells (588). SIRT1 knockout mice exhibited high levels of UCP2 in the mitochondria of (-
cells. In this tissue, UCP2 suppresses the production of ATP in response to high glucose (589).
This changes the ATP/ADP gradient and leads to block of insulin granule secretion. Bordone
et al. demonstrated that in the nucleus of INS-1 cell line, SIRT1 binds directly the UCP2
promoter region and suppresses its expression (Fig. 19). The decreased expression of UCP2 is
followed by an increases in ATP/ADP gradient and stimulation of insulin secretion mechanism

(590). Along with UCP2 suppression, SIRT1 regulates a variety of genes involved in insulin
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expression and glucose uptake. SIRT1 is able to activate the expression of insulin gene via
regulation of its transcription factors. FOXO1 was found to suppress MAF BZIP transcription
factor A (MAfA) and neurogenic differentiation factor (NeuroD) transcription factors, which
induce transcription of insulin gene. SIRT1-mediated deacetylation of FOXO1 and its
subsequent suppression results in increased production of MAfA and NeuroD, and induction
of insulin production (591) (Fig.19). Also, activation of SIRT1 by resveratrol showed an
upregulation of pancreas/duodenum homeobox protein 1 (PDX1), which plays a critical role in
insulin gene expression, as well as GLUT1/2 expression, facilitating glucose uptake (592). A
potential mechanism of PDX1 enhancement by SIRT1, is through SIRT1 deacetylation and
activation of forkhead transcription factor FOXAZ2, which is necessary for activation of PDX1
transcription in -cells (593). It is well characterised that SIRT1 expression is upregulated in
pancreas during the CR (594). Recent study about CR effect on 3-cell function in mouse model
demonstrated an increased insulin secretion, confirming positive effect of CR on body
metabolism (595). This effect of CR might be explained by upregulation of SIRT1 expression;

however, the direct connection is not established.
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Figure 19. Summary of SIRT1 function in pancreatic 3-cells. Diagram shows the insulin
secretion mechanism in 3-cells and how SIRT1 is involved in regulation of this process.
Components of the diagram were taken from https://smart.servier.com/.

Sirtuin types 1 (SIRT1); pancreatic and duodenal homeobox 1 (PDX1); glucose transporter 2
(GLUT2); thioredoxin interacting protein (TXNIP); uncoupling protein 2 (UCP2); neurogenic
differentiation (NeuroD); MAF BZIP transcription factor A (MAfA); pyruvate dehydrogenase
(PDH); acetyl-CoA (Ac-CoA); glutamate dehydrogenase (GDH); a-ketoglutarate (o-KG);
adenosine triphosphate (ATP); acetyl CoA carboxylase (ACC); malonyl-CoA decarboxylase
(MCD); enoyl-CoA hydratase (ECHA); 3-methylglutaconyl-CoA (MG-CoA); methylcrotonoyl-
CoA carboxylase (MCCC); tricarboxylic acid cycle (TCA).

2.3.2ii  SIRT1 function in metabolic tissue - Liver

The main player in regulation of glucose metabolism in liver is SIRT1. In mouse model, liver
specific deletion of SIRT1 results in hyperglycaemia and development of insulin resistance in
hepatocytes (596). The micro-RNA miR-181a mediated decrease in SIRT1 activity results in
hepatic insulin resistance, and suppression of miR-181a cause an improvement of insulin
sensitivity in these cells (597). Various animal studies of hepatic SIRT1 activation reported a
positive effect on insulin sensitivity and protection from insulin resistance in response to high
caloric diet (598-602). Activation of SIRT1 by metformin or resveratrol in human hepatocyte
cell line (HepG2), contributed towards improvement of insulin resistance (603-605).

Additionally, study on human embryonic cell line (HEK293) demonstrated an interaction
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between SIRT1 and PI3K protein in insulin signalling pathway, through this SIRT1 positively
modulates insulin signalling (606). All these data demonstrate that SIRT1 have beneficial

effects on insulin sensitivity in hepatic cells.

Additionally, sirtuin family member play important role in regulation of glucose homeostasis
in liver under different nutrition conditions (607). CR has been shown to stimulate the
expression and activity of SIRT1 in various mammalian tissues, such as liver and white adipose
tissue (21,594). This can be explained by the increased NAD*/NADH ration in cytoplasm and
mitochondria of cells upon fasting (608). On the early stages of CR or nutrient deficiency, the
increased SIRTL1 level results in a decreased PGC-1 acetylation via direct protein interactions.
This result in transcriptional upregulation of gluconeogenic genes like FOXO1 and hepatic
nuclear factor 4 (HNF4), that enhance de novo glucose synthesis by hepatocytes (609-611)
(Fig. 20). Also, SITR1 deacetylates the lysine residue on the DNA binding domain of FOXO1
gene, resulting in an increase of its DNA binding ability (558,612,613). The rise of FOXO1
protein activity on early stages of fasting, leads to binding of this transcription factor to the
promoter region of several gluconeogenic genes, by this promoting their expression and
improve hepatic glucose output (614-617). Another mechanism associated with induction of
gluconeogenesis by SIRT1 is suppression of STAT3 (Fig. 20). In normal nutrition condition
STATS3 plays a role in downregulation of glucose production in liver, however on early stages
of caloric deprivation, the deacetylation of STAT3 protein by SIRT1 induced its inactivation,

causing an increase in gluconeogenesis (618).

During the extension of CR time, SIRT1 changes its mode of action. SIRT1 deacetylates and
deactivates CREB regulated transcription regulator 2 (CRTC2) protein (Fig. 20). Under normal
conditions, glucagon signalling induces the dephosphorylation and nuclear translocation of
CRTC2, where it upregulated gluconeogenic gene expression (619). Therefore, during
extended nutrient insufficiency, SIRT1 downregulates gluconeogenesis. Another mechanism
of SIRT1 action is through deacetylating factors like target of rapamycin complex 2 (TORC?2)
and CREB binding protein (CBP), which are involved in regulation of key gluconeogenesis
promoter cCAMP response element binding protein (CREBP) (619). The SIRT1 deacetylation
cause an indirect decrease in CREB protein expression (Fig. 20). However, SIRT1 is able to
bind CREB directly and deacetylates the Lys136 residue, deactivating the protein (620). CREB
functions as a transcription factor for phosphoenolpyruvate carboxykinase (PEPCK1),

downregulation of CREB function causes a decrease in PEPCKZ1 transcription and subsequent
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reduction of hepatic gluconeogenesis (621). Also, SIRT1 is able to suppress PEPCK1 function
by deacetylating and downregulating FOXO3 (557).

SIRT1 is strongly associated with FAO in liver. Multiple knockout studies showed that the
absence of liver specific SIRT1 causes the development of hepatic steatosis, characterised by
fat accumulation in liver (596,611,622). During the CR, SIRT1 upregulates the FAO in
hepatocytes by deacetylation and subsequent activation of PGC-1a and PPARa. The nuclear
protein PPARa upregulates the expression of proteins, which are involved in fatty acid -
oxidation (622,623). Additionally, SIRT1 is involved in cholesterol homeostasis. This function
of SIRT1 is achieved by downregulation of lipogenic gene like sterol-regulatory element
binding protein 1c (SREBP-1c) (624,625). SIRT1 was found to bind and deacetylate other
isoforms of SEBP protein, targeting these proteins for degradation and subsequently reducing
the hepatic lipogenesis and fat storage (626,627). It was established that SIRT1 is able to
upregulate genes involved in lipolysis, by deacetylating and upregulating liver X receptor
(LXR) (628). LXRs are ligand activated transcription factors that are involved in upregulation
of fatty acid metabolism genes, as well as cholesterol metabolism (629). In the SIRT1 knockout
mice, the levels of the cholesterol in liver were elevated, demonstrating the importance of
SIRT1 in cholesterol homeostasis (627,630). The reactivation of SIRT1/AMPK pathway in
liver exposed to high fat diet (HFD), results in protection from lipid dysregulation and further

development of non-alcoholic fatty liver disease (NAFLD) (631).
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Figure 20. Summary of glucose homeostasis in hepatocytes and involvement of SIRT1
this process. Diagram resembles insulin signalling pathway, glycogen synthesis, as well as
gluconeogenesis and glycolysis in liver hepatic cells. Additionally, SIRT1 function in cell nucleus
is shown during short term and long-term CR.

Components of the diagram were taken from https://smart.servier.com/.

Sirtuin type 1 (SIRT1); forkhead box O1 (FOXOL1); signal transducer and activator of transcription
3 (STAT3); hepatic nuclear factor 4 (HNF4); PPARy coactivator 1o (PGC-1a); sterol-regulatory
element binding protein 1c (SREBP-1c); CREB regulated transcription regulator 2 (CRTC2); CREB
binding protein (CBP); cAMP response element binding protein (CREB/CREBP); general control
non-depressible 5 (GCN5); rapamycin complex 2 (mTORC?2); protein kinase B (PKB/AKT); insulin
receptor (IR); insulin receptor substrate (IRS); phosphatidylinositol 3-kinase (PI3K); glycogen
synthase kinase 3 (GSK3); glycogen branching enzyme (GBE); glycogen synthase (GS); glycogen
debranching enzyme (GDE); P-glycoprotein (GP); phosphoglucomutase (PGM); uridine
diphosphate glucose (UDPG); glycosylphosphatidylinositol (GPI); glycerol kinase (GK); glucose-
6-phosphate dehydrogenase (G6P); 6-0-phosphono-beta-D-fructofuranose (F6P);
phosphofructokinase-1 (PFK1); fructose 1,6-bisphosphate(FBP); glyceraldehyde 3-phosphate
(GA3P); glyceraldehyde-3-phosphate dehydrogenase (GAPDH); 2,3-bisphosphoglyceric acid (1,2-
BPG); phosphoglycerate kinase (PGK); 3-Phosphoglyceric acid (3PG); phosphoglycerate mutase
(PGM); 2-phosphoglyceric acid (2PG); phosphoenolpyruvate (PEP); pyruvate kinase (PK);
phosphoenolpyruvate carboxylase (PEPC); pyruvate carboxylase (PC); pyruvate dehydrogenase
(PDH); acetyl-CoA (Ac-CoA); tricarboxylic acid cycle (TCA); electron transport chain (ETC);
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2.3.2iii  SIRT1 function in metabolic tissue - Adipose tissue

In WAT, SIRTL1 is involved in various stages of its differentiation, adipogenesis, metabolism
and endocrine activity. The main regulator of adipose tissue differentiation is PPARy (632).
The knockout of AT specific SIRT1 was associated with enhanced PPARY activity in these
cells (633). Multiple studies demonstrated that SIRT1 upregulation in WAT, results in PPARy
suppression and subsequent inhibition of adipogenesis (634). Additionally, it was established
that SIRT1 deacetylates PPARy at Lys268 and Lys293 residues, by this inhibiting its
transcription factor activity (634,635). Moreover, it was shown that SIRT1 binds to PPARy co-
factor, nuclear receptor co-repressor (NCoR) and facilitate the suppression of PPARy
expression (636). SIRT1 mediated suppression of PPARy, not only affect the adipose
differentiation, but also FA transport. Through downstream regulation of fatty-acid-binding
protein (aP2), SIRT1 facilitates reduction of fat storage during the CR (634,637,638). In the
process of DNL, enzyme ACLY serves an important role in the first step of FA production. It
is known that ACLY is acetylated and activated in response to glucose uptake (639). SIRT1
induced deacetylation of ACLY results in decrease of its activity (463). SIRT1 plays a role in
regulation of adiponectin secretion. With low nutrient availability in 3T3-L1 cell line, SIRT1
levels rise and suppress PPARy expression. This cause decrease in downstream gene
transcription like ER oxidoreductin 1 like protein (Erol-L), which is important for ER function
and protein folding (640). The result of these events is impaired production of adiponectin
(641). Despite this, another study by Qiao et al., showed that SIRT1 activates adiponectin gene
transcription through enhancing FOXO1 and C/EBP- binding to adiponectin gene promoter
region and facilitates its expression (642).

The activation of BAT gene expression in pre adipocytes, it is a novel approach in reversing
the obesity and its consequences (643-645). In the differentiation of BAT, SIRT1 plays an
important role as a transcriptional mediator. SIRT1 not only functions as transcription regulator
of PPARY, but also as PPARy deacetylase at Lys293 and Lys268 residues. This results in
deactivation of the PPARY, as well as recruitment of PR domain containing 16 (Prdm16), which
induces transcription of BAT genes and results in AT browning (635). In 3T3-L1 preadipocyte
cell line, silencing of SIRT1 cause upregulation of WAT specific genes (pantothenate kinase 3
(Pank3), angiotensinogen (Agt)) and inflammatory markers, at the expense of BAT marker
genes (Prdm16) (646). Overall, SIRT1 has been shown to induce beiging of AT.
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2.3.3 SIRT1 function in bone marrow

Within BM niche, studies on SIRT1 conclude its role in HSC maturation and differentiation.
The Sirtl gene knockdown in haematopoietic system was shown to cause significant decline
in lymphoid compartment, aberrant HSC expansion, genomic instability and anaemia (647—
649). Activators of SIRT1, resveratrol and SRT3025, have been shown to alter a number of
HSCs and modulate its deacetylase capacity in vivo and in vitro (650,651). However, recently
Park et al. showed that BM specific (osteoblast) deletion of Sirtl did not alter blood cell
production, nor lineage distribution or HSC maturation (652). These findings suggest that
SIRT1 does not play a crucial role in haematopoietic niche of BM. Furthermore, SIRT1 role in
HSC ageing was poorly described. Wang et al. demonstrated that Sirtl knockout suppressed
gene activation in ageing HSCs, predominantly it affected genes involved in regulation of
protein synthesis and metabolism. They showed that SIRT1 inhibition leads to suppression of
growth and survival of human B/myeloid mixed phenotype acute leukaemia (653). Overall,
these results propose that SIRT1 might be a potential therapeutic target for modulating activity

of HSCs in the process of ageing.

Currently, some studies are focusing on understanding the relationship between sirtuin family
and BMAT function, especially BMAT expansion during the CR. The SIRT1 was shown to
play a role in BMSCs differentiation capacity (654). In vitro studies on murine pluripotent
mesenchymal cell line (C3H10T1/2) and human mesenchymal stem cells (hMSCs) from bone
marrow, demonstrated that SIRT1 pharmacological activation downregulated adipogenic
differentiation (655-657). BMSCs containing SIRT1 deletion exhibited defect in self-renewal
capacity, as well as reduction of osteoblast differentiation, without affecting adipogenic
differentiation (658). Moreover, recently it was confirmed that during severe long-term CR,
the SIRT1 expression level in BMSCs decreases. Reduction in SIRT1 potentially leads to
BMAT expansion, through BMSCs preferential differentiation into adipocytes (2). This study
suggests that SIRT1 can be able to downregulate BMAT expansion during long term CR.

It is also reported that thermogenic genes are dependent on SIRT1 expression. Indeed, SIRT1
haplo-insufficiency in mice resulted in decreased expression of thermogenic genes in tibial
BMAT, like 3AR, Prdm16 or PGC-1. Additionally, overexpression of SIRT1 in CH310T1/2
cell line, resulted in increased expression of Prdm16 or PGC-1, characteristic of BAT (654).
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2.4 SIRT1 regulation of expression and activity

Highly diverse role of SIRT1 activity in various cellular and metabolic processes is modulated
in response to environmental stimuli (cell stress, CR, overnutrition, etc.) through transcription,

translation and post-translational regulation (659-662).

In the context of cellular stress, it was described that the cysteine residues of SIRT1 are
susceptible to oxidation under oxidative stress, which could impacts SIRT1 activity and SIRT1
degradation in the proteasomes (663-666). During the inflammatory response, SIRT1 inhibits
NF«B signalling and lowers inflammation, but when the exposure to high levels of H202 or
harsh oxidative stress in prolonged, it reduces Sirtl expression and protein function (667,668).
In WAT, liver and skeletal muscles of mice, Cai et al. discovered that prolonged oral
administration of pro-oxidative advanced glycation end-products (AGE) significantly lowered
SIRT1 protein levels (666). This alteration was linked to increased adiposity and insulin
resistance, both of which are common hallmarks of type 2 diabetes. Additionally, both
oxidative and aldehyde stress could enhance carbonylation and alkylation of SIRT1 cysteine
groups, causing SIRT1 protein breakdown in the proteasomes of metabolic tissue (664). Caito
et al. described that in the context of redox state, SIRT1 protein loss takes place (664,669).
Furthermore, oxidative stress can lower NAD+ levels and consequently impede SIRT1 activity
(663). These findings show that the SIRT1 enzyme may be a target of oxidative changes and

become inhibited under oxidative stress.

Excessive formation of oxidants, development of cellular stress and reduction of
NAD*/NADH ratio, can be attributed to high nutrient consumption during metabolic conditions
like obesity (670-673). Overload of nutrients is broken down through glycolysis and further
TCA cycle, leading to NAD™ oxidation to NADH, contributing to elevated NADH in cytosol
(674). This leads to reduction in SIRT1 activity (675). In the same time the overproduction of
NADH and it passages through mitochondrial oxidative phosphorylation (OXPHQOS)
complexes, results in electron leakage and elevated ROS production, facilitating development
of oxidized state in the surrounding environment. As it was motioned above, oxidative stress
negatively affects Sirtl gene expression and SIRT1 protein posttranslational modifications
(676). In mice, Noriega et al. showed that negative control of Sirtl transcription is achieved
through activation of carbohydrate ChREBP that binds Sirt1 promoter site (677—-679). Decrease

in Sirtl gene expression during nutrient overconsumption was observed in various metabolic
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tissue, like pancreas islets, B-cells, liver and adipose tissue (680-682). These mechanistic
disruptions have been linked to a variety of metabolic disorders, including insulin resistance

together with type 2 diabetes, and non-alcoholic fatty liver disease (683-686).

In reverse, nutrient deprivation or exposure to CR has been shown to have a positive impact on
SIRT1 activity and Sirtl gene expression. Guarente et al. postulated that the metabolic change
from fermentation to respiration in Saccharomyces cerevisiae, which occurs in response to CR,
resulted in higher NAD+ intracellular levels, which in turn increases Sir2 activity (687) (Fig.
21). The increased respiratory activity would reduce NADH, which acts as a competitive
inhibitor of Sir2 deacetylase activity (675,688). Alternatively, Sinclair et al. hypothesised that
CR boosts Sir2 activity by reducing intracellular amounts of nicotinamide (NAM), a by-
product of the Sir2-catalyzed deacetylation process, which suppresses Sir2 deacetylase activity
(689). The decrease in nicotinamide concentration would be caused by an increase in PNC1
(pyrazinamidase and nicotinamidase 1) levels, a nicotinamidase enzyme that catalyses the first
reaction leading to NAD+ regeneration from NAM (690). A similar mechanism of CR-
mediated SIRT1 regulation can be observed in higher eukaryotes, where nicotinamide
phosphoribosyltransferase (NAMPT) enzyme is responsible for NAD™* resynthesis from NAM
(691-693) (Fig. 21). Numerous studies have provided evidence of NAMP importance in
regulation of NAD™ levels and SIRT1 function in mammalian (pancreatic (3-cells, myoblasts,
fibroblast) (694-696).

Calorie restriction Figure 21. Potential mechanisms of
CR-mediated regulation of SIRT1
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2.4.1 Transcriptional regulation of SIRT1

Transcription of Sirtl gene is regulated both by epigenetic modifications, and a wide range of

transcription factors.

DNA methylation of CpG islands in gene promoter region by DNA methyltransferase (DNMT)
has a negative correlation with this gene transcription (697). In various disease, it was found
that reduction in Sirtl expression is associated with DNA hypermethylation. In oral epithelial
cells extracted from oral cancer patients, Sirtl was found to be hypermethylated and
downregulated in response to arecoline exposure (698). In hearts of gestational diabetes rat
model, Sirtl expression level was shown to be significantly reduced comparing to control
animals (699). In vitro study on suppression of DNMT3A by the DNA methylation inhibitor
5-azacytidine (5-AZA) resulted in an increase in SIRT1 protein, suggesting that transcription
of Sirtl was affected by DNMT3A (699).

Voelter-Mahlknecht et al. back in 2006, isolated, cloned and characterised human Sirtl gene,
concluding that promoter region of this gene contains NFkB binding site (700). Later, Zhang
et al. conducted the study where they demonstrated that overexpression of NFkB p65 subunit,
results in upregulation of Sirtl gene expression and SIRT1 protein level (701). Using
electrophoretic mobility shift assay, Katto et al. confirmed direct binding of NF«B to the Sirtl
promoter region (702). In the process of inflammation, activation of NF«B and its subunits has
been shown to directly bind and promote Sirtl gene expression, which in return will initiate
negative regulation of NFkB activity through its deacetylation (701,702). In overnutrition
context, it is demonstrated that PPARy can inhibit Sirtl expression through binding to PPAR
response element and recruitment of SIRT1 to this site could facilitate its autoregulation
(703,704). Furthermore, p53 was also found to have a reciprocal regulation with SIRT1 (704).
In the nucleus, p53 binds directly to two response elements within the promoter region of Sirtl
and facilitate its suppression (705). The knockout of p53 (Trp53) in mice resulted in increased
level of SIRTL in several tissue types and in tumour cell line suppression of p53 induced
overexpression of Sirtl gene (704,706).

Another tumour suppressor that was identified to negatively control Sirtl expression was

hypermethylated in cancer 1 (HIC1). Together with C-terminal binding protein 1 (CTBP1),

HIC1 form a co-repressor complex, which binds and upstream enhancer element of Sirtl gene

82



promoter and facilitates the suppression of the transcription (707,708). HIC1 serves an
important function as tumour suppressor. In the process of cell ageing, hypermethylation of
HIC1 promoter induces the suppression of its expression. However, decrease in HIC1, removes
SIRT1 repression and further leads to promotion of tumour gene expression (708-710). In
prostate cancer mouse models, as well as patients, HIC1 reduction results in a significant
upregulation of Sirtl during tumorigenesis (711). In the hypoxic condition, the initiation of
HIC1/CTPB1 complex results in binding to Sirtl promoter and gene repression (580,712).
However, hypoxia was also described to upregulate Sirtl expression through HIF-1a binding
to HERS response element (713).

Furthermore, transcriptional regulation of Sirtl is achieved through another negative feedback
loop. It was described that DNA damage by cancer drug etoposide results in E2F1-dependent
induction of Sirtl gene expression (550,714). On the other hand, SIRT1 is able to deacetylate
E2F1 and inhibit its activity, forming a feedback loop between these two proteins. Due to the
fact that E2F1 is an activator of apoptotic genes like Tp53 or Tp73, the activation of Sirtl
transcription and negative feedback loop initiation might be a protective mechanism against

the aberrant apoptosis is response to DNA damage.

Both p53 and FOXO3a share the same binding site on the promoter region of Sirtl gene,
therefore similarly to p53, FOXO3a can regulate Sirt1 transcription (704). 1t was described that
acute nutritional stress resulted in FOXO3a nuclear translocation, where it binds p53,
dissociates an inhibitory complex and restores Sirtl expression (704). In the same time SIRT1-
mediated deacetylation of FOXO3a enabling its function in various biological processes
(557,715).

Also, SIRT1 - c-myc have established a negative feedback loop, which is involved in multiple
biological processes. Binding to Sirtl promoter allows c-myc to induce Sirtl expression. In
return, SIRT1 deacetylase activity is able to destabilise c-myc protein and reduce its enhancer
activity (716).

In liver, age-dependent downregulation of Sirtl is described to be maintained through C/EBP-

HDAC1 complex (717). On the other hand, during adipogenesis C/EBP induced expression of
Sirtl through c/EBP binding site on the Sirtl promoter (718).
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2.4.2 Post-transcriptional regulation of SIRT1

Additional to transcriptional regulation, SIRTL1 is tightly regulated at post-transcriptional level.
Therefore, following gene transcription, SIRT1 is regulated though alterations in mRNA
stability. Human antigen R (HUR) protein is a tumour suppressor and regulates the gene
transcription through targeting of mRNA. HUR binds 3’ untranslated region (UTR) of Sirtl
MRNA and by this improves its stability (719). In the process of cell ageing and cell
senescence, HUR level was shown to be reduced, which correlates with a decrease in SIRT1
production. Abdelmohsen et al. reported that in senescing cells, HUR phosphorylation by
checkpoint kinase 2 (CHK2) disrupts the interaction between HUR and Sirtl mRNA, resulting
in decreased SIRT1 protein level (719).

Non-coding RNAs

Post-transcriptional regulation of SIRT1 is achieved through numerous types of non-coding
RNAs (ncRNAs), in particular by microRNAs (miRNAs). miRNAs bind to the 3’UTR of a
target MRNA, causing transcriptional repression of the gene or targeting the mRNA for
degradation (720). Wide range of miRNAs were described to target SIRT1 protein expression
— miR-34, miR-143, miR-9, miR-132, miR-217 (721). Most well described miRNA, which
regulates SIRT1, is miR-34a (722). It binds 3’UTR of Sirt] mRNA and suppresses transcription
without targeting mRNA for degradation. miR-34a transcription is directly promoted by p53,
resulting in a formation of feedback loop between miR-34a, SIRT1 and p53 (722) (Fig. 22).
As it was described above, p53 inhibits Sirtl gene transcription by binding directly to the
promoter region. At the same time, p53 promotes miR-34a expression, that will repress Sirtl
mRNA. In return, SIRT1 was shown to deacetylate p53 protein and reduce its activity, as well

as repress miR-34a expression through a direct binding to its promoter (704,723-725).
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Furthermore, miR-34a is not only able to suppress Sirtl transcription, but also SIRT1 activity.
NAMPT, an enzyme involved in the NAD+ salvaging pathway, was found to be suppressed by
miR-34a (726). An increase in miR-34a production results in a decrease in intracellular level
of NAD* and subsequently reduces the activity of SIRT1 (726,727).

In addition, long ncRNAs (IncRNAS) can regulate Sirtl translation (728-731). Wang et al.
described that antisense (AS) IncRNA consists of Sirtl mRNA complementary sequence,
which allows it to compete with miR-34a for binding to 3’ region of Sirtl and suppression of
its further translation (732). On the other hand, Li et al. recently demonstrated that a complex
of SIRT1-AS-IncRNA can bind Sirtl mRNA and facilitate its stability, promoting SIRT1
translation (733).

NAD™ levels and small molecules

Catalytic activity of SIRT1 depends upon the availability of NAD*, therefore SIRT1 activity is
increased in the conditions when intracellular level of NAD* is high (fasting or caloric
restriction, exercise or late acute inflammation) (734—736). Conditions like obesity, ageing or
early acute inflammation are associated with low NAD*/NADH ratio, which was found to
cause significant decrease in SIRT1-mediated deacetylation (735-738). DNA repair enzyme
poly ADP-ribose polymerase (PARP) mediates poly-ADP-ribosylation of proteins with the
consumption of NAD*. PRAP1 is recruited to DNA damage site and binds DNA break, this
event is followed by recruitment of NAD*-dependent ADP ribose unit, and related enzymes
that are required for DNA damage repair (739). Bai et al. showed that in BAT and muscle cells,

depletion or inhibition of PARP1 is associated with SIRT1 activity increase, both in vitro and
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in vivo (740). Therefore, it might be concluded that PARP1 mediated consumption of NAD*,

can play arole in regulation of SIRT1 activity.

Discovery of small molecules that are able to modulate SIRT1 activity, allowed to conduct
various studies on mimicking physiological alterations of SIRT1. Inhibition of SIRT1 protein
can be achieved through exposure to splitomicin, sirtinol, NAM, MC2141 or EX-527, as well
as other analogues of sirtinol (741-744). NAM was described to bind SIRT1 C-pocket and
reverse the primary catalytic step (745,746). In opposition, plant-derived metabolites, for
example stilbenes, flavones and anthocyanidins were found to allosterically bind and lead to
activation of SIRTL in vitro (747). Additionally, resveratrol, SRT1720 and STT2183 were
shown to have an activating effect of SIRT1 (602,747—-749). Resveratrol was characterised as
the most potent natural activator of SIRT1 deacetylase (750,751). Indeed, it was recently
demonstrated, that Sirtl down-regulation in BMSCs achieved through sirtinol treatment, can
be reversed by resveratrol, and it further leads to a decrease in adipogenesis and increase in

osteogenesis (2).

Protein-protein interactions

Devenport et al. aimed to shed light on regulation of SIRT1 activity, through the study of
crystal structure of SIRT1 in complex with CTR. They established an inhibitory role of the
CTR, in the closed SIRT1.CTR.ADPR. structure, through influencing the conformational
changes in SIRT1 protein, that are required for substrate turnover (Fig. 16) (513). A number of
proteins were identified to bind directly to SIRT1 and modulate its stability and activity.
Multiprotein complex with cyclic adenosine monophosphate (CAMP) was reported to boost the
stability and deacetylase activity of SIRT1 (752). Active regulator of SIRT1 (AROS),
positively regulates SIRT1 activity through direct binding to a site distal of SIRT1 catalytic
domain (753,754). Kim et al. confirmed the interaction between AROS and SIRT1, leading to
an improved SIRTL1 activity and inhibition of p53-mediated transcription (753). Kakkola et al.
describes AROS as a SIRT1 agonist, by conducting in vitro activity assays (755). However, in
tumour cells, it was shown that AROS is a weak activator of SIRT1, suggesting that AROS

regulatory function is different in various cellular contexts (756).

SIRT1 is able to form complexes in a substrate specific manner with other partner proteins. In

the form of complex, SIRT1 activity or substrate recognition is altered, as well as recruitment
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of SIRT1 to the specific site of DNA promoters or other proteins. Complex including four and
a half LIM domain protein 2 (FHL2), SIRT1-FOXO1-FHL2 and SIRT1-p53-necdin were
shown to improve SIRTL interactions with FOXO1 and p53 substrates, additionally to its
improved deacetylase activity (757,758). SIRT1-STAT3-USP22 (ubiquitin specific peptidase
22) complex reformation results in elevated SIRT1 stability (759). Another SIRT1 complex
with p53, SIRT1-p53-PML IV, induces inhibition of p53 through deacetylation and recruitment
of SIRT1 and p53 to the nuclear bodies of promyelocytic leukaemia protein (PML) (760). The
recruitment of SIRT1 to PPARY promoter region and improvement of PPARY substrate binding
to SIRTL, is mediated through interaction of SIRT1 with Cdk2-associated cullin 1 (CACUL1)
(761). Moreover, there are a number of other SIRT1 complexes with substrate-specific activity
- SIRT1-PGC-10-FOX03a, SIRT1-PGC-l0-HNF4a, SIRT1-FOXO3a-NRF1 and SIRT1-
FOXO01-Pml (591,610,762).

Moreover, the inhibitor of SIRT1 - deleted in breast cancer 1 (DBC1) was described to bind
catalytic core domain of SIRT1 protein and negatively regulate the activity through obscuring
the association between SIRT1 activity (ESA) motif and catalytic domain (515,763-765).
DBC1 emerges to be an important compound in DNA damage response. In the context of
genotoxic stress, phosphorylation of DBC1 improves its bonding affinity to SIRT1 and inhibits
the deacetylase activity (766). Through DBC1-mediated suppression of SIRT1 function, the
activity and expression of p53 and FOXO3 are modulated (763,764). A schematic diagram

showing the regulation of SIRT1 expression and function is shown below of this section.
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Figure 23. Summary diagram of the regulation of SIRT1 expression and function.
Regulation occurs at multiple levels by transcription factors, microRNAs and PTMs. From
Shahgaldi et al., 2021 (654).

Protein PTMs

It was described that SIRT1 has at least 13 residues that are targets of post transcriptional

modifications (PTM), in particular to phosphorylation, which modifies its activity.

Several kinases were reported to phosphorylate threonine residues of SIRT1 protein. AMPK is
another metabolic sensor in cells, as it is sensing changes in the level of ATP and directly

phosphorylates metabolic enzymes (767). It interacts with SIRT1 catalytic domain and
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facilitates Thr344 phosphorylation, leading to inhibition of SIRT1-mediated deacetylation
(768). Additionally, AMPK can modulate SIRT1 stability, through phosphorylation and
activation of DBC1 (769). On the other hand, CDK1 is able to increase SIRT1 activity though
Thr530 phosphorylation (770). Dual specificity tyrosine-phosphorylated and regulated kinase
(DYRK) family is highly conserved and its members DYRK1a, DYRK2 and DYRKS3 are
known to phosphorylate board set of proteins (771,772). Both, DYRK1a and DYRK3, were
found to interact with SIRT1 (773). They are able to phosphorylate Thr522 and thereby
promote deacetylation of p53. Lu et al. concluded that Thr522 phosphorylation is crucial in
regulation of SIRT1 tissue specific activity (774). DYRK2 was also reported by Utani et al. to
modulate DNA synthesis and prevent DNA damage by phosphorylating SIRT1 Thr530 residue
(775). In addition, serine phosphorylation of SIRT1 protein plays an important role in
regulation of its function. Enhancement of SIRT1 activity can be achieved through casein
kinase 2 (CK2)-mediated phosphorylation of various serine residues (Ser154, Ser649, Ser651,
Ser683) or CDK1-mediated phosphorylation of Ser540 (770,776). On the other hand, CDK2 is
able to negatively regulate SIRT1 activity by phosphorylating Serl64 (777). Another
mechanism of SIRT1 negative regulation in the context of DNA damage is phosphorylation of
Ser682 residue by homeodomain-interacting protein kinase 2 (HIPK2) (778). Furthermore,
phosphorylation at this site induces disruption in AROS binding to SIRT1, thus upregulates
p53 activity and drives DNA-damage induces cell apoptosis. However, AMPK-mediated
phosphorylation of Ser27 cause reduction of DBC1 binding affinity to SIRT1, leading to
enhanced SIRT1 activity (779). Other positive regulators of SIRT1 in c-Jun N-terminal kinase
1 and 2 (JNK1 and JNK2), which facilitates Ser47 and Ser27 phosphorylation and further
stability of SIRT1 (780-782). Conserved sites of SIRT1 catalytic domain contain two main
phosphorylation sites tyrosine (Tyr) 280 and Tyr301, which are both targets of Janus kinase 1
(JAK1) enzymatic activity. These particular TPMs are crucial for SIRT1-mediated
deacetylation of STAT3 transcription factor (783). Overall, SIRT1 phosphorylation plays a
very important role in its deacetylase activity and stability.

Another PTM, which was found to regulate SIRT1 protein stability, is ubiquitination. In the
series of enzymatic reactions, ubiquitin binds to the target protein and results in its degradation,
leading to reduced downstream effect of this protein. Ubiquitination of SIRT1 was found to be
associated with different cellular contexts. For example, in liver, during lipid metabolism,
SIRT1 ubiquitination by mammalian Ste20 like kinase (MST1) represses its activity (784).

Shen et al. reported that in the context of colorectal cancer, autophagy genes are inhibited
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through the activity of ubiquitin-conjugating E2 enzyme variant protein 1 (Ube2vl) and
degradation of SIRT1 (785). Additionally, Yu et al. showed that SMURF2-mediated
ubiquitination and subsequent degradation of SIRT1, decreases the proliferation of colorectal
cancer (786). In response to DNA damage, SIRT1 is ubiquitinated by MDM2 E3 ligase and
Lys311, however in this context SIRT1 is not degraded, but its nuclear translocation is inhibited
(787). Also, ubiquitin-specific peptidase 22 (USP22) and the E3 ubiquitin ligase CHFR
regulate SIRT1 stability by targeting it for degradation (759,788). These studies suggest that
SIRT1 ubiquitination plays a key role in regulation of DNA damage and cancer.

Furthermore, glycosylation of C-terminus end of SIRT1 protein can regulate its activity. Han
et al. showed that both in vitro and in vivo, O-GlcNacylation of Ser549 residue results in
upregulation of SIRT1 deacetylase activity, protecting cells against apoptosis (789). In
opposition, Chattopadhyay et al. found that N-terminus glycosylation of SIRT1 can target it
for degradation through ubiquitination in the overnutrition condition (790). Another PTM has
a positive regulatory effect on SIRT1 activity. In normal physiological condition, simulation
of Lys734 residue preserved SIRT1 deacetylase activity. Desumoylation of SIRT1 at this site
by senstrin-specific protease 1 (SENP1) reduces its activity in vitro (668). Oxidative stress also
enhances interaction between SIRT1 and SENP1 and inducing p53-mediated apoptosis (791).
At last, S-nitrosylation PTM is adding nitrosyl group to the reactive thiol group of cystine (Cys)
and results in formation of S-nitrosothiol (SNO). This PTM was described to regulate protein
localization, stability and also activity in different cellular processes (792,793). S-nitrosylation
of GAPDH facilitates its translocation to nucleus, where it transfers nitric oxide group to SIRT1
Cys387 and Cys390 (794). It was described that SNO-SIRT1 exhibits reduced deacetylase
activity, in response to stress and inflammation (795,796). All together, these results confirm

the importance and tight regulation of SIRT1 activity and stability by various PTMs.
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AIMS AND OBJECTIVES OF THE THESIS

This project was originated from the establishment of SBA mouse model, which mimics the
consequences of AN. Recently, our research group demonstrated that mice exposed to long
term weight loss of 18% from initial weight (SBA 18% protocol) exhibit not only alterations
in BMC and bone parameters, but also increase in BMA, similarly to AN patients (2). Knowing
adipocytes and osteoblasts are derived from same precursor cells - BMSCs, it was hypothesised
that reduction of bone mass and accumulation of BMAT can take place due to changes in
BMSC differentiation potential. Additionally, in the same study it was shown that shift in
BMSCs differentiation potential favouring adipogenic lineage, can potentially take place
through the observed suppression of Sirtl mRNA and SIRT1 protein level in SBA mice (2).

SIRT1 is well known to support osteoblastogenic lineage and subsequently suppress
adipogenic differentiation of BMSCs. Observed suppression of Sirtl expression, which
potentially lead to the changes in BMSCs fate decision, lead to the hypothesis that SIRT1 plays
central role in regulation of cell differentiation within BM. For that reason, this project focuses
on identification of potential regulators of Sirtl expression in BMSCs extracted from weight

lost mice.

Therefore, the first objective of this work was to replicate initial study on mice weight loss,
to determine does the severity level and length of SBA protocol affect mice body
parameters, BMSCs differentiation capacity and Sirtl expression. This was achieved by
replicating the SBA study using long term (10-week) and short term (4-week) protocols, as
well as testing different severity of weight loss in mice (0%, 12%, 18%, 24%(d).

The second aim was to determine molecular mechanism of Sirtl expression regulation in
SBA derived BMSCs, which was achieved through comparing transcriptomics of BMSCs
extracted from 10-week SBA mice or 4-week SBA mice and comparing them with cells from
control animals. Moreover, we explored interaction between AMPK and SIRT1, which was

previously described in the literature, through regulation of AMPK activity and expression.
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PART 1 - THE EFFECT OF SEVERITY LEVEL AND DURATION OF ENERGY
DEFICIT ON BONE AND BONE MARROW STROMAL CELL (BMSC)
DIFFERENTIATION IN ANOREXIA NERVOSA MOUSE MODEL

I. INTRODUCTION

State of art of SBA model

AN is characterised by the starvation leading to severe CR, and which subsequently results in
weight loss (366,367). Currently, this condition is predominant in female population and occurs
with prevalence of 4% among young females (368-370). The consequences of AN in young
individuals could be very severe and are associated with alterations in female reproduction
system, GH intolerance, leptin deficiency and bone loss with subsequent increase in BMA in
some individuals (375,381,383,400,406). In some of the cases, bone fragility was found to be
irreversible, despite the weight gain in subjects (393). In order to study the consequences of
AN and develop appropriate treatment strategies, it is important to conduct studies on animal
models. In the literature, some attempts to develop a model exhibiting AN consequences were

described.

In the introduction section it was highlighted that currently in literature a variety of different
CR protocols are done, on different animal models and both male and female subjects. Overall,
it can be concluded that effect of CR on bone and BMA is specie specific, can depend on a
strain and also sex of the model. Multiple studies described, tend to use male species of mice
or rabbits to study the consequences of CR on bone and BMA, results of which cannot be
applicable to female AN subjects (415,416,421). Other, that study female species, widely used
CR model consist of control condition (ad libitum feeding) and CR condition (70% or 60% of
ad libitum feeding). This model is considered to have a moderate effect on animals, as CR
condition is determined according to average food intake of the control condition, which in its
turn results in the animal being 30% overfed (797-800). Moreover, some of the studies reported
that animals fed 40% ad libitum diet, exhibited weight gain (vs day 0) (283). However, in case
of increased CR severity (30% ad libitum diet), animal weight loss was reported to be reduces
(vs day 0) (283). Nevertheless, these studies demonstrated that CR is able to induce alterations
in body composition, endocrine function and reproduction system (414,801,802). Moreover,

most of CR studies lack the stress component, as AN is associated with chronic stress that can
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influence metabolic processes (373). Due to lack of the consistency in data, it is difficult to

draw the conclusions about optimal CR protocol, that can mimic the consequences in AN.

On the other hand, VVan Leeuwen et al. and Hao et al. described a different approach to induce
mouse body weight loss, the model of separation, which induced a weight loss in mice
(803,804). The weight loss in this model was achieved through an increase in metabolic
demands of animals. Mice were housed in a cage fitted with six individual Plexiglas partitions,
which restricted their physical contact, nevertheless, allowing to smell and see their neighbours.
Results showed that separation stress significantly decreased the weight of the mice. Moreover,
similarly to AN patients, mice exhibited a significant decrease in dopamine and
norepinephrine, which indicates undergoing stress (803,805,806). Findings of these studies
have highlighted an importance of stress component in AN associated changes in central
nervous system (CNS) and the efficiency of mouse separation model in mimicking the AN-

associated stress.

Zgheib et al. conducted the study, where they compared the effect of three different types of
weight loss protocols on mice body and bone changes (1). Weight loss was induced through
either mouse separation, as it was previously done by Van Leeuwen et al. and Hao et al.,
through time restricted feeding, as well as both conditions applied together. This study
demonstrated that combination of separation, which increases metabolic demand of mice, and
reduction of energy intake by decreasing food availability time, results in efficient weight loss
in mice. It was called Separation Based Anorexia (SBA) model, and it exhibited physiological

changes that mimicked those described in AN patients (1).

By the end of 10 weeks, Zgheib et al. described alterations in mice induced by this protocol
(2). First of all, SBA protocol induced a desired 25% weight loss (vs. DO0) in animals with mean
body weight decrease of 40% comparing to CT group, without inducing a visual distress. This
resulted in 35% decrease in fat mass and 9% decrease in lean mass (vs. D0). Also, significant
decrease in BMC was observed in SBA mice. Studying plasma of SBA mice, Zgheib et al.
demonstrated a significant reduction of circulating leptin, similarly to data obtained from AN
patient studies (381,383). Another characteristic of AN that was exhibited in SBA mice is
alterations in GH/IGF-1 axis. In AN patients the potential GH resistance is observed, as high
GH level in plasm is associated with low IGF-1 levels (375,376). Plasma samples extracted

from SBA mice contained almost 10-fold increase in GH (vs. CT) and nearly 2-fold decrease

93



in IGF-1 (vs. CT). Moreover, SBA protocol induced alterations in reproductive system of mice,
as it caused significant reduction in ovary size as well as oestrous cycle frequency alterations.
Suggesting that SBA protocol is able to mimic changes in reproductive system observed in AN
patients and other CR animal models (801,807). Overall, this study demonstrated that SBA
model is a valuable model of long-term effect of weight loss that have close resemblance with

symptoms observed in AN.

Obijectives of the in vivo study

In prior to current project, Louvet et al. demonstrated that 8 weeks of an SBA protocol,
inducing moderate weight loss (18%) in mice comparing to their initial weight, is associated
with an increase in BMA, bone loss and changes in BMSC fate decision (2). Changes in
BMSCs differentiation capacity were established through stem cell extraction and co-
differentiation study. Firstly, BMSC heterogeneous population was extracted from mice tibia
and femur. This is achieved through the protocol that was described by Ghali et al. (808). After,
to understand the preference of BMSCs to commit to adipogenic or osteoblastogenic fate, Ghali
et al. developed a co-differentiation medium (808). Cell differentiation potential was assessed
through staining, as well as through study of marker gene expression. For adipogenic
differentiation, mRNA level of - peroxisome proliferator-activated receptor gamma
transcription factor, which initiates transcription of other adipose tissue genes (Pparg2);
glucose transporter type 4 gene that facilitates glucose uptake (Glut4); and adipose tissue
secreted adipokines, adiponectin (Adipoq) and leptin (Lep) were determined. For
osteoblastogenic differentiation mRNA level of - runt-related transcription factor 2,
responsible for transcription of osteoblast related genes (Runx2); osterix transcription factor
required for osteoblast differentiation (Sp7); alkaline phosphatase which plays a key role in
bone mineralisation (Alp) and osteoblast secreted osteocalcin, which is required for bone
remodelling and metabolism (Bglap) were studied (808). Overall, Louvet et al. described the
negative effect of 18% weight loss in mice on bone parameters (reduced Tb.Th and Cort.Th),
that was associated with an increase in BMA. Moreover, studying BMSCs differentiation, if
was found that cells exhibit preference for adipogenesis at the expense of osteoblastogenis,

which potentially can take place due to the decrease in Sirt gene and SIRT1 protein expression

).
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Previously, in vitro studies showed that SIRT1 is involved in regulation of BMSC cell renewal
capacity, as well as induction of osteoblastogenic differentiation in these cells (658). Nutrient
deprivation or exposure to CR has been shown to have a positive impact on SIRT1 activity and
Sirtl gene expression in pancreatic B-cells, myoblasts or fibroblast (668,694,809). Several

studies in AN patients, showed an increase in plasma circulating level of SIRT1 (810,811).

However, study in the bone marrow showed that during severe long term of CR, the SIRT1
expression level is decreased and potentially contributes to decrease in BMAT expansion (2).
Nevertheless, study by Louvet et al. confirmed the involvement of SIRT1 decrease in an

increase in BMA with subsequent loss of bone, allowing the development of current work.

This part of the project focuses on confirmation of previously published data. Furthermore, it
was hypothesised that these changes in bone and BMSCs could potentially depend on the
severity of weight loss and the length of SBA protocol. To verify these hypotheses, we studied
bone, BMA, BMSC differentiation capacity and Sirtl mRNA expression after a 10-week
induction of 4 different levels of body weight loss (0%, -12%, -18% and -24%) relative to mice
at day 0. The same parameters were also analysed after a 4-week SBA protocol, with 18% of

weight loss in mice.

To complete the transcriptomic study of BMSCs extracted from SBA mice, RNA Sequencing
analysis was conducted on cells extracted from CT and SBA 18% weight loss mice after 10-

week and 4-week protocols.

Explore transcriptomic changes using RNA Sequencing

Study of cell transcriptomics is essential in understanding and interpreting the functional
components of genome, as well as the molecular components of cells and tissues. This could
be further applied to study development or disease. RNA sequencing (RNA-seq) is a deep-
sequencing technology, that allows to establish transcriptome profile and provides accurate
measurements of transcripts levels (812-814). Currently, it is used in a variety of research
studies, as well as clinical settings. For example, many aspects of cancer research and therapy
have made use of RNA sequencing, including biomarker discovery and characterization of
cancer heterogeneity or evolution, cancer immune microenvironment and immunotherapy

(815-819). RNA-seq methods, in particular, give a large amount of data on the gene expression
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levels of many species across multiple conditions at high resolution (820,821). This knowledge
naturally led to the notion of differently expressed genes (DEGs), which are genes whose

expression levels have been found to be significantly different between several conditions.

RNA-seq allows for analysis of the transcriptome in a rather unbiased way, it provides a single
base pair resolution, a tremendous dynamic detection range (>8,000 fold), and low background
signals. Additionally, RNA-seq can show transcriptional start sites, exposing alternative
promoter use, MRNA isoforms produced from alternative splicing, and premature transcription
termination at the 3' end, which is important for mRNA stability (822-826).

The process of RNA-seq starts with RNA isolation from the samples and transformation of
RNA population to cDNA fragment library through reverse transcription, containing adaptor
sequence at both ends (Fig. 51). Adaptors are artificial DNA fragments that are inserted prior
to sequencing to guarantee that the DNA fragment being sequenced adheres to the sequencing
flow cell. These adaptors are usually sequenced and would have been deleted from the reads
(827). Then, each molecule is sequenced in a high-throughput manner, with or without
amplification, to acquire short sequences from one end (single-end sequencing) or both ends

(pair-end sequencing).

There are several approaches of conducting sequencing of produced library (Illumina, Pacific
Bioscience and Oxford Nanopore), in our study the Illumina approach has been used, therefore
we would focus on its underlining steps. After a library of cDNA is produced, using adaptor
sequence, fragments are hybridised to the flow cell surface. In the process of bridge
amplification, each bound fragment is amplified into the cluster. Next, the process of
sequencing starts with addition of fluorescently labelled nucleotides, and incorporation of these
nucleotides to each fragment of the cluster. Every cycle of sequencing, a digital image of
clusters is obtained and the emission wavelength and intensity of incorporated nucleotides
allow to identify the base. These cycles are repeated until the end of the read length and the
process of genome alignment can start. Using a single-end reading approach, the sequencer
reads a fragment from one end to the other to generate the base pair sequence. It begins with
one read in one direction, then it concludes this direction at the chosen read duration, and
following process begins a new round of reading from the other end of the fragment (828).

Alternatively, paired-end reading enhances the capacity to determine the relative locations of
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different reads in the genome, making it far more successful than single-end reading in
resolving structural rearrangements such gene insertions, deletions, or inversions. It can also
help with repeated region assembling (828). However, this level of precision may not be
necessary for some types of research, and paired-end reads are more expensive and time-
consuming to do, comparing to single-end reads. Our data was obtained and mapped through

pair-end reading, therefore its precision rate in high.

After sequencing, the obtained reads are either matched to a reference genome or transcripts
(mapping), or they are constructed from scratch without the assistance of the genomic
sequence, allowing to create a genome-scale transcription map that includes the transcriptional
organization or level of expression for each gene (assembly) (812,819,829). The fact that RNA-
seq allows to assemble de novo genome transcript makes it especially appealing for non-model
organisms whose genomic sequences have not yet been identified (830). Moreover, RNA-seq
has been shown to have a high level of accuracy in quantification of gene expression level,
which was confirmed not only by gPCR, but also by spike-in RNA controls of known
concentration (831,832).
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Figure 24. A workflow of RNA-seq. Summary of key steps of RNA-seq, starting from sample
isolation and generation of cDNA, followed by sequencing, further genome mapping and data
analysis. Taken from Han et al., 2015 (924).

DGE tools conduct statistical tests based on quantification of expressed genes obtained from
computational analyses of raw RNA-seq reads, like mapping and assembly (833-839). The
mapping process involves comparison of qualified reads, obtained through sequencing of a
sample of interest, to an already known reference genome or transcriptome. Depending on the
experimental goal, the mapped reads for each sample are then indexed into gene-level, exon-
level, or transcript-level categories to measure the abundance of each of these categories (840).
The assembly method involves building a data set of transcripts expression level without pre-
existing reference genome, which is much more challenging that mapping process, however
with software tools like RNA-Seq by Expectation Maximization (RSEM)), it is possible to have

an accurate estimate (841). This allows to compare transcriptomics of two distinct populations
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and develop deeper understanding of cell changes in the context of disease, drug treatment or

metabolic state.

In the current part of the study, the main interest is to complete our knowledge about SBA
induced changes in BMSCs. Most importantly, to determine transcriptomic differences
between BMSCs extracted from CT and SBA 18% weight loss mice from 10-week, as well as

4-week studies.

In vitro studies on nutrient deficiency

The effect of CR or nutrient deficiency was described not only in animal models, but also in
the in vitro cell culture models (842-845). Most of the in vitro experiments consist of cell
exposure to the serum extracted from CR treated animals (rates, mice, apes), which results in
alterations of cell biology, similarly to in vivo studies (842,843,845,846). However, another
way to study CR in vitro, is to reduce cells glucose or nutrient availability (844). In these
experiments, cells are exposed to low glucose growth medium, which induces changes in cell
biology (844). Li and Tollefsbol showed that mimicking CR through glucose restriction in
human lung fibroblasts (WI-38, IMR-90 and MRC-5) results in increased expression of Sirtl
in these cells (847). Based on these findings, that in vitro model can mimic in vivo alterations,
it was hypothesised that CR in BMSCs model, potentially can mimic consequences of SBA
mouse model on cell differentiation capacity. As it was mentioned before, in vivo long term
energy deficit induced by SBA protocol resulted in alterations of BMSC differentiation
capacity favouring adipogenesis and suppressing Sirtl mRNA expression in these cells (2).
Therefore, it was hypothesised that in vitro reduction of nutrient availability in prior to co-
differentiation might affect BMSC fate decision. Thus, growth medium containing reduced
serum concentration (7% and 5% FBS) would be tested both on cell line and primary mouse
BMSCs.

To examine the in vitro CR on cell differentiation capacity, preliminary studies were conducted
using mice stromal cell line. Several immortalised cell lines are currently used, including
C3H10T1/2, TBR32-2, MC3T3-G2/PA6, ST2, HS-5 and HS-27A (848-852). Upon
stimulation by bone morphogenic proteins (BMPs), more specifically by BMP-2, C3H10T1/2,
ST2 and MC3T3-G2/PA6 cell lines had increased alkaline phosphatase (ALP) activity
(849,853). However, comparing to MC3T3-G2/PA6 cell line, ST2 cells exhibited more
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elevated increase (853). In addition, BMP-2 exposure induced the osteocalcin expression in
ST2 cells and not in MC3T3-G2/PA6 cell line (853). Upon transplantation of ST2 cells into
peritoneal cavities of athymic mice and their treatment with BMP-2, cells generated
mineralized bone in the chambers, confirming the osteoblast differentiation ability of ST2 cell
line (853). Abdallah et al. described some limitations of ST2 cell line comparing to primary
extracted mouse BMSCs (854). Primary cells displayed a higher rate of osteoblast
differentiation potential and responsiveness to osteogenic factors including BMPs, IGF-1,
PDGF, TGFp1,3, FGF, cAMP, Wnt3a and VEGF, comparing to ST2 cell line (854). Despite
this, multiple studies described the osteoblastic potential of ST2 cells (855,856).

Moreover, it was widely described that upon stimulation, ST2 cell line can differentiate into
adipocyte lineage (34-37). Indeed, it was demonstrated that upon treatment with cocktail
containing insulin, dexamethasone and 3-isobutyl-methylxanthne (IBXM), ST2 cell line is able
to differentiate into adipocytes (860). They exhibit accumulation of triglycerides and
expression of adipogenic transcription factors (Pparg2, Cebpa). In contrast to MC3T3-G2/PA6
cell line, ST2 cells can respond to the adipogenic effects of insulin, similarly to the

extramedullary preadipocytes (3T3-L1) (860).

Furthermore, ST2, HS-5 and HS-27A cell lines were shown to have immunoregulatory
function (861,862). For example, ST2 cells are able to support the differentiation of monocytes,
alveolar macrophages and HPCs into osteoclast, in the co-culture studies (862,863). ST2 cells
exhibit positive regulation of thymocyte differentiation, additionally provide the support for B-
cell and T-cell development (851,864). Overall, ST2 cell line is not only able to fulfil
differentiation into adipocytes and osteoblast, but also provide a support for haematopoiesis,
by this representing functional components of BM microenvironment. Therefore, in current

study, this cell type is used as model of mouse BMSCs.

In this study, firstly, different concentration of foetal bovine serum (FBS) in MEM growth
medium were tested. The ability of ST2 cell line to amplify in low nutrient availability
condition was examined. Preliminary study focused on five different FBS concentrations (0%,
1%, 3%, 5% and 7%) and cell proliferation was studied comparing to standard 10% FBS
concentration, which was used as a control. Results showed that 0%, 1% and 3% FBS in growth
medium are not sufficient to maintain normal cell survival. Therefore, the rest of the study was

focused on 5% and 7% FBS concentrations.
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Overall, this part of the research project aims to explore the effect of severity level (0%, 12%,
18% and 24% weight loss in mice) and duration of SBA protocol (10-week or 4-week) on body
and bone paraments of mice, as well as Sirtl mRNA expression and differentiation capacity of
extracted BMSCs from control and SBA groups. Additionally, we aim to develop the in vitro
nutrient deficiency model, that can induce changes in BMSC differentiation and affect Sirtl
MRNA expression. This is done, in order to explore regulation of Sirtl expression in nutrient

deprivation.
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Il. MATERIALS AND METHODS

1. Animals

Seven-week-old female C57BL/6J mice purchased from Charles River Laboratories (St
Germain sur 1’Abresle, France) were used for the separation-based anorexia (SBA) model (1).
Mice were housed 6 per cage in a controlled room temperature (22°C + 1°C) under a 12-hour
dark/light cycle (lights off at 10 a.m.) and with free access to water. Before induction of the
SBA protocol, mice were acclimatized for 7 days, therefore SBA protocols started at 8-week-
old. At this age, mice become sexually mature and their development is resembling to that of
young women with onset of AN (865). At this age, mouse skeleton is still developing, but
slowly and so protocols can impact remodelling but also maturation of the skeleton, like for
anorexia for women. The SBA protocol was generated for 10 weeks (cohort 1) and aimed to
induce 4 different weight loss conditions in randomly allocated mice — no weight loss (SBA
0%), a light 12% weight loss (SBA 12%) (achieved 12.97%), a moderate body weight loss of
18% (SBA 18%) (achieved 17.27%) and severe weight loss of 24% (SBA 24%) (achieved
23.17%), relative to day 0 (DO0). A time restricted-feeding was used to induce weight loss in
mice, a food access time was gradually reduced from 6 h to 2 h per day during the protocol,
depending on the desired weight loss to achieve. Mice allocated to severe, moderate, and light
weight loss groups had reduced food availability and time dependent on the progression of
weight loss. For no weight loss group, the time of the feeding was not decreased dramatically,
in order to maintain the initial mouse weight. Furthermore, throughout the protocol mice of
SBA groups, were kept in the separate sections of the cage with free access to water and this
encouraged the increased energy expenditure by thermogenesis. The SBA mice were gathered
together in regular cages for the periods of feeding. The CT group was housed in standard
conditions in collective cages, with water and food provided ad libitum. This study was
specifically approved by the Committee on the Ethics of Animal Experiments (CEEA) of Nord-
Pas de Calais, France (permit number: CEEA#2016070717275082).

Additionally, a 4-week SBA protocol (cohort 1) was performed using seven-week-old female
C57BL/6J mice, similar to the 10-week protocol. After one week of acclimatization, the SBA
protocol was generated for 4 weeks to achieve moderate weight loss of 18% (SBA 18%)

(achieved 18.75%) in mice relative to their weight at DO. This study was specifically approved
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by the Committee on the Ethics of Animal Experiments (CEEA) of Nord-Pas de Calais, France
(permit number: CEEA#2016070717275082).

Replication of 10-week and 4-week protocol was conducted (cohort 2). Similar to the previous
cohort (cohort 1), this study was performed using seven-week-old female C57BL/6J mice,
which were housed for 7 days in prior to protocol start. The protocol was generated to achieve
18% weight loss during two different protocol lengths. In 10-week cohort 2 study mice
achieved -18.0% weight loss vs DO and in 4-week cohort 2 study mice achieved -18.1% of
weight loss vs DO. This study was specifically approved by the Committee on the Ethics of
Animal Experiments (CEEA) of Nord-Pas de Calais, France (permit number:
CEEA#2016070717275082).

2. Dual Energy X-Ray Absorptiometry (DEXA) Analysis

The fat mass, lean mass, and bone mineral content (BMC) of mice were analysed between
09:00 and 11:00 by using the DEXA Lunar PIXImus Mouse Densitometer (GE Healthcare,

Madison, WI). Intramouse coefficients of variation were <5% (1).

3. Mineralized Bone Micro-CT Analysis

Tibiae extracted from CT and SBA mice were scanned using a Skyscan 1172 microCT device
(Bruker MicroCT, Kontich, Belgium). The software suite provided by the manufacturer was
used for image acquisition, reconstruction, analysis, and 3D visualisation (Skyscan 1172,
NRecon, Dataviewer, CTAn, CTVox™). Analysis of the tibia trabecular bone volume/tissue
volume (Bv/Tv) ratio, cortical thickness (Cort.Th), trabecular thickness (Th.Th), trabecular
number (Th.N) and trabecular spacing (Tb.Sp) of all animals were determined in a 0.5mm
region beginning 250mm proximal to the proximal growth plate. More detailed description for
the quantification of 3D microarchitecture of trabecular bone has been previously presented
(866).
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4. Bone Marrow Adipose Tissue Content - Micro-CT Analysis

In the proximal tibia, BMAT was analysed and quantified by micro-CT using a previously
published protocol (867). After the first micro-CT scan, tibiae were decalcified in 4% formic
acid/10% NBF (1:1), pH 7.4, for 48 h. Then bones were rinsed in distilled water and stained in
the fume hood for 48 h in the aqueous staining solution (1% osmium tetroxide solution
stabilized in a 2.5% dichromate potassium) at room temperature. Then, bones were rinsed for
48 h at room temperature in PBS with regular renewal of the solution. Osmium-stained bones
were then stored at 4 C in PBS until the second micro-CT acquisition. The study focused on
quantifying the percentage of the ratio of adipocyte volume to marrow volume (%,
Ad.V/Ma.V). The data are presented in the form of the percentage of BMAT volume in marrow

volume.

5. Bone Marrow Adipose Tissue Content — Perilipin Immunohistochemistry

Embedding and sectioning of tibia from CT and SBA 18% mouse starts with fixation in cold
10% neutral buffered formalin for 24 hours. These undecalcified tibias were dehydrated
through increasing alcohol series, infiltrated then embedded in Technovit 9100 resin (Heraeus
Kulzer) (868). Tibias were sectioned with a microtome (RM2255, Leica Biosystems) at a
thickness of 6 um. The sections were placed on gelatine-coated slides and dried 48h at 37°C.
Sections were deplasticised in acetone, then rehydrated and stained with perilipin

immunohistochemistry.

The procedure was carried out at room temperature except for the primary antibody incubation
a +4°C. After encircling sections with a water-repellant wax pen, sections were rinsed for 2
changes of 2 minutes in 0.1M PBS and slides were placed in a humidified chamber. To block
the endogenous peroxidases activity, sections were incubated in 3% H202 (prepared in PBS)
for 20min, followed by 3 washing for 5 minutes in 0.1M PBS. Sections were then incubated in
10% goat normal serum (Agilent/DAKO, Ref. X090710-8), 4% BSA (Sigma-Aldrich, Ref.
A9647) and 0.1M PBS to block nonspecific binding for 1h. The next day, sections were washed
3 times for 5 mins in 0.1M PBS. Then, samples were incubated 1h in the secondary biotinylated
antibody (Agilent/DAKO, Ref. E043201-8) diluted at 1:500 in the dilution buffer. The sections
were blot dried and incubate 45mins with the streptvadin-HRP (Agilent/DAKO, Ref. P039701-
2) diluted at 1:400 in PBS. Finally, sections were washed 3 times of 5 mins in 0.1M PBS and
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incubate 5 mins in DAB solution (Sigma-Aldrich, ref. D4293-50SET). The reaction was

stopped by placing the slides in tap water for 5 min.

Image acquisition was performed on an Axiokop40 microscope (Zeiss, Germany) using
Histolab and Archimed software (Excilone). Two sections at 256um distance from each other
in the middle shaft of the tibia were used to perform study of the bone marrow adipocytes
density. Adipocytes at proximal tibias were measured in an area from 200 to 1000 microns
below the growth plate. The number of adipocytes per marrow area (N. Ad/Ma.Ar) (cells/mm2)

was measured by tracing adipocytes with ImageJ software (NIH).

6. Primary Bone Marrow Stromal Cell Culture

Primary bone marrow cells were harvested from the tibiae and femurs of CT and SBA mice,
as it was described in Ghali et al. study (808). Cells were plated for 48 hours adhesion and for
7-10 days to reach full confluence in MEM medium (PAN BIOTECH; P04-21050) with 15%
foetal bovine serum (PAN BIOTECH; P30-3306), 1% penicillin/streptomycin (PAN
BIOTECH; P04-85100) and 1% stable glutamine (PANBIOTECH; P06-07100). After, plated
BMSC population was differentiated into both osteoblasts and adipocytes according to the co-
differentiation protocol described in a previously published article (808). The medium
containing co-differentiation inducers was replaced every two days during the 14 days of the
co-differentiation experiment. This medium combines standard osteoblastogenic medium with
Dexamethasone. Ghali et al. showed that addition of 100 nM of dexamethasone into
osteoblastogenic medium containing 50 ug/ml of ascorbic acid and 10 mM of p-
glycerophosphate, supports adipocyte and osteoblast differentiation in mouse primary of
BMSCs (808). This culture duration was chosen because of its brevity, which allowed for

minimizing the time for cells to change after leaving the in vivo state.

7. ST2 Cell Line Culture in Nutrient Deficiency Medium

ST2 cells were obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen
(Lot 5, 27-01-2016) and incubated at 37°C and 5% COz, in MEM medium (PAN BIOTECH,;
P04-21050) supplemented with different concentration of foetal bovine serum (PAN
BIOTECH; P30-3306) (5%, 7% and 10%), 1% penicillin/streptomycin (PAN BIOTECH; P04-
85100) and 1% stable glutamine (PANBIOTECH; P06-07100).). After cells reached
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confluence and were exposed to reduced nutrient medium for 5 days, the standard co-

differentiation protocol was initiated (808).

8. Raman Microspectroscopy

For Raman microspectrocopy, extracted BMSC population was plated on calcium fluoride
(CaF2) substrate, which is adapted to Raman analysis. The analysis of samples was conducted
using LabRAM HR800 (Jobin-Yvon, France) instrument equipped with an XYZ motorized
stage and a diode laser I=785 nm. The Raman spectrometer was coupled with a microscope
(BX40, Olympus). Raman acquisitions were performed with a water objective 100x lens
(Nikon, numerical aperture = 1.1 Japan). The water immersion objective focused the laser on
the cell within the micrometre scaleon the centre of individual lipid droplets, where one
spectrum corresponds to one adipocyte lipid droplet. A total of 1,252 lipid droplets were
acquired over 109 adipocytes in 10-week cohort 1 study (Table 5), representing an average of
83.4 lipid droplets analysed per well and an average of 7.2 adipocytes analysed per well. In 4-

week cohort 1 study, a total of 154 lipid droplets were analysed in 43 adipocytes (Table 5).

Spectral acquisition was performed in the 400-1800 cm-1 range. The Raman signal was
collected by a multichannel CCD detector (1024 256 pixels). The acquisition time was set at
60 s averaged 2 times per spectrum (total acquisition time = 120 sec). Raman spectra were
processed using Labspec software (HORIBA, Jobin-Yvon, France). A Savitzky— Golay
smoothing filter was applied to all Raman spectra. The band areas were integrated over defined
Raman shift regions in the spectrum using a sum filter. The filter calculates the areas within
the chosen borders and the background is subtracted by taking the baseline from the first to the
second border. The band area was estimated at 1441 cm-1 (peak-ROI 1400-1500 cm-1) and
1654 cm-1 (peak-ROI 1620-1694 cm-1). The Raman bands at 1441 cm-1 and 1654 cm-1 are
assigned to vibrations CH2 and C=C, respectively (31). The unsaturation ratio was calculated
as the ratio of band areas 1654 cm-1/1441 cm-1 (31).
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- Number of adipocytes
Condition Number of lipid droplets = analysed over gwglls per
number spectra over 3 wells e
condition
10-week (cohort
1)
CT 519 41
SBA24% 111 13
SBA18% 299 30
SBA12% 134 10
SBA0% 189 15
Total 1252 109
4-week (cohort
1)
CT 45 18
SBA18% 109 25
Total 154 43

Table 5. Details of lipid droplets studied in each condition of the 10-week and 4-week
protocols (cohort 1).

9. Mineralisation Quantification

For the samples of 10-week cohort 1 study, mineralisation level was quantified using the same
protocol previously described by Bruedigam et al. (869). Briefly, cells were harvested in a
solution of PBS 1X/Triton 0.2%/HCI 6 M and disrupted by sonication. After, Sul of HC1 6 M
was added to 95l of each sample and incubated overnight at 4°C. Following by centrifugation
at 1500 x g for 5 min, the protein content was determined using the DC protein assay kit

BioRad. The mineralisation content was quantified spectrophotometrically around 595nm.

10. RNA Sequencing and Data Analysis

Library preparation for mRNA sequencing (mMRNA-seq) was done using the KAPA mRNA
HyperPrep Kit, following the manufacturer's instructions. The sequencing of libraries was done
using the NovaSeq6000 system (SP flow cell; 2x100 bp mode). RSEM counts data were
imported in R v4.1.2 for data processing and all statistical analyses. In addition to
bioinformatics quality-control, a principal component analysis was performed to identify
outliers and/or technical bias from known technical variables. No outliers were identified and
none of the technical variables were found significant on the first three principal components,

accounting for 59.16 % of the variance. Differential expression analyses were performed using
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the Bioconductor R package DESeq2 (v1.34.0) on genes exhibiting an average count strictly
greater than one, a median count strictly greater than zero and a non-null variance across the
samples used in the analysis. Results were annotated with genes symbol (HGNC), UniProt
Swiss-Prot IDs, and Entrez gene IDs using the Bioconductor R package biomaRt (v2.50.2).
Over-representation analyses (ORA) were performed using the Bioconductor R package
clusterProfiler (v4.2.2) and the following databases: Reactome, Gene Ontology Biological
Process, Gene Ontology Cellular Component, Gene Ontology Molecular Function, and KEGG.
Differentially expressed genes were considered in ORA if Benjamini-Hochberg false discovery
rate were below 5 %, and pathway enrichments were considered significant for a Benjamini-

Hochberg false discovery rate below 5 %.

11. RNA Extraction and Reverse Transcription

Total RNA was extracted from BMSC and ST2 cell cultures using Extract-all (Eurobio, Les
Ulis, France). At the end of cell culture, 1ml of Extract-all was added per 1 well of a 24-well
plate and samples were transferred to a 1.5 ml collecting tube. Next step was to add 200ul of
chloroform (Thermo Scientific; J67241.AP) per each tube and spin samples at 4°C and 12 000
g for 15 min. The upper aqueous phase containing RNA was removed and the rest of the
protocol was conducted according to RNeasy Mini Kit (QIAGEN; 74104) manufacturer’s
protocol. Total RNA was quantified using the NanoDrop 2000 spectrophotometer (Thermo

Scientific, Labteck, Palaiseau, France).

12. Real-Time PCR

Reverse transcription of samples was conducted using the Maxima First Standard cDNA
Synthesis Kit for RT-gPCR (Thermofisher; K1642) manufacturer’s protocol. Quantitative PCR
(gPCR) experiment required 5ul of PowerUp SYRB Green Master Mix (Appliead Biosystems;
A25742), 1ul of upstream primer,1pl of downstream primer and 2ul of water, per reaction
(870). The sequences of the primers (TibMolBiol, Berlin, Germany), annealing temperature
and GenBank reference for each of the genes analysed with efficiency test are shown in Table
6.
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Gene Primer Sequences Annealing Product | GenBank
temperature | length

188 F: ATTCCGATAACGAACGAGAC 60 °C 297 bp X03205
R: GCTTATGACCCGCACTTACT

Gapdh F: GGCATTGCTCTCAATGACAA 62 °C 200 bp NM_008084
R: TGTGAGGGAGATGCTCAGTG

Pparg2 | F: TCGCTGATGCACTGCCTATG 60 °C 103 bp NM_011146
R: GAGAGGTCCACAGAGCTGATT

Adipog F: TGTTCCTCTTAATCCTGCCCA 60 °C 104 bp NM_009605
R: CCAACCTGCACAAGTTCCCTT

Lep F: GAGACCCCTGTGTCGGTTC 60 °C 139 bp NM_008493
R: CTGCGTGTGTGAAATGTCATTG

Glut4 F: ACTCTTGCCACACAGGCTCT 62 °C 174 bp NM_009204
R: AATGGAGACTGATGCGCTCT

Runx2 F: GCCGGGAATGATGAGAACTA 62 °C 200 bp NM_001146038.2
R: GGACCGTCCACTGTCACTTT

Bglap F: AAGCAGGAGGGCAATAAGGT 60 °C 364 bp L24431
R: CGTTTGTAGGCGGTCTTCA

Sp7 F: ATGGCGTCCTCTCTGCTTG 54 °C 237 bp NM_130458
R: TGAAAGGTCAGCGTATGGCTT

Collal | F: GGTGAGCCTGGTCAAACGG 60 °C 189 bp NM_007743
R: ACTGTGTCCTTTCACGCCTTT

Sirtl F: TAGGGAACCTTTGCCTCATC 51 °C 100 bp NM_019812.2
R: GGCATATTCACCACCTAGCC

Table 6. Primer sequences and conditions of quantitative RT-PCR (PART 1).

13. SIRT1 ELISA Assay

Plasma was extracted from 64 AN patients from Lille University hospital, which were
investigated using MRI and DXA scans (411). Subjects, aged between 18 and 35 years old,
had an average BMI of 16.94. These samples were used to conduct the quantification of blood

circulating level of SIRT1.

SIRT1 concentration was determined by a monoclonal antibody-based ELISA method using a
commercially available human SIRT1 ELISA kit (MyBioSource, Cod. GDMBS705558). Kit
precision was estimated with an inter- and intraassay coefficient of variation of 10 and 8%,
respectively, and a detection range of 0.156ng/ml — 10ng/ml. An equal quantity of primary
mouse anti-human SIRT1 monoclonal 1gG was used to coat microtiter plates. Following the
washing step, secondary avidin conjugated horseradish peroxidase was added to wells. After
one hour of incubation, washings of the wells were performed. In each well, 100 ul of standard
and plasma samples were pipetted. Seven different concentrations of purified SIRT1 (0.15,
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0.312,0.625, 1.25, 2.5, 5.0, and 10 ng/ml) were used to plot a standard curve. Absorbance was

measured in each well using a spectrophotometric plate reader at a single wave of 450 nm.

14. Statistical Analysis

The 10-week (cohort 1) study was performed with 6 specimens per condition, except of
mineralisation experiment, which had 4 replicated per group. The 4-week (cohort 1) study was
performed with 5 individuals per condition. Cohort 2 experiments for both 10-week and 4-
week protocols used 12 mice per condition. The median and interquartile range were calculated
for the groups. Due to the low number of replicates, the normality of the data could not be
tested. In 10-week (cohort 1) study and siRNA experiments we performed Kruskal-Wallis One-
Way ANOVA test, to show the significance between all the conditions. Additionally, we
conducted Dunn’s test in order to see the relationships between specific pairs of conditions.
For the rest of the studies, we performed Mann—Whitney’s test to see the statistically significant
relationship between the two particular conditions. All tests were performed using GraphPad

Prism software. Differences with p<0.05 were considered statistically significant.
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I11.RESULTS
1. Circulating SIRT1 has a negative association with femoral head fat in AN patients

With help of Lille University hospital, we obtained the plasma samples from AN patients, as
well as data of fat fraction in femoral neck of individuals. AN patient plasma samples were
used to quantify blood circulating SIRT1 level. These data were used to conduct the correlation
analysis, between SIRT1 plasma concentration and femoral neck fat fraction. Results showed
a negative association between these two parameters (Fig. 25). This suggests that lack of SIRT1
can be involved in fat accumulation in BM, emphasising the importance of SIRT1 investigation

in SBA mouse model.

Correlation in Anorexic Patients Figure 25. Correlation

3- 2, analysis of SIRT1 plasma
L P<0,0001 (R": 0,4424) concentration and fat

fraction in femoral neck on
AN patients. Negative
correlation between circulating
SIRT1 concentration and
femoral neck fat fraction,
suggests  close  relationship
between femoral neck BMA and
lack of SIRT1.

SIRT1 ng/ml

0.0 0.5 1.0 1.5
Fat fraction femoral neck

2. Severity Level of Energy Deficit in Mice Affect Bone Phenotype and BMSC
Differentiation Capacity

The 10-week SBA protocols induced a significant decrease in mouse body weight (12%, 18%,
24%) and altered fat, lean mass and bone mineral content

To study the effect of energy deficit severity on bone and BMSCs, we performed four different
SBA protocols on female mice. The weight loss of 0%, 12%, 18% and 24% from the initial
mouse weight, was induced over 10 weeks. Prior to the study, mice were randomised into five

experimental groups that did not display significant differences in body weight at day 0. Mice

111



from the control group (ad libitum and not separated) displayed a significant body weight
increase (+22.42% vs. DO) after 10 weeks (Fig. 26A). In the SBA 0% group, no significant
weight change (+4.39% vs. D0) was observed, as this condition did not imply weight change
(Fig. 26A). In all other SBA groups, we observed a significant decrease in weight after 2 weeks
of protocol and this decrease was maintained until the end of the 10 weeks (SBA 12% (-
12.97%) vs. DO; SBA 18% (-17.27%) vs. DO; and SBA 24% (-23.17%) vs. D0) (p<0.005 vs.
D0) (Fig. 26A). After quantifying average cumulative food consumption, we observed that
mice from SBA groups all exhibit higher or same amount of food consumed (vs. CT),
suggesting that SBA protocol induces increase in energy expenditure leading to weight loss
(Fig. 26D). Following mice sacrifice, after 68 days of SBA protocol, adipose tissue and liver
weigh were measured. In moderate (18%) and severe (24%) weight loss groups exhibited a
77% and 79% decrease (vs. CT) in subcutaneous adipose tissue (SCAT), respectively (Fig.
26C). Moreover, visceral adipose tissue (VAT) weight was dramatically decreased in these
weight loss groups (SBA18% -95% vs. CT; SBA 24%: -94% vs. CT) (Fig. 26C). Moreover,
only in 12% SBA group we saw a significant increase in total liver weight (14% vs CT) (Fig.
26C). Decrease in adipose tissue depots could be also seen through the reduction in total mice
fat composition (59-64%, p=0.0001 vs. CT) (Fig. 25E). Also, decrease in lean mass in mice
from the SBA groups 12% (-19% vs. CT) and 24% (-22% vs. CT) was determined.
Interestingly, this parameter was significantly reduced only in weight loss conditions, while in
the SBA 18% group, lean mass just showed a tendency to decrease without statistically
significant change (Fig. 26F). Reduction in lean mass can be potentially associated with
significant reduction in BMC. The results of DEXA analysis showed a significant decrease in
total body bone mineral content (BMC) only in light (12%) and moderate (18%) weight loss
conditions (SBA 12% -17% vs. CT; SBA 18% -15% vs. CT) (Fig. 26G). The study of the BMC
at specific sites, revealed that all three weight loss conditions induced a significant decrease in
femur BMC - SBA 12% (-27% vs. CT), 18% (-29% vs. CT) and 24% (-30% vs. CT) (Fig.
26H). However, only the SBA 18% group showed a significant decrease in the BMC of lumbar
vertebrae (L3-L5) (SBA 18% -23% vs. CT) (Fig. 261). Overall, these data highlight that lean
mass and fat mass parameters can be potentially associated with BMC under weight loss
conditions, as a significant decrease in whole-body BMC or femoral/vertebral BMC together

with lean and fat mass was observed only in the weight loss mice.
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Figure 26. Body and tissue mass, BMC, fat and lean mass in mice after 10 weeks of
SBA protocols of different severity. The body weight and composition analysis were performed
on standard condition (CT), constant weight group (SBA 0%) and three weight loss groups with
different severity levels (SBA 12%, 18% and 24%). A. Graph represents a percentage body weight
loss on mice between day 0 and 10 weeks of SBA protocol; B. Body weight timeline was presented
for each of SBA condition, represents average mouse body weight for every 6 days of the protocol
(starting at day 0 and ending at day 68); C. Mice tissue weight after 10-week protocol — subcutaneous
adipose tissue (SCAT), visceral adipose tissue (VAT), total liver and liver right lobe (RL); D.
Cumulative food intake was recorded, as the sum of the mean food intake per mouse from day 1 to
day 60; E-F. Fat mass and lean mass content, respectively, were evaluated for each mouse and
condition after 10 weeks of SBA protocol, data presented in grams (g) and in % of total mice weight
(fat + lean + total BMC); G-I. Study of total mouse body mineral content (BMC), femur BMC and
vertebra (L3-L5) BMC, respectively, were evaluated for each animal and each condition after 10
weeks of SBA protocol. Data represent median and interquartile range; n=6. Statistical analysis was
performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p<0.05, aa - p<0.005
and aaa - p<0.0005 when compared to the CT group (b —when compared to the SBA 0% group).

Only 18% and 24% weight loss groups resulted in a significant decrease in trabecular and
cortical thickness, without an increase in bone marrow adiposity

To determine the effect of SBA severity on bone microarchitecture, we conducted proximal
tibia micro-CT analysis. Bone volume fraction (Bv/Tv) showing the volume of mineralized
trabecular bone on the total marrow cavity volume was not affected by the SBA protocols (Fig.
27A). Trabecular thickness (Th.Th) was significantly decreased only under severe weight loss
conditions (SBA 24%: -29% vs. CT) (Fig. 27B). In contrast with the trabecular bone thickness,
the trabecular number (Th.N) was shown to display a tendency to exhibit higher level (+42%)
in the severe energy deficit condition (24% weight loss), with no effect in other conditions (Fig.
27C). Furthermore, trabecular spacing (Th.Sp.) was significantly lower only in the SBA 24%
condition (-18% vs. CT), suggesting the potential association between low Tb.Th, high Th.N
and further low Tb.Sp (Fig. 27D). This potentially shows that reduction of Tb.Th in SBA 24%
condition was compensated with an increase in Th.N, furthermore the increase in Th.N led to
reduction of Th.Sp (Fig. 27). Bone fragility was assessed through the study of cortical thickness
(Cort. Th), which was affected by the 18% and 24% SBA protocols. Indeed, the 18% and 24%
weight loss in mice resulted in 16% and 17% decreases in this parameter, respectively
(p=0.0001 vs. CT) (Fig. 27E). After having a closer look at the average tibia diameters, we
observed that in SBA 18% weight loss group displays a low diameter of periosteum (-5.5% vs.
CT), which was accompanied by a 4.5% increase (vs. CT) in endosteum, subsequently leading
to loss in Cort. Th (Fig. 27H,1). Similarly, significant reduction of Cort.Th in SBA 24% group
can be explained by a 5.3% decrease (vs. CT) in outer tibia diameter and 5.4% increase in inner

tibia diameter (vs. CT), indicating a loss in bone wall thickness (Fig. 27H,1).
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Figure 27. The results of micro-CT analysis of tibia, showing different bone parameters
after exposure to 10 weeks of SBA protocols at different levels of severity. A. Bone
volume fraction (Bv/Tv) was expressed as a percentage on mineralized tissue in each condition after
10 weeks; B-E. Trabecular thickness (Tb.Th), trabecular number (Th.N) and trabecular spacing
(Th.Sp), and cortical thickness (Cort.Th), respectively, were evaluated for each animal and each
condition after 10 weeks of SBA protocol (expressed in millimetres); F. Bone marrow adiposity
(BMA) was calculated as a percentage of BMAT volume in marrow volume; G. Bone cross-section
depicting the inner diameter (endosteum) and outer diameter (periosteum) measured for bone
thickness, taken from Lapointe et al., 2020 (877); H-1. Average tibia diameter measured including
inner section and bone area (outer diameter), and diameter of inner section specifically, respectively.
Data represent median and interquartile range; n=6. Statistical analysis was performed using
Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p<0.05, aa - p<0.005 and aaa - p<0.0005
when compared to the CT group (b — when compared to the SBA 0% group).
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These results demonstrated the potential link between moderate and severe energy deficit and
low Cort. Th. The results of BMA showed a high heterogeneity of the samples in each group.
Statistically, there is no significant effect of the severity, but a strong tendency (p=0.0635).
Because of the heterogeneity inside each group, the number of samples has to be increase, in
orde to reach a significance. However, only the SBA 12% group exhibited a tendency of BMA
decrease by 82% (vs. CT, p=0.0637) after conducting Kruskal-Wallis test (Fig. 27F).

SBA protocol resulted in rapid adipogenesis of BMSCs and weight loss conditions were
associated with a decrease in lipid unsaturation levels

During 14 days of the co-differentiation experiment, cells extracted from SBA and control mice
were observed under light microscopy. BMSCs extracted from CT mice started to form lipid
droplets after the 7™ day of co-differentiation. Cells extracted from SBA mice (0%, 12%, 18%
and 24%) showed the first appearance of lipid droplets much faster, after the 3" day of co-
differentiation induction (Fig. 28A). This finding suggests that the SBA protocol induces in
vivo changes in BMSC commitment and that these cells are potentially committed to
differentiating into adipocytes. After qualitative study (microscopic observations) of
adipocytes on day 10 of differentiation experiment, BMSCs extracted from the SBA 12%, 18%
and 24% groups globally seemed to generate greater number and larger adipocytes compared
to the CT or SBA 0% groups (Fig. 28A).
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Figure 28. Study of adipocyte first appearance, size and lipid unsaturation ratio in 10-
week protocol groups. A. Light microscope images of cells from each condition were taken on
different points of differentiation showing the first appearance of lipid droplets and adipocytes at
day 10; B. Lipid droplet unsaturation ratio was compared between four SBA groups and the control.
The results showed that there is a significant decrease in unsaturation ratio in weight loss groups
when compared to the 0% group. The control group did not show a significant difference with weight
loss groups (SBA 12%, 18%, 24%). Data represent median and interquartile range; n=6. Statistical
analysis was performed using Mann—Whitney’s test.
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Additionally, Raman spectroscopy analysis was performed for more detailed characterisation
of the adipocytes from different groups. The lipid unsaturation levels in the SBA 12%, 18%
and 24% groups were significantly lower than those in the SBA 0% group, showing that the
severity of energy deficit can lead to a decrease in lipid unsaturation levels (Fig. 28B).

Moderate and severe weight loss conditions (SBA 18% and 24%) resulted in an increase in
adipogenic and subsequent decrease in osteoblastogenic potential of BMSCs

In order to confirm the commitment of BMSCs to the adipocyte lineage, the mRNA levels of
adipogenic markers in the SBA and CT groups were analysed. The mRNA level of marker
genes was measured after 48 hours of cell adhesion and after 14 days of co-differentiation.
Interestingly, after 48 hours of adhesion in a standard medium, the unstimulated BMSCs from
mice of SBA 24% protocols already exhibited high levels of peroxisome proliferator-activated
receptor gamma 2 (Pparg2) mRNA (+125% vs. CT), showing a potential commitment to
adipogenic differentiation prior to co-differentiation stimulation, and thus suggesting that
already in vivo BMSCs express early adipogenic markers (Fig. 29A). The SBA 12% and 24%
conditions, also showed significant increase in Pparg?2 relative mRNA level (vs. SBA 0%)
(Fig. 29A). Furthermore, Pparg2 mRNA levels were similarly enhanced after induction of co-
differentiation in severe weight loss group (SBA 24%: +236% vs. CT) (Fig. 29B). Additionally,
the SBA 18% group demonstrated the highest upregulation of Pparg2 after 14 days of co-
differentiation (+ 285% vs. CT and vs. SBA 0%) (Fig. 29B). Other marker genes characterising
cell commitment to adipogenic differentiation (leptin (Lep)) and glucose transporter member 4
(Glut4)) exhibited an increase in the moderate and severe weight loss groups (SBA 18% - Lep
+1292% vs CT, Glut4 +807% vs. CT; SBA 24% - Lep +1864% vs. CT) (Fig. 29C, E). The
adiponectin (Adipoq) mRNA level was found to be upregulated only in the SBA 18% group
(+53% vs. SBA 0%) (Fig. 29D). However, the 12% weight loss condition displayed the lowest
MRNA level of Adipoq (Fig. 29D).
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Figure 29. 10-week SBA protocol induced changes in BMSC differentiation comparing
to CT. A-B. Relative mRNA expression level of early adipogenic marker gene (Pparg2) in CT and
SBA groups (0%, 12%, 18%, 24%), cells were cultured for 48 hours in standard growth medium or
were exposed to co-differentiation medium for 14 days, respectively; C-E. Relative mRNA
expression level of other adipogenic marker genes (Lep, Adipoq, and Glut4, respectively) in CT and
SBA groups (0%, 12%, 18%, 24%) after exposure to co-differentiation medium during 14 days.
Data represent median and interquartile range; n=6. Statistical analysis was performed using
Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p<0.05, aa - p<0.005 and aaa - p<0.0005
when compared to the CT group (b — when compared to the SBA 0% group; ¢ — when compared to
SBA 12% group). Peroxisome proliferator-activated receptor gamma 2 (Pparg2), leptin (Lep),
adiponectin (Adipoq), facilitated glucose transporter member 4 (Glut4).

In this study, our aim was to determine whether the severity of SBA causes an imbalance in
BMSC lineage commitment, as we initially hypothesised that upregulation of adipogenesis is
achieved at the expense of osteoblastogenesis. Thus, after 14 days of co-differentiation, the
mineralisation level of CT and SBA cells was studied by quantifying the calcium to protein
ratio. The results demonstrated a strong alteration of mineralisation capabilities in moderate
and severe weight loss conditions (18% and 24%, on average -82% vs. CT) (Fig. 30A).
However, this trend was not statistically significant. Only 18% weight loss condition exhibited
significant decrease in mineralisation (vs SBA 0%). The mMRNA level analysis showed that the
early marker of osteoblastogenesis (runt-related transcription factor 2 (Runx2)) was
significantly reduced in severe weight loss condition (SBA 24% -55% vs. CT) at 48 hours after

cell plating in standard medium (Fig. 30B). Also, after 14 days of exposure to co-differentiation
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medium both moderate and severe weight loss conditions induced changes in Runx2 mRNA
level (SBA 18% -75% vs. CT; SBA 24% -70% vs. CT) (Fig.30B, C). Interestingly, further
study of other markers of osteoblastogenesis (collagen1Al (Collal), osteocalcin (Bglap) and
osterix (Sp7)) at the end of co-differentiation revealed a reduction in mRNA levels only in the
moderate and severe weight loss groups (Collal - SBA 18% -77% vs SBA 0%, SBA 24% -
83% vs. SBA 12%; Bglap - SBA 18% -73%, SBA 24% -72% vs. CT; Sp7 - SBA 18% -81%,
SBA 24% -77% vs. CT) (Fig. 30D-F). Overall, the results suggest that an increase in
adipogenesis occurs at the expense of osteoblastogenesis and that BMSCs extracted from SBA

mice are apparently more committed to adipogenic lineage.
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Figure 30. 10-week SBA protocol induced an alteration in osteoblastogenesis
comparing to CT group. A. Mineralisation level of CT and SBA groups (0%, 12%, 18%, 24%)
quantified by measuring the calcium to protein ratio; B-C. Relative mRNA expression level of early
osteoblastogenic marker gene (Runx2) in CT and SBA groups (0%, 12%, 18%, 24%), cells were
cultured for 48 hours in standard growth medium and for 14 days were exposed to co-differentiation
medium, respectively; D-F. Relative mRNA expression level of other osteoblastogenic marker
genes (Sp7, Colllal, and Bglap, respectively) in CT and SBA groups (0%, 12%, 18%, 24%) after
exposure to co-differentiation medium for 14 days. Data represent median and interquartile range;
Mineralisation study n=4, gPCR n=6. Statistical analysis was performed using Kruskal-Wallis One-
Way ANOVA test and Dunn’s test; a - p<0.05, aa - p<0.005 when compared to the CT group (b —
when compared to the SBA 0% group; ¢ — when compared to SBA 12% group).

Runt-related transcription factor 2 (Runx2), osterix (Sp7), collagenlal (Colllal), osteocalcin

(Bglap).
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Alterations in BMSC differentiation capacity can be associated with a decrease in Sirtl
expression level

Recently, Louvet et al. demonstrated that the 18% SBA protocol causes change in BMSC
lineage commitment towards adipogenesis and a decrease in Sirtl mRNA level and activity,
which was concluded to be a potential regulator of BMSC differentiation (2). In the present
study, we examined the impact of weight loss severity on the expression level of Sirtl mRNA.
The results of the SBA 18% weight loss protocol showed a 67% decrease (vs. CT) in Sirtl
MRNA in BMSCs after 48 hours of adhesion in growth medium and a 75% decrease (vs. CT)
after 14 days of co-differentiation (Fig. 31). These findings confirmed previously published
data. Additionally, the Sirtl mRNA level was significantly altered in the 24% group (-60% vs.
CT) after 48 hours of cell adhesion and after 14 days of co-differentiation (-68% vs. CT) (Fig.
31). So, decrease in Sirtl mRNA levels under moderate and severe weight loss conditions could
be associated with an increase in adipogenic mRNA markers and a subsequent downregulation

of osteoblastogenesis in BMSCs.
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Figure 31. 10-week SBA protocol induced a suppression of Sirtl mRNA level. A-B.
Relative mMRNA expression level of sirtuin type 1 (Sirtl) in CT and SBA groups (0%, 12%, 18%,
24%), cells were cultured for 48 hours in standard growth medium and for 14 days were exposed to
co-differentiation medium, respectively. Data represent median and interquartile range; n=6.
Statistical analysis was performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a
- p<0.05, aa - p<0.005 when compared to the CT group (b — when compared to the SBA 0% group).
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3. Duration of Energy Deficit in Mice Affect Bone Phenotype and BMSC Differentiation
Capacity

The short term (4-week) SBA protocol induced a significant decrease in mouse body weight
(18%) and was shown to cause changes only in fat mass

Long-term SBA protocols (10-week) have been shown to induce changes in bone and mouse
BMSC differentiation capacity. However, we were interested in the effect of duration of energy
deficit on the mouse bone composition and BMSC differentiation capacity. Therefore, we
conducted a 4-week SBA protocol. In the 10-week study detailed above, the SBA 18% group
exhibited alterations in bone parameters and in BMSC differentiation capacity, confirming the
hypothesis that adipogenesis is upregulated in these cells at the expense of osteoblastogenesis.
Based on these findings, we compared CT mice with 18% weight loss mice after exposure to

the SBA protocol for 4 weeks.

Six days after the beginning of the protocol, SBA mice reached the targeted body weight loss
of 18% (-18.8% vs. DO) after 4 weeks (Fig. 32A,B). After studying weight differences between
CT and SBA 18% groups at the end of 4-week protocol, we observed that SBA group weight
was lower than CT group just by 18% (Fig. 32B). The weight of fat depots, SCAT and VAT,
was reduced by 38% and 85% (vs. CT), respectively (Fig. 32C). Average cumulative food
consumption of mice was found to be slightly higher in SBA group comparing to control mice
after 10 days of SBA protocol (Fig. 32D). This suggests that the level of energy expenditure in
SBA mice is significantly higher than in CT, as despite an increase in mouse food consumption,
we observe a decrease of 18% in mouse body wight (vs. DO). Interestingly, in contrast with 10-
week protocol, 18% weight loss in mice during a short period of time resulted in increase in
liver mass. Total liver mass was increased by 20% (vs. CT) (Fig. 32C). After the study of body
composition, it was concluded that the 4-week SBA protocol induced alterations only in mice
fat mass (-50% vs. CT), with no change in BMC or lean mass (Fig. 32E-I).
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Figure 32. Body mass, BMC, fat and lean mass in mice after 4 weeks of SBA protocol
(cohort 1). The body weight and composition analysis were performed on standard condition (CT)
and weight loss group (SBA 18%). A. Graph represents a percentage body weight loss on mice
between day 0 and 4 weeks of SBA protocol; B. Body weight timeline was presented for each of
SBA condition, represents average mouse body weight for every 2 days of the protocol (starting at
day 0 and ending at day 28); C. Mice tissue weight after 4-week protocol — subcutaneous adipose
tissue (SCAT), visceral adipose tissue (VAT), total liver; D. Cumulative food intake was recorded,
as the sum of the mean food intake per mouse from day 1 to day 27. F-E. Fat mass and lean mass
content, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol,
data presented in grams (g) and in % of total mice weight (fat + lean + total BMC); G-I. Study of
total mouse body mineral content (BMC), femur BMC and vertebra (L3-L5) BMC, respectively,
evaluated for each animal and each condition after 4 weeks of SBA protocol. Data represent median
and interquartile range; n=5. Statistical analysis was performed using Mann—Whitney’s test; a -
p<0.05, aa - p<0.005, when compared to the CT group.

The 4-week SBA protocol induced a significant decrease in trabecular thickness, without
affecting other bone parameters or BMA

Additionally, the bone microarchitecture results showed that the short SBA protocol induced
changes in Th.Th (-16% vs. CT), a very sensitive parameter, but did not lead to alterations in
Bv/Tv, Th.N, Th.Sp or Cort.Th (Fig. 33A-E). Looking in detailed on tibia diameter, it can be
observed that there in an increase in endosteum diameter, indicating potential bone resorption
taking place (Fig. 33H). However, lack of change in Cort.Th can be explained through an
increase in periosteum diameter, which results in compensation (Fig. 33G). Moreover, bone
marrow adiposity was not affected by the 4-week SBA protocol (Fig. 33F). Thus, the 4 weeks
of the protocol were not enough to induce major changes in bone microarchitecture parameters,

unlike the 10-week duration.
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Figure 33. The results of micro-CT analysis of tibia, showing different bone
parameters after exposure to 4-week SBA protocol. A. Bone volume fraction (Bv/Tv) was
expressed as a percentage on mineralized tissue in each condition after 4 weeks; B-E. Trabecular
thickness (Tbh.Th), trabecular number (Th.N) and trabecular spacing (Th.Sp), and cortical thickness
(Cort. Th), respectively, were evaluated for each animal and each condition after 4 weeks of SBA
protocol (expressed in millimetres); F. Bone marrow adiposity (BMA) was calculated as a
percentage of BMAT in marrow volume; G-H. Average tibia diameter measured including inner
section and bone area (outer diameter), and diameter of inner section specifically, respectively. Data
represent median and interquartile range; n=5. Statistical analysis was performed using Mann—
Whitney’s test. In C, aa - p<0.005 when compared to CT group.
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Reduced length of SBA protocol did not result in alterations of BMSC differentiation
capacity

BMSCs were extracted from bone marrow and co-differentiation into osteoblasts and
adipocytes was induced. This, followed by the cells study under a light microscope. Images
showed that the first appearance of lipid droplets took place on the 7™ day of co-differentiation
in both the CT and SBA 18% groups (Fig. 34A). Additionally, after 10 days of co-
differentiation, there was no difference observed in the accumulation of adipocytes in SBA
18% vs. CT (Fig. 34A). Therefore, the 4-week SBA protocol did not induce a shift of BMSCs
towards adipocyte differentiation and did not induce changes in lipid accumulation capacities,

as it was suggested by the results of the 10-week experiments.
Furthermore, similarly to the 10-week protocol, analysis of lipid unsaturation level by Raman

spectroscopy showed no difference in lipid unsaturation levels between the control and SBA
18% groups after 4 weeks (Fig. 34B).
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Figure 34. Study of adipocyte first appearance, size and lipid unsaturation ratio in 4-
week protocol groups. A. Light microscope images of cells from each condition were taken on
different points of differentiation showing the first appearance of lipid droplets and adipocytes at
day 10; B. Lipid droplet unsaturation ratio was compared between the 18% SBA group and the
control, and no difference was found between the two groups. Data represent median and
interquartile range; n=5. Statistical analysis was performed using Mann—Whitney’s test.
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Similar to the 10-week SBA study, we analysed the relative mRNA levels of
adipogenic/osteoblastogenic genes in extracted BMSCs. The results of the early adipogenic
marker gene (Pparg2) showed that after 48 hours of proliferation in standard growth medium,
BMSCs extracted from SBA 18% mice had significantly increased expression levels (+350%
vs. CT) (Fig. 35A). However, this upregulation of Pparg2 expression was not long term, and
after 14 days of co-differentiation, there was no significant difference observed between the
two conditions (Fig. 35B). The analysis of mature adipocyte marker genes (Lep, Adipoq, Plinl)
demonstrated no change in the SBA 18% group compared to the CT group after 14 days of co-
differentiation (Fig. 35C-F).
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Figure 35. Study of adipogenic marker gene expression in BMSCs. A-B. Relative mRNA
expression level of early adipogenic marker gene (Pparg2) in CT and SBA (18%) groups, cells were
cultured for 48 hours in standard growth medium and for 14 days were exposed to co-differentiation
medium, respectively; C-E. Relative mRNA expression level of other adipogenic marker genes
(Lep, Adipog and Plinl, respectively) in CT and SBA groups (18%) after exposure to co-
differentiation medium for 14 days. Data represents median and interquartile range; n=5. Statistical
analysis was performed using Mann—Whitney’s test. In B, a - p<0.05 when compared to CT group.
Peroxisome proliferator-activated receptor gamma 2 (Pparg2), leptin (Lep), adiponectin (Adipoq),
perilipin (Plinl).
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After, the expression level of osteoblastogenic marker genes was determined in the CT and
SBA 18% groups. The early osteoblastogenic marker (Runx2) was not affected by 4 weeks of
protocol after 48 hours of incubation in proliferation medium or after 14 days of exposure to
co-differentiation medium (Fig. 36A,B). Moreover, other osteoblastogenic marker genes (Sp7,
Collal, Bglap) were also not altered by the short-term SBA protocol (Fig. 36C-E). The results
of this study suggest that the 4-week protocol does not induce alterations in BMSC

differentiation capacity.
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Figure 36. Osteoblastogenic marker gene expression in BMSCs after 4-week SBA
protocol. A-B. Relative mRNA expression level of early osteoblastogenic marker gene (RUNX2)
in CT and SBA groups (18%), respectively, cells were cultured for 48 hours in standard growth
medium and for 14 days were exposed to co-differentiation medium, respectively; C-E. Relative
MRNA expression level of other osteoblastogenic marker genes (Sp7, Colllal and Bglap,
respectively) in CT and SBA (18%) groups after exposure to co-differentiation medium for 14 days.
Data represent median and interquartile range; n=5. Statistical analysis was performed using Mann—

Whitney’s test.
Runt-related transcription factor 2 (Runx2), osterix (Sp7), collagenlal (Colllal), osteocalcin

(Bglap).
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4-week SBA protocol did not cause change in Sirtl expression

To confirm the association between Sirtl expression and BMSC lineage commitment, we
examined relative mMRNA levels in the 4-week SBA 18% group vs. the CT group. The findings
showed that the expression of Sirtl was not affected by the short SBA protocol, further

suggesting its involvement in BMSC fate decisions (Fig. 37).

A. Sirt1 Expression at 48h B. - Sirt1 Expression at Day 14
g 5
-; 1.5 - —
> Yy 2 1.04 ) ([
2 . ‘ — £ = 7 —F—
[T} L 2 E T
X vV & 05
= 0.5 3
E (74
£
0.0 T T 0.0 T T
0« @\o o& \€\°
X &

Figure 37. Sirtl expression in BMSCs extracted from 4-week SBA protocol. A-B.
Relative mRNA expression level of sirtuin type 1 (Sirtl) in CT and SBA groups (18%), cells were
cultured for 48 hours in standard growth medium and for 14 days were exposed to co-differentiation
medium, respectively. Data represent median and interquartile range; n=>5. Statistical analysis was
performed using Mann—Whitney’s test.
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Severity Level and Duration of

Energy Deficit in Mice Affect Bone
Phenotype and Bone Marrow
Stromal Cell Differentiation Capacity

Viktorija Avilkina?, Damien Leterme, Guillaume Falgayrac?, Jérome Delattre?,
Flore Miellot ', Véronique Gauthier ', Christophe Chauveau ' and Olfa Ghali Mhenni ™

" MAB Lab ULR4490, Univ Littoral Cote d’Opale, Boulogne-sur-Mer, France, 2 MAB Lab ULR4490, Univ Lille Nord de
France, Lille, France

Anorexia nervosa is known to induce changes in bone parameters and an increase in bone
marrow adiposity (BMA) that depend on the duration and seriousness of the disease.
Previous studies have found that bone loss is associated with BMA accumulation. Sirtuin of
type 1 (Sirtl), a histone deacetylase that is partly regulated by energy balance, was shown to
have pro-osteoblastogenic and anti-adipogenic effects. To study the effects of the severity
and duration of energy deficits related to bone loss, a mouse model of separation-based
anorexia (SBA) was established. We recently demonstrated that moderate body weight loss
(18%) 8-week SBA protocol in mice resulted in an increase in BMA, bone loss, and a
significant reduction in Sirtl expression in bone marrow stromal cells (BMSCs) extracted

from SBA mice. We hypothesised that Sirt1 deficit in BMSCs is associated with bone and
BMA alterations and could potentially depend on the severity of weight loss and the length of

SBA protocol. We studied bone parameters, BMA, BMSC differentiation capacity, and Sirt1
expression after induction of 4 different levels of body weight loss (0%,12%,18%,24%), after
4 or 10 weeks of the SBA protocol. Our results demonstrated that 10 week SBA protocols
associated with body weight loss (12%, 18%, 24%) induced a significant decrease in bone
parameters without any increase in BMA. BMSCs extracted from 12% and 18% SBA
groups showed a significant decrease in Sirtl mRNA levels before and after co-
differentiation. For these two groups, decrease in Sirt1l was associated with a significant
increase in the mRNA level of adipogenic markers and a reduction of osteoblastogenesis.
Inducing an 18% body weight loss, we tested a short SBA protocol (4-week). We
demonstrated that a 4-week SBA protocol caused a significant decrease in Tb.Th only,
without change in other bone parameters, BMA, Sirt1 expression, or differentiation capacity
of BMSCs. In conclusion, this study showed, for the first time, that the duration and severity
of energy deficits are critical for changes in bone parameters, BMSC differentiation, and Sirt1
expression. Furthermore, we showed that in this context, Sirtl expression could impact
BMSC differentiation with further effects on bone phenotype.

Keywords: energy deficit, bone, bone marrow adiposity, sirtuin type 1 (SIRT1), bone marrow stromal cell
(BMSC), differentiation

Frontiers in Endocrinology | www.frontiersin.org 1

June 2022 | Volume 13 | Article 880503


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.880503
https://www.frontiersin.org/articles/10.3389/fendo.2022.880503/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.880503/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.880503/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.880503/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.880503/full
mailto:christophe.chauveau@univ-littoral.fr
mailto:olfa.ghali@univ-littoral.fr
https://doi.org/10.3389/fendo.2022.880503

Avilkina et al.

Underfeeding Affects Bone via Sirtl

INTRODUCTION

Anorexia nervosa (AN) is a disorder with psychiatric origins
characterized by inadequate dietary intake resulting in low body
weight. Many studies have demonstrated that a higher volume of
bone marrow adipose tissue (BMAT) is present in anorexic
patients than in normal-weight controls (1-3). This high level
of BMAT is often associated with a decline in bone mass,
resulting in increased fracture risk (4, 5). Recently, a negative
correlation was shown between the fraction of fat in the bone
marrow cavity and the bone mineral density (BMD) at the
femoral neck and at the hip of anorexic patients in multiple
anatomical subregions, even after weight recovery (6).

Marrow adipocytes originate from skeletal stem cells (SSCs)
that also function as precursors to muscle, cartilage, and bone-
forming osteoblasts (7—9). Moreover, it has been shown that the
accumulation of marrow adipocytes, which is observed in bone
loss situations, is potentially caused by a shift in the commitment
of SSCs from the osteogenic pathway to the adipogenic pathway
(10). This finding suggested the existence of a competitive
relationship between these two pathways. Furthermore, bone
marrow stromal cells (BMSCs), which include SSCs from aged
mice express more adipocytic transcripts and fewer osteoblastic
transcripts than BMSCs extracted from young animals (11).

The differentiation of SSCs towards the adipocytic or
osteoblastic pathway could be influenced by many modulators
of signalling pathways, such as glucocorticoids, Wnts, and bone
morphogenetic proteins (12—14). Moreover, the histone
deacetylase (HDAC) family was also shown to influence the
fate of differentiating mesenchymal progenitor cells by removing
acetyl groups from lysine residues in histones and other proteins,
thus, altering chromatin structure, gene expression, and protein
activity (15, 16).

Sirtuin type 1 (Sirtl) is classified as a class IIl HDAC and is
known to be involved in the extension of lifespan in mammals and
other organisms and in protection against age-associated diseases
(such as diabetes and obesity) (17). Additionally, Sirt1 is involved
in the regulation of BMSC differentiation into either osteoblasts or
adipocytes. Indeed, several studies have demonstrated that
activation of Sirtl promotes osteoblastic differentiation (18—21),
while a decrease in Sirtl expression induces adipocytic
differentiation (22, 23). Interestingly, caloric restriction (CR) has
been shown to stimulate the expression and activity of Sirtl in
various mammalian tissues, such as liver and white adipose tissue.
Also, CR has been shown to induce a decrease in the level of Sirtl
mRNA in the cerebellum and midbrain (24, 25).

Recently, we demonstrated that 8 weeks of a separation-based
anorexia (SBA) protocol, inducing medium weight loss (18%) vs
day O of experiment in mice, is associated with an increase in
bone marrow adiposity (BMA), bone loss, and a significant
reduction in Sirtl expression in BMSCs extracted from SBA
mice (26). We hypothesised that Sirtl deficit in BMSCs is
involved in bone and BMA alterations and could potentially
depend on the severity of weight loss and the length of SBA
protocol. To verify these hypotheses, we characterized bone and
BMA, and determined BMSC differentiation capacity and Sirtl
expression after a 10-week induction of 4 different levels of body

weight changes (0%, -12%, -18% and -24%) relative to mice at
Day 0. The same parameters were also analyzed after a 4-week
SBA protocol with 18% weight loss.

MATERIALS AND METHODS

Animals

Seven-week-old female C57BL/6J mice purchased from Charles
River Laboratories (St Germain sur I'’Abresle, France) were used for
the separation-based anorexia (SBA) model (27). This particular
mouse strain was chosen because of its use in various studies related
to calorie restriction-induced bone alterations. Additionally,
C57BL/6J mice exhibit a medium level of BMA, which allows us
to detect any change in this parameter.

Mice were housed 6 per cage in a controlled room
temperature (22°C+/- 1°C) under a 12-hour dark/light cycle
(lights off at 10 a.m.) and with free access to water. Before
induction of the SBA protocol, mice were acclimatized for one
week. The SBA protocol was generated for ten weeks and aimed
to induce 4 different weight loss conditions in randomly allocated
mice — no weight loss (SBA 0%), a light 12% weight loss (SBA
12%) (achieved 12.97%), a moderate body weight loss of 18%
(SBA 18%) (achieved 17.27%) and severe weight loss of 24%
(SBA 24%) (achieved 23.17%), relative to Day 0 (D0). A time
restricted-feeding was used to induce weight loss in mice, a food
access time was gradually reduced from 6 h to 2 h per day during
the protocol, depending on the desired weight loss to achieve.
Mice allocated to severe, moderate, and light weight loss groups
had reduced food availability and time dependent on the
progression of weight loss. For no weight loss group the time
of the feeding was not decreased dramatically, in order to
maintain the initial mice weight. Furthermore, throughout the
protocol mice of SBA groups were kept in the separate sections of
the cage with free access to water and this encouraged the
increased energy expenditure by thermogenesis. The SBA mice
were gathered together in regular cages for the periods of feeding.
The CT group was housed in standard conditions in collective
cages with water and food provided ad libitum. This study was
specifically approved by the Committee on the Ethics of Animal
Experiments (CEEA) of Nord-Pas de Calais, France (permit
number: CEEA#2016070717275082).

Additionally, a 4-week SBA protocol was performed using
seven-week-old female C57BL/6J mice, similar to the 10-week
protocol. After one week of acclimatization, the SBA protocol was
generated for 4 weeks to achieve moderate weight loss of 18%
(SBA 18%) (achieved 18.75%) in mice relative to their weight at
DO. This study was specifically approved by the Committee on the
Ethics of Animal Experiments (CEEA) of Nord-Pas de Calalis,
France (permit number: CEEA#2016070717275082).

Dual Energy X-Ray Absorptiometry

(DEXA) Analysis

The fat mass, lean mass, and bone mineral content (BMC) of
mice were analyzed using the Lunar PIXImus Mouse
Densitometer (GE Healthcare, Madison, WI) according to a
previously described protocol (27).
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Mineralized Bone Micro-CT Analysis

Tibiae extracted from CT and SBA mice were scanned using a
Skyscan 1172 microCT device (Bruker MicroCT, Kontich,
Belgium). The software suite provided by the manufacturer was
used for image acquisition, reconstruction, analysis, and 3D
visualisation (Skyscan 1172°, NRecon®, Dataviewer, CTAN®,
CTVox'"). Analysis of the tibia trabecular bone volume/tissue
volume (BV/TV) ratio, cortical thickness (Cort.Th), trabecular
thickness (Th.Th), trabecular number (Tb.N) and trabecular
spacing (Th.Sp) of all animals were determined in a 0.5mm region
beginning 250mm proximal to the proximal growth plate. More
detailed description for the quantification of 3D microarchitecture of
trabecular bone has been previously presented (28).

Bone Marrow Adipose Tissue Content -
Micro-CT Analysis

The BMAT and bone parameters analyzed by micro-CT of all mice
were quantified using a previously published protocol (29) in the
proximal tibia. To quantify the BMAT content, the same region of
interest (ROI) was used as in the analysis of mineralized bone. After
the first micro-CT scan, tibiae were decalcified in 4% formic acid/
10% NBF (1:1), pH 7.4, for 48 h. Then bones were rinsed in distilled
water and stained in the fume hood for 48 h in the aqueous staining
solution (1% osmium tetroxide solution stabilized in a 2.5%
dichromate potassium) at room temperature. Then, bones were
rinsed for 48 h at room temperature in PBS with regular renewal of
the solution. Osmium-stained bones were then stored at 4°C in PBS
until the second micro-CT acquisition. The study focused on
quantifying the percentage of the ratio of adipocyte volume to
marrow volume (%, Ad.V/Ma.V). The data are presented in the
form of the percentage of BMAT volume in marrow volume.

Primary Bone Marrow Cell Cultures

Primary bone marrow cells were harvested from the tibiae and
femurs of CT and SBA mice and grown for 7-10 days in aMEM
media (PAN BIOTECH; P04-21050) with 15% fetal bovine serum
(PAN BIOTECH; P30-3306), 1% penicillin/streptomycin (PAN
BIOTECH; P04-85100) and 1% stable glutamine (PAN BIOTECH,;
P06-07100). After reaching full confluency, the plated BMSC
population was differentiated into both osteoblasts and adipocytes
according to the co-differentiation protocol described in a
previously published article (30). The media containing co-
differentiation inducers was replaced every two days during the
14 days of the co-differentiation experiment. This culture duration
was chosen because of its brevity, which allowed for minimizing the
time for cells to change after leaving the in vivo state.

Raman Microspectroscopy

Cells were plated on calcium fluoride (CaF2) substrate, which is
adapted to Raman analysis. The Raman microspectrometer was a
LabRAM HR800 (Jobin-Yvon, France) instrument equipped with
an XYZ motorized stage and a diode laser 1=785 nm. The Raman
spectrometer was coupled with a microscope (BX40, Olympus).
Raman acquisitions were performed with a water objective 100x
lens (Nikon, numerical aperture =1.1 Japan). The water immersion

objective focused the laseronthe cell within the micrometre scale on
the centre of individual lipid droplets, where one spectrum
corresponds to one adipocyte lipid droplet. A total of 1,252 lipid
droplets were acquired over 109 adipocytes (Table 1), representing
an average of 83.4 lipid droplets analyzed per well and an average of
7.2 adipocytes analyzed per well. Spectral acquisition was
performed in the 400-1800 cm™? range. The Raman signal was
collected by a multichannel CCD detector (1024x256 pixels). The
acquisition time was set at 60 s averaged 2 times per spectrum (total
acquisition time = 120 sec). Raman spectra were processed using
Labspec software (HORIBA, Jobin-Yvon, France). A Savitzky—
Golay smoothing filter was applied to all Raman spectra. The
band areas were integrated over defined Raman shift regions in
the spectrum using a sum filter. The filter calculates the areas within
the chosen borders and the background is subtracted by taking the
baseline from the first to the second border. The band area was
estimated at 1441 cm™ (peak-ROI 1400-1500 cm™) and 1654 cm*
(peak-ROI 1620-1694 cm™). The Raman bands at 1441 cm™ and
1654 cm™ are assigned to vibrations CH2 and C=C, respectively
(31). The unsaturation ratio was calculated as the ratio of band areas
1654 cm™/1441 cm™ (31).

Mineralization Quantification

The sample mineralization level was quantified using the same
protocol previously described (30). Briefly, cells were harvested
in a solution of PBS 1X/Triton 0.2%/HCI 6 M and disrupted by
sonication. After, 5 ml of HCI 6 M was added to 95 ml of each
sample and incubated overnight at 4°C. Following by
centrifugation at 1500 x g for 5 min, the protein content was
determined using the DC protein assay kit BioRad. The
mineralization content was quantified.

RNA Extraction, Reverse Transcription

and Real-Time PCR

Total RNA was extracted from BMSC cultures by the previously
described protocol (30). Reverse transcription and RT-PCR were
performed as previously described (32). The sequences of the
primers (TibMolBiol, Berlin, Germany), annealing temperature,
product length, and GenBank reference for each of the analyzed
genes are shown in Table 2.

TABLE 1 | Details of lipid droplets studied in each condition of the 10-week and
4-week protocols.

Condition Number of lipid Number of adipocytes

droplets = number spectra analysed over 3
over 3 wells wells per condition

10-week

CcT 519 41

SBA24% 111 13

SBA18% 299 30

SBA12% 134 10

SBA0% 189 15

Total 1252 109

4-week

CcT 45 18

SBA18% 109 25

Total 154 43
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Statistical Analysis

The 10-week study was performed with 6 samples per condition,
except for the mineralization experiment, which had 4 replicated
per group. The 4-week study was performed with 5 samples per
condition. The median and interquartile range were calculated
for the groups. Due to the low number of replicates, the
normality of the data could not be tested. In 10-week study, we
performed Kruskal-Wallis One-Way ANOVA test to show the
significance between all the conditions. Additionally, we
conducted Dunn’s test in order to see the relationships
between specific pairs of conditions. For the 4-week studies we
performed Mann—-Whitney's test to see the statistically
significant relationship between the two particular conditions.
All tests were performed using GraphPad Prism software.
Differences with p<0.05 were considered statistically significant.

RESULTS

The 10-Week SBA Protocols Induced a

Significant Decrease in Mouse Body Weight
(12%, 18%, 24%? and Were Shown to Cause
Changes Not Only in Fat Mass But Also in
Lean Mass and Bone Mineral Composition
To study the effect of energy deficit severity on bone and BMSCs,
we performed four different SBA protocols on female mice. We
induced 0%, 12%, 18%, and 24% weight loss from the initial
mouse weight over 10 weeks. Prior to the study, mice were
randomized into five experimental groups that did not display
significant differences in body weight at Day 0. Mice from the
control group (ad libitum and not separated) displayed a

significant body weight increase (+22.42% vs. DO0) after 10
weeks (Figure 1A). In the SBA 0% group, no significant weight
change (+4.39% vs. DO) was observed, as this condition did not
imply weight change (Figure 1A). In all other SBA groups, we
observed a significant decrease in weight after 2 weeks of
protocol and this decrease was maintained until the end of the
10 weeks (SBA 12% (-12.97%) vs. DO; SBA 18% (-17.27%) vs. DO;
and SBA 24% (-23.17%) vs. D0) (p<0.005 vs. D0). The results of
DEXA analysis showed a significant decrease in total body bone
mineral content (BMC) only in light (12%) and moderate (18%)
weight loss conditions (SBA 12% -17% vs. CT; SBA 18% -15% vs.
CT) (Figure 1B). The study of the BMC at specific sites, revealed
that all three weigh loss conditions induced a significant decrease
in femur BMC - SBA 12% (-27% vs. CT), 18% (-29% vs. CT) and
24% (-30% vs. CT) (Figure 1C). However, only the SBA 18%
group showed a significant decrease in the BMC of lumbar
vertebrae (L3-L5) (SBA 18% -23% vs. CT) (Figure 1D). The
BMC decrease was potentially associated with a decrease in lean
absolute mass in mice from the SBA groups 12% (-19% vs. CT)
and 24% (-22% vs. CT). This parameter was significantly reduced
only in weight loss conditions, while in the SBA 18% group, lean
absolute mass just showed a tendency to decrease without
statistically significant change (Figure 1E). However, study of
lean percentage (%) of total mouse mass, showed a significant
increase in all three weigh loss conditions (SBA 12%. 18% and
24%). This was due to a significant decrease in fat mass in same
conditions (on average -53% vs. CT). Fat absolute mass in weight
loss conditions exhibited a great decrease (59-64%, p 0.0001 vs.
CT) (Figure 1F). These data highlight that absolute lean mass
and fat mass parameters can be associated with BMD under
weight loss conditions, as a significant decrease in whole-body

TABLE 2 | Primer sequences and conditions of quantitative RT-PCR.

Gene Primer Sequences Annealing temperature Product length GenBank

18S F: ATTCCGATAACGAACGAGAC 60°C 297 bp X03205
R: GCTTATGACCCGCACTTACT

Gapdh F: GGCATTGCTCTCAATGACAA 62°C 200 bp NM_008084
R: TGTGAGGGAGATGCTCAGTG

Pparg2 F: TCGCTGATGCACTGCCTATG 60°C 103 bp NM_011146
R: GAGAGGTCCACAGAGCTGATT

Adipoq F: TGTTCCTCTTAATCCTGCCCA 60°C 104 bp NM_009605
R: CCAACCTGCACAAGTTCCCTT

Lep F: GAGACCCCTGTGTCGGTTC 60°C 139 bp NM_008493
R: CTGCGTGTGTGAAATGTCATTG

Plin1 F: CACCATCTCTACCCGCCTTC 58°C 149 bp NM_001113471.1
R: GGGTGTTGGCGGCATATTC

Glut4 F: ACTCTTGCCACACAGGCTCT 62°C 174 bp NM_009204
R: AATGGAGACTGATGCGCTCT

Runx2 F: GCCGGGAATGATGAGAACTA 62°C 200 bp NM_001146038.2
R: GGACCGTCCACTGTCACTTT

Bglap F: AAGCAGGAGGGCAATAAGGT 60°C 364 bp 124431
R: CGTTTGTAGGCGGTCTTCA

Sp7 F: ATGGCGTCCTCTCTGCTTG 54°C 237 bp NM_130458
R: TGAAAGGTCAGCGTATGGCTT

Coltat F: GGTGAGCCTGGTCAAACGG 60°C 189 bp NM_007743
R: ACTGTGTCCTTTCACGCCTTT

Sirt1 F: TAGGGAACCTTTGCCTCATC 51°C 100 bp NM_019812.2
R: GGCATATTCACCACCTAGCC
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BMC or femoral/vertebral BMC together with lean and fat mass
was observed only in the weight loss mice.

The 18% and 249% SBA Protocols Resulted

in a Significant Decrease in Trabecular
and Cortical Thickness, Without Any
Increase in Bone Marrow Adiposity

To determine the effect of SBA severity on bone
microarchitecture, we conducted proximal tibia micro-CT
analysis. Bone volume fraction (BV/TV) showing the relative
volume of mineralized trabecular bone was not affected by the
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FIGURE 1 | Body mass, BMC, fat and lean mass in mice after 10 weeks of SBA protocols of different severity. The body weight and composition analysis
were performed on standard condition (CT), constant weight group (SBA 0%) and three weight loss groups with different severity levels (SBA 12%, 18% and
24%). (A) Graph represents a percentage body weight loss on mice between day 0 and 10 weeks of SBA protocol; (B-D) Study of total mouse body mineral
content (BMC), femur BMC and vertebra (L3-L5) BMC, respectively, were evaluated for each animal and each condition after 10 weeks of SBA protocol.; (E,
F) Lean mass content presented in grams and % of total mass, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol; (G,
H) Fat mass content presented in grams and % of total mass, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol. Data
represent median and interquartile range; n = 6. Statistical analysis was performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p < 0.05,
aa - p < 0.005 and aaa - p < 0.0005 when compared to the CT group (b - when compared to the SBA 0% group).

SBA protocols (Figure 2A). Trabecular thickness (Th.Th) was
significantly decreased only under severe weight loss conditions
(SBA 24%: -29% vs. CT) (Figure 2B). In contrast with the
thickness of the trabecular bone, the trabecular number (Tb.N)
and trabecular spacing (Th.Sp) were not significantly affected,
even for the 24% group (Figures 2C, D). One of the bone fragility
parameters was assessed through the study of cortical thickness
(Cort.Th), which is affected by the SBA protocol. Indeed, the SBA
18% and 24% caused 16% and 17% decreases in this parameter,
respectively (p 0.0001 vs. CT) (Figure 2E), demonstrating the
potential link between moderate and severe energy deficit and
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FIGURE 2 | The results of micro-CT analysis of tibia, showing different bone parameters after exposure to 10 weeks of SBA protocols at different levels of severity. (A)
Bone volume fraction (BV/TV) was expressed as a percentage on mineralized tissue in each condition after 10 weeks; (B-E) Trabecular thickness (Tb.Th), trabecular
number (Th.N) and trabecular spacing (Tb.Sp), and cortical thickness (Cort.Th), respectively, were evaluated for each animal and each condition after 10 weeks of SBA
protocol (expressed in millimetres); (F) Bone marrow adiposity (BMA) was calculated as a percentage of BMAT volume in marrow volume. Data represent median and

decrease in Cort.Th. The results of bone marrow adiposity
(BMA) showed a high heterogeneity of the samples in each
group. Only the SBA 12% group exhibited a tendency of BMA
decrease by 82% (p<0.1, Figure 2F).

SBA Protocol Resulted in Rapid
Adipogenesis of BMSCs and Weight Loss
Conditions Were Associated With a
Decrease in Lipid Unsaturation Levels
Throughout the co-differentiation experiment, cells extracted from
SBA and control mice were observed under light microscopy.

interquartile range; n = 6. Statistical analysis was performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p < 0.05, aa- p < 0.005 and aaa - p <
0.0005 when combared to the CT aroup (b - when compared to the SBA 0% aroup).

BMSCs extracted from CT mice started to form lipid droplets after
the 7" day of co-differentiation. Cells extracted from SBA mice
(0%, 12%, 18%, and 24%) showed the first appearance of lipid
droplets much faster, after the 3 day of co-differentiation
(Figure 3). This finding suggests that the SBA protocol induces
in vivo changes in BMSC commitment and that these cells are
potentially committed to differentiating into adipocytes. After
qualitative study (microscopic observations) of adipocytes on
Day 10 of differentiation, BMSCs extracted from the SBA 12%,
18%, and 24% groups globally seemed to generate more numerous
and larger adipocytes compared to the CT or SBA 0% groups

Control

First
Appearance
of Lipid
Droplets

SBA 12%

SBA 18%

SBA 24%

FIGURE 3 | Overview of adipocyte first appearance and size. A. Light microscope images of cells from each condition were taken on different points of
differentiation showing the first appearance of lipid droplets and adipocytes at day 10.
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(Figure 3). Additionally, Raman spectroscopy analysis was
performed to characterize more of the adipocytes from different
groups. The lipid unsaturation levels in the SBA 12%, 18%, and
24% groups were significantly lower than those in the SBA 0%
group, showing that the severity of energy deficit can lead to a
decrease in lipid unsaturation levels (Supplementary Figure 1).

Only SBA 18% and 24% Protocols
Resulted in an Increase in

Adipogenesis and Subsequent

Decrease in Osteoblastogenesis

To confirm the commitment of BMSCs to the adipocyte lineage,
the mRNA levels of adipocytic markers in the SBA and CT
groups were analyzed. The marker gene relative mRNA level was
measured 48 hours after plating (adherent cells) and at day 14 of
co-differentiation. This culture duration was chosen because of
its brevity, which minimized the time for cells to change after
leaving the in vivo state. Interestingly, after 48 hours of adhesion
in a standard medium, the unstimulated BMSCs from mice of
SBA 24% protocols already exhibited high levels of peroxisome
proliferator-activated receptor gamma 2 (Pparg2) mRNA
(+125% vs CT) (Figure 4A), showing a potential commitment
to adipogenic differentiation prior to co-differentiation
stimulation and thus probably in vivo. The SBA 0% group
showed similar expression level of Pparg2 to CT and SBA 12%
and 24% conditions, also showed significant increase in Pparg?2

PPARg2 Expression at48h

relative mMRNA level vs. SBA 0%. Furthermore, Pparg2 mRNA
levels were similarly enhanced after 14 days of co-differentiation
in severe weight loss group (SBA 24%: +236% vs. CT)
(Figure 4B). Additionally, the SBA 18% group demonstrated
the highest upregulation of Pparg2 (+ 285%uvs. CT and vs. SBA
0%) (Figure 4B). Other marker genes characterizing cell
commitment to adipogenic differentiation (leptin (Lep) and
facilitated glucose transporter member 4 (Glut4)) exhibited an
increase in the moderate and severe weight loss groups (SBA 18% -
Lep +1292%vs CT, Glut4 +807% vs. CT; SBA 24% - Lep +1864% vs.
CT) (Figures 4C, E). The adiponectin (Adipog) mRNA level was
found to be upregulated only in the SBA 18% group (+53% vs. SBA
0%) (Figure 4D). However, the 12% weight loss condition displayed
the lowest mMRNA level of Adipoq (Figure 4D).

In our study, we wanted to determine whether the severity of
SBA causes an imbalance in BMSC lineage commitment and
whether upregulation of adipogenesis is achieved at the expense
of osteoblastogenesis. Thus, after 14 days of co-differentiation,
the mineralization level of CT and SBA cells was studied by
quantifying the calcium to protein ratio. The results
demonstrated a strong alteration of mineralization capabilities
in moderate and severe weight loss SBA conditions (18% and
24%, on average -82% vs. CT) (Figure 5A). However, this trend
was not significant. Only 18% weigh loss condition exhibited
significant decrease in mineralization vs. SBA 0%. The mRNA
level analysis showed that the early marker of osteoblastogenesis
[runt-related transcription factor 2 (Runx2)] was significantly
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8

performed using Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p <

adiponectin (Adipoq), facilitated glucose transporter member 4 (Glut4).

Adipoq Expression at Day 14
0.0014

<0.0001 0.0002
=i % a _ 8 aa a
2 bb bbb 2 bbb
@ @
-1 3 -~ L3
@ @
: T+~ ¥ . T+
K- s
[ [}
i £ G
2 *
<4 < -
z # o Z e L s
E. £ -
A X o % <
L2 LR 9 & g g e
& F oF & & oF
D

Glut4 Expression at Day 14
0.0004

-
o

= - 3
-3 * 2 -
E g 20 -
o o g 10
2 . v % B 156 % v
o L A
E - . 'I" ﬁ 1.0 & v <
+ ! 5
F % E 05 ¥ - *
= E £ |~
0 - . 0.0 ¥ T T T T
A o o o A o o & g se \o oo
¢ v-s‘. &8 © é.s\, o8 6"8\ Qﬁ_-\"' e?\‘ ‘;»‘
S o F T F F FF M & &

FIGURE 4 | 10-week SBA protocol induced an increase in adipogenesis. (A, B) Relative mRNA expression level of early adipogenic marker gene (Pparg2) in
CT and SBA groups (0%, 12%, 18%, 24%), cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation
media, respectively; (C-E) Relative mRNA expression level of other adipogenic marker genes (Lep, Adipoq, and Glut4, respectively) in CT and SBA groups
(0%, 12%, 18%, 24%) after exposure to co-differentiation media during 14 days. Data represent median and interquartile range; n=6. Statistical analysis was

0.05, aa - p < 0.005 and aaa - p < 0.0005 when compared to the CT group (b

- when compared to the SBA 0% group; ¢ - when compared to SBA 12% group). Peroxisome proliferator-activated receptor gamma 2 (Pparg2), leptin (Lep),
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reduced in severe weight loss condition (SBA 24% -55% vs. CT)
48 hours after cell plating in standard media and after 14 days in
co-differentiation medium both moderate and severe conditions
induced changes in Runx2 mRNA level (SBA 18% -75% vs. CT;
SBA 24% -70% vs. CT) (Figures 5B, C). Interestingly, further study
of other markers of osteoblastogenesis [collagen1Al (Collal),
osteocalcin (Bglap) and osterix (Sp7)] at the end of co-
differentiation revealed a reduction in mMRNA levels only in the
moderate and severe weight loss groups (Collal - SBA 18% -77% vs
SBA 0%, SBA 24% -83% vs. SBA 12%; Bglap - SBA 18% -73%, SBA
24% -72% vs. CT; Sp7 - SBA 18% -81%, SBA 24% -77% vs. CT)
(Figures 5D—F). Moreover, the results suggest that an increase in
adipogenesis occurs at the expense of osteoblastogenesis and that
BMSCs extracted from SBA mice are apparently more committed to
adipogenic lineage.

Recently, we demonstrated that the 18% SBA protocol favors
BMSC lineage commitment towards adipogenesis and a decrease
in Sirtl level and activity, a potential regulator of BMSC
differentiation (26). In the present study, we examined the
impact of weight loss severity on the expression level of Sirtl
mRNA. The results of the SBA 18% protocol showed a 67%
decrease (vs. CT) in Sirtl mRNA in BMSCs after 48 hours of
adhesion in growth media and a 75% decrease (vs. CT) after 14
days of co-differentiation (Figure 6). This finding confirmed our
previously published data. Additionally, the Sirtl mRNA level
was significantly altered in the 24% groups (-60% vs. CT) after 48

hours of adhesion and after 14 days of co-differentiation (-68%
vs. CT) (Figure 6). So, decrease in Sirtl mRNA levels under
moderate and severe weight loss conditions could be associated
with an increase in adipogenic mMRNA markers and a subsequent
downregulation of osteoblastogenesis in BMSCs.

The 4-Week SBA Protocol Induced a
Significant Decrease in Mouse

Body Weight (18%) and Was Shown to
Cause Changes Only in Fat Mass and
Trabecular Thickness

Long-term SBA protocols (10-week duration) have been shown
to induce changes in mouse BMSC differentiation capacity;
however, we were interested in the duration of energy deficit
affecting the mouse bone composition and BMSC differentiation
capacity. Therefore, we conducted a 4-week SBA protocol. In the
10-week study detailed above, the SBA 18% group exhibited
alterations in bone parameters and in BMSC differentiation
capacity, confirming the hypothesis that adipogenesis is
upregulated in these cells at the expense of osteoblastogenesis.
Based on these findings, we compared CT mice with 18% weight
loss mice after exposure to the SBA protocol for 4 weeks.

The mouse body weight showed a significant decrease in
percentage body weight loss in the SBA 18% group vs. CT
(Figure 7A). After the study of body composition, it was
concluded that the 4-week SBA protocol induced alterations in
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FIGURE 5 | 10-week SBA protocol induced a decrease in osteoblastogenesis. (A) Mineralization level of CT and SBA groups (0%, 12%, 18%, 24%) quantified by
measuring the calcium to protein ratio; (B, C) Relative mRNA expression level of early osteoblastogenic marker gene (Runx2) in CT and SBA groups (0%, 12%,

18%, 24%), cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation media, respectively; (D-F) Relative mRNA
expression level of other osteoblastogenic marker genes (Sp7, Col1a1, and Bglap, respectively) in CT and SBA groups (0%, 12%, 18%, 24%) after exposure to co-
differentiation media for 14 days. Data represent median and interquartile range; Mineralisation study n = 4, gPCR n = 6. Statistical analysis was performed using
Kruskal-Wallis One-Way ANOVA test and Dunn’s test; a - p < 0.05, aa - p < 0.005 when compared to the CT group (b - when compared to the SBA 0% group;
¢ - when compared to SBA 12% group). Runt-related transcription factor 2 (Runx2), osterix (Sp7), collagenial (Col1at), osteocalcin (Bglap). Sirt1 is sustainably
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mouse fat absolute mass (-50% vs. CT), with no change in BMC
or lean absolute mass (Figure 7). However, the significant
decrease in fat % of total mouse weight was accompanied with
significant increase in lean % mass (Figures 7C, E).
Furthermore, the bone microarchitecture results showed that
the short SBA protocol induced changes in Th.Th (-16% vs. CT)
(Figure 7B) to a similar extent as the 10-week 18% weight loss
protocol (Figure 2B). The 4-week SBA protocol also had no effect
onBV/TV, Th.N and Th.Sp (Figures 8A, B, D), similar to SBA 18%
group in 10-week protocol (Figure 2). However, in contrast with
10-week protocol, short duration of SBA had no effect on Cort.Th
(Figure 8E). Additionally, bone marrow adiposity was not affected
by the 4-week SBA protocol (Figure 8F). Thus, the 4-week protocol
was not enough to induce changes in cortical bone
microarchitecture, unlike the 10-week protocol.

Reduced Length of SBA Protocol

Did Not Result in Alterations of

BMSC Differentiation Capacity or

Changes in Sirtl Expression

After BMSCs were extracted from bone marrow and co-
differentiation was induced, the cells were studied under a light
microscope. Images showed that the first appearance of lipid
droplets took place on the 7" day of co-differentiation in both
the CT and SBA 18% groups (Figure 9A). Additionally, after 10
days of differentiation, there was no difference observed in the
accumulation of adipocytes in SBA 18% vs. CT (Figure 9A).
Therefore, the 4-week SBA protocol did not induce a shift of
BMSCs towards adipocyte differentiation, as suggested by the
results of the 10-week experiments. Similarly, it did not induce
changes in lipid accumulation capacities. Raman spectroscopy
showed no difference in lipid unsaturation levels between the
control and SBA 18% groups (Supplementary Figure 2). Similar
to the 10-week SBA study, we analyzed the relative mRNA levels
of adipogenic/osteoblastogenic genes in extracted BMSCs. The

results of the early adipogenic marker gene (Pparg2) showed that
after 48 hours of proliferation in standard growth media, BMSCs
extracted from SBA 18% mice had significantly increased
expression levels (+350% vs. CT) (Figure 9B). However, this
upregulation of Pparg2 expression was not long term and after 14
days of co-differentiation, there was no significant difference
observed between the two conditions (Figure 9C). The analysis
of late adipogenic marker genes (Lep, Adipoq, Plinl)
demonstrated no change in the SBA 18% group compared to
the CT group after 14 days of co-differentiation (Figures 9D—F).
The next step was to determine the expression level of osteoblastic
marker genes in the CT and SBA 18% groups. The early
osteoblastogenic marker (Runx2) was not affected by 4 weeks of
CRafter 48 hours of incubation in proliferation media or after 14 days
of exposure to co-differentiation media (Figures 10A, B). Moreover,
other osteablastogenic marker genes (Collal, Sp7 and Bglap) were
also not altered by the short-term SBA protocol (Figures 10C—E).
The results of this study suggest that the 4-week protocol does not
induce alterations in BMSC differentiation capacity.

To confirm the association between Sirtl expression and
BMSC lineage commitment, we examined relative mRNA
levels in the 4-week SBA 18% group vs. the CT group. The
findings showed that the expression of Sirtl was not affected by
the short SBA protocol, further suggesting its involvement in
BMSC fate decisions (Figure 11).

DISCUSSION

Ten Weeks of 18% and 24% Body
Weight Loss Induce an Alteration of
Bone Mineral Content Without Increase in

Bone Marrow Adiposity
We recently demonstrated that a long-term energy deficit
characterized by a moderate weight loss (18%) in mice is
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FIGURE 7 | Body mass, BMC, fat and lean mass in mice after 4 weeks of SBA protocol. The body weight and composition analysis were performed on standard
condition (CT) and weight loss group (SBA 18%). (A) Graph represents a percentage body weight loss on mice between day 0 and 4 weeks of SBA protocol;

(B, C) Fat mass content presented in grams and % of total mass, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol; (D, E)
Lean mass content presented in grams and % of total mass, respectively was evaluated for each mouse and condition after 4 weeks of SBA protocol; (F-H) Study
of total mouse body mineral content (BMC), femur BMC and vertebra (L3-L5) BMC, respectively, evaluated for each animal and each condition after 4 weeks of SBA

protocol. Data represent median and interquartile range; n = 5. Statistical analysis was performed using Mann-Whitney’s test; a - p < 0.05, aa - p < 0.005, when

associated with bone loss and an increase in BMA (26). In this
study, we sought to determine the impact of a different degree of
severity on bone architecture, BMA, and then to identify the
potential molecular mechanisms involved in BMA regulation in
this context. The mice were exposed for 10 weeks to a separation-
induced increase in energy expenditure and a time-restricted
feeding that prevented compensatory feeding and resulted in
significant weight loss (SBA) (27). Results of mice body
parameters showed similar fat mass decrease in all SBA groups
compared to the control group. The 12%, 18%, and 24% groups
displayed a decrease in BMC at least in femur. These results
suggest that a significant weight loss over a long period of time

(10 weeks) is required to induce changes in mineralized bone
(Figure 1). Moreover, these bone changes are not directly related
to fat mass because they are not shown in the 0% group. This was
already shown in adult male mice by Mitchell et al. (33). They
demonstrated that different levels of CR 10%, 20%, 30%, and 40%
in male mice induced body weight losses of around 0%, 11%,
22%, and 28%, respectively after 12 weeks (33). These weight
changes were associated to fat mass decrease of approximately
12% for 10% CR and 30 to 35% for the other groups. In this
study, no significant changes in BMC, trabecular bone
microarchitecture, and cortical bone were detected.
Unfortunately, BMA was not determined. The conflicting
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results on bone in the present study and that of Mitchell could be
due to sex, age, and protocol differences. Furthermore, Mitchell’s
study also showed the lack of relationship between fat mass
decrease and bone in energy deficit experiment.

Previously, we showed that the SBA protocol of 18% weight
loss results in an increase in BMA (26). Interestingly, in the
current study, BMA appeared to be altered only in one weight
loss condition. BMA displayed a decrease (not significant) in
SBA mice with a light weight loss (12%) (Figure 2F). Firstly, the
apparent discrepancy between the two studies could be explained
by the fact that we observed a high heterogeneity in BMA among
mice of the same group. Secondly, in the first study, BMA was
assessed using histological (2D) approaches with slices focused
on a specific area of the proximal tibia and with a specific
orientation, while this study used 3D assessment on a larger
volume including the area analyzed in the previous study. So, the
increase observed in a specific area and the lack of significant
changes observed on the large volume suggest that very localized
changes could occur in the density of adipocytes in the marrow.
Various studies demonstrated an increase in BMA associated
with bone alteration in anorexic patients (9, 10, 13). In rodent,
models of food or calorie restriction demonstrated that 9 weeks
of a 30% restriction on food in 3-week-old male mice induced
low BV/TV (-11%), Cort.Th (-27%), and body weight (-40%),
which were accompanied with high BMA (700%) compared to
CT mice (34). Also, it has been shown that 6 weeks of a 30%
calorie-restricted diet in 9-week-old female mice induced an
increase in tibia BMA (700%) compared to that in the ad libitum
group (35). Interestingly, in these two studies, the high increase
in BMA was associated with a body weight increase of 80% vs.
day 0 (34) or a final body weight similar to that of day 0 of the
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FIGURE 8 | The results of micro-CT analysis of tibia, showing different bone parameters after exposure to 4 weeks of SBA protocol. (A) Bone volume fraction
(BV/TV) was expressed as a percentage on mineralized tissue in each condition after 4 weeks; (B-E) Trabecular thickness (Tb.Th), trabecular number (Tb.N)
and trabecular spacing (Tb.Sp), and cortical thickness (Cort.Th), respectively, were evaluated for each animal and each condition after 4 weeks of SBA
protocol (expressed in millimetres); (F) Bone marrow adiposity (BMA) was calculated as a percentage of BMAT in marrow volume. Data represent median and
interquartile range; n = 5. Statistical analysis was performed using Mann-Whitney’s test. In C, aa - p < 0.005 when compared to CT group.

experiment (35). The difference in our BMA results compared to
these two studies (34, 35) may be explained by the fact that we
used young adult female mice, while the first one investigated
growing male mice (34) and by the difference in body weight loss
relative to that on day 0 (33, 34). In addition, it is reported that an
extensive CR in rabbits can cause a loss of BMAT (34). A similar
finding has been observed with severe anorexic patients (36).
Thus, the sex of animals and level of body weight loss may
strongly affect BMA. In contrast, a calorie restriction protocol
(low carbohydrate feeding) for 12 weeks on 6-month-old
Sprague—Dawley female rats, demonstrated that restricted rats
displayed body weight loss (20% vs. day 0 and 25% vs. CT rats), a
low volumetric BMD at the proximal tibia (-14%) and only a
two-fold increase in BMA measured at the distal femur (37).
More recently, male Sprague—Dawley rats (8 months old)
exposed to 40% calorie restriction during 12 months, displayed
40% body weight loss vs. CT rats, which resulted in a decrease in
the bone mineral index (30% vs. CT rats) and an increase in
BMA at the proximal tibia (20% vs. CT rats) (38). Conversely, 10
weeks of CR in 14-week-old male mice led to a body weight loss
of 30% (relative to CT mice) and a total disappearance of bone
marrow adipocytes in the distal femur (34). Altogether, these
data suggest that restriction-induced changes in BMA and bone
quality may be modulated by severity of protocol, body weight
loss, age, sex, and duration of restriction.

Ten Weeks of 18% and 24% Body Weight
Loss Induce an Imbalance Between
Osteoblastogenesis and Adipogenesis

Due to the fact that, in the current study, bone alterations were
not associated to a high BMA, we hypothesised that the

Frontiers in Endocrinology | www.frontiersin.org

11

June 2022 | Volume 13 | Article 880503


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Avilkina et al.

Underfeeding Affects Bone via Sirtl

A
Control SBA 18%
First
Appearance
of Lipid
Droplets
Day 10
B =
Pparg2 Expresstion at 48h Pparg2 Expression at Day 14
a 20
g * s .
j 40 3 1.5 -
o o
Z 0 &
5 = 10 hd
& 20 & [ ‘
% 10 % 05 .
E, E o i .
& & [ K2
& &
D < E F . i
Lep Expression at Day 14 Adipoq Expression at Day 14 Plin1 Expression at Day 14
25 3 3
] 3 K]
2 . ; 2 g 2 .
s s s
o e e e = =
; 0.5 g .I.I_ _.I__ §
['4 . ['4 o .
E oo £ . - E_
d\ \6\. (l’\ ,§\° 6\ \c\o
& & s
FIGURE 9 | Study of adipocyte first appearance, size and adipogenic gene expression in BMSCs. (A) Light microscopic images of cells from each condition
were taken at different time points of co-differentiation showing the first appearance of lipid droplets (day 7) and adipocytes at Day 10; (B, C) Relative mRNA
expression level of early adipogenic marker gene (Pparg2) in CT and SBA (18%) groups, cells were cultured for 48 hours in standard growth media and for 14 days
were exposed to co-differentiation media, respectively; (D-F) Relative mRNA expression level of other adipogenic marker genes (leptin, adiponectin, and perilipin,
respectively) in CT and SBA groups (18%) after exposure to co-differentiation media for 14 days. Data represents median and interquartile range; n = 5. Statistical
analysis was performed using Mann-Whitney’s test. In (B), a - p < 0.05 when compared to CT group. Peroxisome proliferator-activated receptor gamma 2 (Pparg2),
leptin (Lep), adiponectin (Adipoq), perilipin (Plint).

commitment of BMSCs towards the adipogenic pathway could
impact bone mass even if adipocytes are not able to reach a
mature state. Therefore, it was important to study BMSC
differentiation to obtain a more precise understanding of the cell
commitment towards the adipogenic or osteoblastogenic pathway.
Given that osteoblasts and adipocytes are derived from a
common mesenchymal progenitor, skeletal stem cells (39, 40),
we tested the hypothesis that the degree of severity of body weight
loss could impact the differentiation capacity of BMSCs extracted
from SBA mice. After just 48 hours of adhesion in a standard
proliferative medium, the unstimulated BMSCs from SBA mice
with body weight loss (12%, 18%, and 24%) exhibited high levels
of Pparg2 mRNA even if not significantly for the 18% group
(Figure 4A). This finding suggests that extracted BMSCs display
commitment to the adipocytic lineage. As shown in Figures 3 and
4, SBA weight loss protocols enhance BMSC adipogenesis in vitro,
especially for SBA 18% and 24% groups. The mRNA level of
adiponectin was dramatically decreased in SBA mice with light

weight loss (12%) and this finding could be associated with a
significant decrease in BMA under the same weight loss
conditions. Significant loss of mature adipocytes in vivo could
potentially affect the level of adiponectin production and Adipoq
MRNA levels (41). Raman spectroscopy analysis (Supplementary
Figure 1) further revealed that SBA protocol results in a decrease
of unsaturated lipids ratio in BMSC-derived adipocytes. This
suggests that energy deficit induces a long-lasting alteration of
lipid quality regardless the level of body weight loss. Our analysis
of osteoblastogenesis in BMSCs (Figure 5) suggests that only 18%
and 24% weight loss groups induce significant and long-lasting
changes in osteoblastogenesis in vitro.

Findings above led us to conclude that there potentially exists
a preferential commitment of BMSCs extracted from SBA mice
to the adipogenic pathway. Results show that adipogenesis and
osteoblastogenesis seem to be affected by the severity of energy
deficit and that at least an 18% weight loss is required to observe
these alterations.
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FIGURE 10 | 4-week SBA protocol did not induce changes in osteoblastogenesis. (A, B) Relative mRNA expression level of early osteoblastogenic marker gene
(RUNX2) in CT and SBA groups (18%), respectively, cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation
media, respectively; (C-E) Relative mRNA expression level of other osteoblastogenic marker genes (osterix, collagen1, and osteocalcin, respectively) in CT and SBA
(18%) groups after exposure to co-differentiation media for 14 days. Data represent median and interquartile range; n = 5. Statistical analysis was performed using

Mann-Whitney’s test. Runt-related transcription factor 2 (Runx2), osterix (Sp7), collagenial (Col1at), osteocalcin (Bglap).
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FIGURE 11 | 4-week SBA protocol induced no change in Sirt 1 expression. (A, B) Relative mRNA expression level of sirtuin type 1 (Sirt1) in CT and SBA groups
(18%), cells were cultured for 48 hours in standard growth media and for 14 days were exposed to co-differentiation media, respectively. Data represent median and
interquartile range; n = 5. Statistical analysis was performed using Mann-Whitney’s test.

Sirtl Is Sustainably Altered in BMSCs

From 18% and 24% Groups at 10 Weeks

To determine the potential molecular mechanism involved in the
regulation of BMSC differentiation in SBA mice, the relative mRNA
level of Sirtl was measured. Indeed, we recently demonstrated that
18% weight loss in mice is associated with the downregulation of the
expression and activity of Sirtl and further, possibly leads to an
increase inadipogenesisatthe expense ofosteoblastogenesis (26). In
the current study, we hypothesised that Sirt1 could be altered by the
degree of severity of energy deficit, leading to an imbalance between
osteoblastogenesis and adipogenesis. It is important to note that
Sirtl is widely known for its pro-osteoblastic and anti-adipogenic
effects (18—23). Indeed, in vivo activation of Sirtl restores bone
mass, structure, and biomechanical properties in ovariectomised

female mice (42) and it protects against age-associated bone loss in
male mice (43). In vitro studies demonstratedthatactivation of Sirtl
promotes osteoblastogenic differentiation at the expense of
adipogenesis (18-21). Interestingly, our results demonstrated that
BMSCs from SBA mice with moderate and severe weight loss (18%
and 24%) presented a substantial low Sirtl mMRNA level after 48
hours of culture and after 14 days of co-differentiation (Figure 6).
These findings suggest that the decrease in Sirtl expression could be
responsible for the observed increase in adipogenesis at the expense
of osteoblastogenesis in these two groups.

Other studies have shown that CR can stimulate the expression
and activity of Sirtl in various mammalian tissues, such as the liver
or white adipose tissue (24, 25). It was also shown that CR decreases
the mMRNA level of Sirtl in the cerebellum and midbrain (44),
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suggesting tissue-dependent regulation of the expression. More
recently, in contrast to our study, it was demonstrated that 12
months of 40% calorie restriction of male Sprague—Dawley rats (8
months old) induced an upregulation in protein expression of Sirtl
in bone marrow fat compared to that in ad libitum animals (38).
This discrepancy between our results and others from Cohen et al.
(24) and (38) could be explained by changes in calorie or food
restriction protocols, mouse strain or species, age, and sex. Indeed,
twelve-month-old male rats were used in Cohen et al. studies and
calorie restriction involved a daily food allotment of 60% of that
eaten by the ad libitum animals immediately after weaning (24). In
our study, eight-week-old female C57BL/6J mice were submitted to
the 10-week SBA protocol. Furthermore, the weight loss of mice in
each protocol of calorie restriction could also explain this
discrepancy. Indeed, contrary to our protocol, which induces
12%, 18%, and 24% weight loss in mice, there is no information
on weight loss in the study by Cohen et al. (24) and there was a 40%
lower weight (vs CT) in the study by Duque et al. (38). Thus, the loss
of Sirtl seems to be closely associated to bone and BMSCs
alterations and could explain the strong and long-lasting
commitment of BMSCs towards the adipogenic pathway in
SBA mice.

In our study, 18% is considered moderate weight loss, which is
associated with a decrease in all parameters of body composition
(low fat mass, tendency to low lean mass, low total body BMC, low
femur and lumbar spine BMC) and cortical bone thickness.
Furthermore, only in this weight loss category we found an
upregulation of most of the adipocyte markers analyzed (Pparg2,
Lep, and Glut4) and a downregulation of most of the osteoblast
markers analyzed (Runx2, Sp7, and Bglap). In addition, this weight
loss group displayed a strong decrease in Sirtl mRNA level.
Considering these results, the rest of the study was dedicated to
focusing on SBA 18% and investigating the effect of a short duration
of SBA protocol (4 weeks) on body composition, bone architecture,
BMA, BMSC differentiation and Sirtl expression.

A Short Duration of Moderate Weight Loss
Did Not Affect Bone Architecture, BMA,
BMSC Differentiation or Sirtl Expression
Four weeks of the SBA protocol induced only a decrease in fat mass
(Figure 7B) and Th.Th (Figure 8B) without affecting the other
parameters of bone architecture and BMA (Figure 8). Selective
change in Th.Th does not seem to be associated with an overall bone
alteration. Moreover, this short duration did not impact BMSC
differentiation towards adipogenic lineage or osteoblastogenic
lineage nor did it affect the unsaturation ratio of lipid droplets
(Figures 9—11, Supplementary Figure 2). Interestingly, this lack of
effects on bone and BMSCs differentiation is associated with a lack
of effects on Sirtl mRNA level. This strengthens the hypothesis of a
direct involvement of Sirt1 alteration on BMSCs fate decision and
bone. Altogether, these results suggest that in addition to the degree
of severity, the duration of energy deficit could play an important
role in regulating bone architecture, BMA, and BMSC
differentiation, which requires long-term protocols to be altered.
This line of inquiry will be required in the future to determine when
the first alterations in bone, BMA, and Sirtl expression can occur in
our SBA model.

CONCLUSION

The present study demonstrated, for the first time, the impact of
severity and length of energy deficit on bone and BMSCs
differentiation capacity. The data from two groups (moderate
and severe weight loss) support the hypothesis that there is a link
between decrease in Sirtl mRNA levels and alterations in bone
and BMSCs differentiation capacity. A comparison of the 10-
week SBA protocol to the 4-week SBA protocol strengthen this
hypothesis. Finally, bone alterations appear to be totally
disconnected from BMA changes in this model, probably
because the increase in the number of BM pre-adipocytes,
which takes place at the expense of osteoblastogenesis and does
not result in an increase in mature adipocytes.

In vivo changes in BMSCs engagement in the adipogenic
pathway remain to be specified using FACS analysis.
Furthermore, the molecular mechanisms responsible for Sirtl
long lasting downregulation will be explored through the RNA
sequencing approach.
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4. Transcriptomic analysis of BMSCs extracted from 10-Week and 4-Week SBA
Protocols (Cohort 1) by RNA Sequencing

Differentially expressed genes in 10-week SBA study (cohort 1)

In order to understand the transcriptomic differences between BMSCs extracted from SBA
18% weight loss and CT mice in two different protocols (10-week and 4-week cohort 1), RNA-
seq analysis was conducted in undifferentiated BMSCs. Cells were extracted from SBA 18%
and CT mice BM, and plated for 48h. This was done to separate haematopoietic cells from a
heterogeneous population of BMSCs. Despite cell plating, we considered that adherent cells
after 48 hours represent cell population within BM on mice. The experiment and analysis of
data were performed with help of the Phillipe Froguel team (Amélie Bonnefond, Mehdi
Derhourhi and Mickaél Canouil) from European Genomic Institute for Diabetes (EGID,
Université de Lille). The current section focuses on preliminary analysis of RNA-seq data,
describing basic findings of differentially expressed genes and pathways (based on lowest p-
value) between SBA 18% and CT conditions, in the context of 10-week or 4-week SBA

protocols.

131



Volcano Plot
Model: group

10-144

Fold-Change (log,)
[ soee1)

10-108

P-value

1 x 1072

1 x 10-36

4 0 4 8
Fold-Change (log,)

P-value < 0.05: and 11,674.
FDR < 0.05: and 10,751.

Figure 38. Volcano Plot of top altered genes in 10-week study. Summary of most
upregulated and downregulated genes in 10-week SBA study, where negative log2 is downregulated
genes in SBA 18% condition and positive log2 values are upregulated genes in SBA 18% group.

To investigate the difference between CT and SBA 18% mice, we firstly focused on studying
differentially expressed genes. Overall, 10 751 genes were identified to be statistically
significantly altered in 10-week SBA 18% group. This analysis was conducted based on
transcriptome wide association study (TWAS) data in order to establish differentially expressed
genes between two conditions (SBA 18% vs. CT). After removing duplicated and non-
identified genes, we quantified that in the SBA 18% weight loss mice, extracted BMSCs
contained 3 664 genes, which were found to be significantly upregulated and 4 451 genes were

significantly downregulated.

In a first approach, to better understand changes that take place in cells from SBA 18% weight
loss mice comparing to CT, the most significantly upregulated and downregulated genes were
identified, based on p-value (Fig. 38). This approach was taken as low p-value represents in

our heterogeneous cell population, highlighted genes having a high probability to consistently
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changes within the population and between our replicates (n=6). Genes with lowest p-value
changes are briefly described in table 8, with their main associated functions. This preliminary
analysis showed that lowest p-value among statistically downregulated genes (vs. CT) was
found to be in membrane-associated class I myosin (Myolg), which is known to regulate
immune response through induction of T-cell migration and phagocytosis (Table 8) (871,872).
But the fold change for this gene is very modest, like for the most significantly upregulated
gene. Indeed, catalase (Cat) was found to exhibit lowest p-value among upregulated genes in
SBA 18% condition, and it is involved in protection against oxidative stress (873). It was also
discovered to have a positive effect on haematopoiesis, including granulocyte production
(Table 8) (874). Actin alpha 2 (Acta2) gene, also exhibited one of the lowest p-value, which
was combined with comparatively high fold change value (logz = 4.5), suggesting that the level
of Acta2 mRNA production is highly increased in SBA 18% group comparing to CT (Fig. 38).
Acta2 encodes smooth muscle a-2 actin (SM «a-2 actin) protein that is important for cell
movement, found predominantly in smooth muscle cell lining of the internal organs (intestine,
stomach, blood vessels) (Table 7) (875). SM «-2 actin positive cells were shown to be present
in BM as well, they have monocyte/macrophage lineage origin and are involved in vascular
remodelling (876). Strong increase in Acta2 expression in SBA 18% derived from BMSCs
could be potentially associated with upregulation of cellular function connected with actin
filaments and cell mobility. As it can be observed, some of the highlighted genes do not exhibit
a large fold change (positive or negative), meaning that change in their expression rate might
be not biologically significant, therefore deeper analysis of the data would be required in order
to highlight genes with the largest fold change in combination with low p-value, to study genes
that are biologically altered in extracted BMSCs and play valuable role in SBA induced

alterations.
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Gene |

Full Name

Function

Immune s

stem

Membrane-associated

Unconventional myosin required during immune response for

M 01 - - _ . . _
yolg Class | Myosin de_tectl_on of rare antigen-presenting cells by regulating T-cell
migration.

Fcgrt The encoded protein transfers immunoglobulin G antibodies
Fc Gamma Receptor . ! .
and Transporter from mother to foetus across the placenta. This protein also binds

P immunoglobulin G to protect the antibody from degradation.

Slo40al | Solute Carrier Family Major iron transporter that plays a key role in balancing cellular

40 Member 1

and systemic iron levels. Known to be expressed in monocytes
and marcophages.

Glucose/lipid metabolism

Sorbs1

Sorbin and SH3
Domain Containing

Gene encodes a CBL-associated protein which functions in the
signalling and stimulation of insulin. Required for insulin-
stimulated glucose transport.

Nrldl

Nuclear Receptor
Subfamily 1 Group D
Member 1

Transcriptional repressor which coordinates circadian rhythm
and metabolic pathways in a heme-dependent manner. Regulates
lipid metabolism by repressing the expression of apolipoprotein
C3 (APOC3) and by influencing the activity of SREBPs.
Moreover, represses insulin induced gene 2 (INSIG2) which
interferes with the proteolytic activation of SREBPs which in
turn govern the rhythmic expression of enzymes with key
functions in sterol and fatty acid synthesis.

Cd5l

CD5 Molecule Like

Acts as a key regulator of lipid synthesis: mainly expressed by
macrophages in lymphoid and inflamed tissues and regulates
mechanisms in inflammatory responses, such as infection or
atherosclerosis.

Oxidative-stress-response

Cat

Catalase

An antioxidant enzyme in the bodies defence against oxidative
stress. It converts the reactive oxygen species hydrogen peroxide
to water and oxygen and thereby mitigates the toxic effects of
hydrogen peroxide.

Cell mobility and structure

Acta2

Highly conserved protein that is involved in cell mobility,

Actin Alpha 2 structure, integrity, and intercellular signalling.
Erythrocyte Predicted to enable cytoskeletal protein-membrane anchor
Epb4113 | Membrane Protein activity and a structural constituent of cytoskeleton.

Band 4.1 Like 3

Cell proliferation

Gasb

Growth Arrest
Specific 6

Encoded protein thought to be involved in the stimulation of cell
proliferation.

Table 7. Summary of gene function (10-week). Table summarises a name and function of genes, which
were identified by RNA sequencing as top upregulated (green) and downregulated (red) genes in 10-week
SBA 18% condition. Information is taken from genecards.org.t
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To see wider picture of events taking place after SBA protocol induction, obtained gene
expression data was used to conduct ORA using gene ontology (GO) Biological Processes
database to identify the top affected pathways in SBA 18% group (vs CT). This analysis
combines upregulated/downregulated genes according to previously described database of
pathways (GO Biological Processes), then it quantifies the proportion of upregulated and
downregulated genes present in a particular pathway. If the number of upregulated genes is
greater, it draws the conclusion that this pathway is also upregulated. When there is a balance
between upregulated and downregulated genes from one given pathway, this pathway is
counted in up- and in downregulated pathways at the same time. Results on the analysis showed
that in BMSCs from 10-week protocol, significantly upregulated genes were allocated to 963
pathways. In the diagram, we presented the top 25 pathways that contain the highest number
of genes, and these genes exhibit low p-value (Fig. 39A). Most of the displayed upregulated
pathways are involved in cell differentiation and morphogenesis (vs. CT) (Fig. 39A). In
particular, activation of actin filament processes, axonogenesis and regulation of cellular
component movement were increased, suggesting that cells within this population are

undergoing reorganisation and restructuration (Fig. 39A).
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Figure 39. Most upregulated and downregulated pathways in 10-week SBA 18%
condition. A-B. Using over-representation test, top 25 significantly upregulated and
downregulated (respectively) pathways in BMSCs extracted from SBA18% (vs CT) based on Gene
Ontology Biological Processes database.

Meanwhile, significantly downregulated genes in BMSCs extracted from SBA 18% weight
loss mice, were identified to be present among 82 pathways. Top significantly downregulated
pathways in 10-week SBA protocol were found to be associated with haematopoiesis and
immune response (Fig. 39B). More specifically, we found that in SBA 18% condition BMSCs
exhibit a downregulation in pathways associated with lymphocyte activation, cytokine
production, immune cell proliferation and innate immune response (Fig. 39B). This potentially
indicates that our heterogeneous population of extracted BMSCs contains a significant

population of haematopoietic cells.
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Differentially expressed genes in 4-week SBA study (cohort 1)

The next step was to explore results of RNA-seq in BMSCs extracted from 4-week SBA 18%
weight loss mice and compare them to cells extracted from CT mice. Similar to previous
section, we firstly focused on studying differentially expressed genes and found that 1 816
genes were statistically significantly altered in 4-week SBA 18% group. In the SBA 18%
weight loss mice, extracted BMSCs, 889 genes were found to be significantly upregulated and

927 genes were significantly downregulated.

Identically to 10-week data analysis, in 4-week samples we explored changes associated with
the lowest p-values. (Fig. 40). Genes with lowest p-value changes are briefly described in table
9, with their main associated functions. Neurexin 1 (Nrxnl) exhibited lowest p-value among
significantly downregulated genes (vs. CT), it is characterised to play the major role in the
neural system (877). It appears to be regulating synapse formation, which shows itself through
participation in calcium signalling, synaptogenesis, and heterogeneous cell-to-cell adhesion—
all of which are mediated by a variety of ligands (877). Interestingly, in BM, Nrxnl was found
to suppress proliferation of haematopoietic progenitors (878). Kinzfogl et al. has shown that in
vivo injection of recombinant NXPH1 caused myelo- and lymphosuppression in the BM (878)
(Table 8). Therefore, it can be hypothesised that strong suppression of Nrxnl in BMSCs can
give a positive effect on haematopoiesis.
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Figure 40. Volcano Plot of top altered genes in 4-week study. Summary of most upregulated
and downregulated genes in 4-week SBA study, where negative log2 is downregulated genes in SBA
18% condition and positive log2 values are upregulated genes in SBA 18%.

Moreover, RNA-seq data showed that one of the highest negative logz and low p-value were
in RIKEN cDNA 1810059H22 (1810059H22Rik) gene, suggesting that its level in highly
decreased in SBA 18% group comparing to CT (Fig. 40). Currently, not much information is
known about this gene, only that it is an orthologous to human C9orf40 (chromosome 9 open
reading frame 40) (Table 8 Additionally, RNA-seq data exposed that highest positive logz and
low p-value were in acetyl-CoA thioesterase 1 (Acotl) gene, indicating that its level in highly
increased in SBA 18% group comparing to CT (Fig. 40). This gene codes for a protein that is
involved in metabolism of long-chain FA (879) (Table 8). ACOT1 was fond to regulate lipid
metabolism in type 2 diabetes (880). Moreover, ACOT1 has been shown to play a central role
in regulating hepatic fatty acid oxidation, oxidative stress, and inflammation during fasting
(881).
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Gene Full Name Function
Nervous system
Gene encodes a single-pass type I membrane protein that
belongs to the neurexin family, which are cell-surface
Nrxnl Neurexin 1 receptors that bind neuroligins to form Ca?*-dependent
neurexin/neuroligin complexes at synapses in the central
nervous system.
Acts in different tissues through interaction to nicotinic
Lynx1 Ly6/Neurotoxin 1 acetylcholine receptors (nAChRs). Modulates functional

properties of nicotinic acetylcholine receptors (NAChRs) to
prevent excessive excitation, and hence neurodegeneration

Immune system

Histocompatibility

This locus controls a lymph node and splenic lymphocyte
antigen detection. Orthologue of human HLA-A (major
histocompatibility complex, class I, A) - playing a central role

H2- i
Qe 2, Q Region in the immune system by presenting peptides derived from the
Locus 6 . . )
endoplasmic reticulum lumen that can be recognized by
cytotoxic T cells.
Histocompatibility | Predicted to be part of MHC class | protein complex and MHC
H2-Q7 2, Q Region class Ib protein complex. Orthologous to human HLA-E,F,G
Locus 7 (major histocompatibility complex, class I, E, F, G).
Fcnb Ficolin B Is ahomologue of human ficolin-1, that plays an important role
In Innate Immunity
Not defined
Sertad4 SERTA Domain | Ortholog of human SERTADA4, interacts with bisphenol A and

Containing 4 cisplatin.
1810059H22 Rik | RIKEN cDNA Orthologous to human C9orf40 (chromosome 9 open reading
1810059H22 gene | frame 40).

DNA repais and apoptosis

This protein binds and hydrolyses ATP, may function as a 5'-

N4bp2 NEDD4 Binding | polynucleotide kinase, and has the capacity to be a
Protein 2 ubiquitylation substrate. This protein may play a role in
transcription-coupled DNA repair or genetic recombination.
BCL2 family members form hetero- or homodimers and act as
o anti- or pro-apoptotic regulators that are involved in a wide
Bmf E’le Modifying variety of cellular activities. This protein contains a single
actor BCL2 homology domain 3 (BH3), and has been shown to bind
BCL2 proteins and function as an apoptotic activator.
FA oxidation
— Acetyl-CoA This gene is involved in acyl-CoA metabolic process; long-

Thioesterase 1

chain fatty acid metabolic process; and very long-chain fatty
acid metabolic process.

Table 8. Summary of gene function (4-week). Table summarises a name and function of genes, which
were identified by RNA sequencing as top upregulated (green) and downregulated (red) genes in 4-week SBA
18% condition. Information is taken from genecards.org and informatics.jax.org.
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Next, we focused on identifying the wider picture of events taking place after short term SBA
protocol induction. Similar to 10-week data analysis, obtained data in 4-week study was used
to conduct ORA using gene ontology (GO) Biological Processes database to identify the top
affected pathways in SBA 18% group (vs CT). Result of the analysis indicated that significantly
upregulated genes were related to 419 pathways. The top 25 of upregulated pathways were
found to be related to mitotic cellular division and also in cytokine production (Fig. 41A).
Similarly, to 10-week finding, RNA-seq data showed that in SBA 18% condition exposure for
4 weeks, results in downregulation of the immune response and immune cell activation in
extracted BMSCs (Fig. 41B). Leukocyte and lymphocyte activation, adaptive immune

response were found to be significantly altered (Fig. 41B).
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Figure 41. Most upregulated and downregulated pathways in 4-week SBA 18%

condition. A-B. Using over-representation test, top 25 significantly upregulated and
downregulated (respectively) pathways in BMSCs extracted from SBA18% (vs CT) based on Gene
Ontology Biological Processes database.

To do a deeper analysis of affected pathways and their link with SBA protocols, we tried to
determine which alteration pathways are similarly affected after both durations and which are
more specific of the 4-week duration or the 10-week duration. When we compared upregulated
pathway of 10-week with 4-week, we concluded that the main difference between conditions
is that 10-week upregulated pathways are involved predominantly in the process of cell
differentiation and tissue morphogenesis. On the other hand, closer look on 4-week results
revealed that upregulated pathways are involved in the process of cell division and mitosis.
This suggests that BMSCs extracted from 10-week SBA mice exhibit the mesenchymal
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development and are undergoing the process of cell differentiation, whereas BMSCs from 4-
week SBA mice are just undergoing cell proliferation. After close comparison of
downregulated pathways, we found that some pathways are shared between 10-week and 4-
week groups, however, in 10-week group BMSCs exhibit decrease in myeloid cell

proliferation, but in 4-week group BMSCs display a decrease in lymphocyte activation.

Overall, the results of 4-week study resemble similarities with 10-week study, as in both
condition haematopoiesis related processes were significantly downregulated in cells from
weight loss condition. This result might indicate that in the process of BMSCs isolation, large
fraction of attached cells exhibits haematopoietic and myeloid lineage, indicating that
assessment of cell subpopulation withing BMSCs culture is required. The process of cells
plating also induced increase in cell adhesion in both 10-week and 4-week BMSCs. Adhesion
to the well, induced cell proliferation and potentially resulted in observed upregulation in

mitosis, organelle morphogenesis and chromosome segregation.

Expression of genes involved in adipogenesis and osteoblastogenesis in 10-week and 4-
week SBA studies (cohort 1)

In this thesis work, the main focus of interest is the switch in BMSC differentiation capacity,
induced by significant weight loss in mice. Therefore, the findings of RNA sequencing were
summarised in the form of Volcano plot, which represents downregulated/upregulated genes
involved in adipogenic and osteoblastogenic differentiations in 10-week study (Fig. 42A,B).
As it was expected, most of adipogenic marker genes in SBA 18% condition are found to have
elevated mRNA count (vs. CT) (Fig. 42A). Only Slc2a4 gene that codes for GLUT4 transporter
was found to be decrease, however the level of its mMRNA was found to be low (SBA18% -
TPM = 0,086). Additionally, in PART1 we described that the lack of BMA increase in 10-
week cohort 1 study could be due to the potential increase in adipocyte progenitors or MALPs,
without increase in mature adipocytes. Therefore, we looked at the expression level of Zfp423
gene mMRNA, as it was described to be a pre-adipocyte marker. We identified that this marker
is upregulated only in 10-week SBA 18% weight loss samples (308% vs. CT), indicating that
there is a potential increase in pre-adipocyte number, which remains to be confirmed with flow

cytometry analysis in a further study.
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Figure 42. Volcano Plot of 10-week study that tags common adipogenic and
osteoblastogenic marker genes. A. Summary of common adipogenic marker genes in 10-week
SBA study, where negative log2 is downregulated genes in SBA 18% condition and positive log2
values are upregulated genes; B. Summary of common osteoblastogenic marker genes in 10-week
SBA study, where negative log2 is downregulated genes in SBA 18% condition and positive log2
values are upregulated genes.
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Among osteoblastogenic markers, Runx2 and Crebl mRNA level were decreased in BMSCs
extracted from weight loss mice, suggesting the suppression of early osteoblastogenic markers
(Fig. 42B). To our surprise, early osteogenic marker, osterix (Sp7), was not found in the RNA
database. Despite this, available data confirms the decrease in Runx2 mRNA level already
revealed in these cells using q-PCR and in the same cells after co-differentiation (882). But at
the same time, it was surprising to discover that multiple osteoblastogenic markers are also
upregulated in same BMSCs extracted from 10-week SBA 18% weight loss mice (Fig. 42B).

After studying the expression level of adipogenic and osteoblastogenic genes in 4-week group,
results showed that a lot of genes were not detected, indicating that this genes were not present
in the dataset, in this group and some of the changes were not statistically significant (Fig.
43A,B). In SBA 18% group, Adipoq and Plinl were shown to be significantly increased,
together with slight upregulation of Lpl and Igfl (Fig. 43A). Osteoblastogenesis markers
exhibited very low mRNA count with no statistically significant changes (Fig. 43B). These
results complemented initial findings of this 4-week cohort, that 18% weight loss in mice, did

not alter differentiation capacity of BMSCs.
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Figure 43. Volcano Plot of 4-week study that tags common adipogenic and
osteoblastogenic marker genes. A. Summary of common adipogenic marker genes in 4-week
SBA study, where negative log2 is downregulated genes in SBA 18% condition and positive log2
values are upregulated genes; B. Summary of common osteoblastogenic marker genes in 4-week
SBA study, where negative log2 is downregulated genes in SBA 18% condition and positive log2
values are upregulated genes.
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5. Replication of Original Study — 10-Week and 4-Week SBA Protocols Cohort 2

Replication of 10-week 18% weight loss SBA protocol resulted in reduced fat mass and bone
mineral density, without affecting lean mass

In order to confirm and strengthen the finding of previous cohort, as well as, to test possible
cohort effect in this study, we replicated 10-week and 4-week SBA protocols. In the current
study, we focused on 18% weigh loss condition and increased mice cohort to 12 subjects per
condition. Result of mouse body weight, after repletion of 10-week SBA protocol, showed an
18.02% decrease in SBA group (vs DO) and 22.1% increase in the CT group (vs DO) (Fig.
44A). Furthermore, the 18% SBA group exhibit 35.3% lower body weight than CT at the last
day of SBA protocol (Fig. 44B). After mice sacrifice, study of mouse tissue weight showed
that there is a significant decrease in SCAT and VAT (-67% and -72% vs. CT, respectively),
without change in liver mass, similarly to SBA 18% group in previous cohort (cohort 1) (Fig.
44C). A significant reduction in uterus weight (-38% vs. CT) was also observed, suggesting
alteration of the reproductive functions (Fig. 44C). When we studied average cumulative food
consumption in SBA mice comparing to CT, we saw that there was no difference between the
two groups, indicating that CT and SBA mice had very different energy expenditure rate (Fig.
44D). Separation induced stress and thermogenesis, allowed to 18% weight loss in mice,
without change in food consumption rate (Fig. 44D). Characterisation of body parameters was
done at the whole-body level, using DEXA (PIXIMUS) revealed that 10-week energy
deficiency (SBA 18%) resulted in a 51% decrease in global fat mass (vs. CT) and had no effect
upon lean mass (vs. CT) (Fig.44E). Similar changes in lean and fat mass were observed in this
group from the previous cohort, with the exception that previously lean mass demonstrated a
tendency to decrease in this condition (Fig. 26F). Additionally, PIXIMUS analysis of the
skeleton confirmed previous findings from cohort 1, we observed significant decrease in total
BMC (-16% vs. CT) and in femur BMC (-26% vs. CT) (Fig. 44G-I). Only, 10-week duration
induced significant decrease in vertebra BMC (L3-L5) in cohort 1, however this time vertebrae
BMC was not affected by SBA protocol (Fig. 441).
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Figure 44. Body mass, BMC, fat and lean mass in mice after 10 weeks of SBA protocol.
The body weight and composition analysis were performed on standard condition (CT) and weight
loss group (SBA 18%). A. Graph represents a percentage body weight loss on mice between day 0
and 10 weeks of SBA protocol; B. Body weight timeline was presented for each of SBA condition,
with average mouse body weight for every 6 days of the protocol (starting at day 0 and ending at
day 68); C. After mice sacrifice, subcutaneous fat tissue (SCAT), visceral adipose tissue (VAT),
liver weight, as well as uterus weight was measured; D. Cumulative food intake was recorded, as
the sum of the mean food intake per mouse from day 1 to day 67; E-F. DEXA assessment of fat
mass and lean mass content respectively evaluated for each mouse and condition after 10 weeks of
SBA protocol (expressed in grams (g) and in % of total weight); G-1. DEXA assessment of total
mice body bone mineral content (BMC), femur BMC and vertebra (L5-L7) BMC respectively,
evaluated for each animal and each condition after 10 weeks of SBA protocol (expressed in grams).
Data represents mean and interquartile range; n=12. Statistical analysis was performed using Mann-
Whitney’s test; a - p<0.05, aa - p<0.005, aaa - p<0.0005.

10-week cohort 2 of SBA 18% weight loss results in significant changes in mice bone
parameters

Study of bone microarchitecture in control samples and SBA 18% samples, showed just a 5%
lowering in bone volume fraction (Bv/Tv) (vs. CT) and 19% reduction in Th.Th (vs. CT) in
weight loss condition (Fig. 45A, B). Interestingly, in previously described data (10-week cohort
1) these parameters were not altered in 18% SBA condition (Fig. 26A-B). Moreover,
replication of 10-week study showed a significantly low Cort.Th (-12% vs. CT) in 18% weight
loss group, which was subsequentially lower than 16% decrease in 10-week initial study
(cohort 1) (Fig. 45E). In current cohort (cohort 2), trabecular number (Th.N) and trabecular
spacing (Th.Sp) were not affected by 18% weight loss (Fig. 45C,D). Moreover, outer tibia
diameter, which includes periosteum, was found to be decreased in SBA 18% condition (-7%
vs. CT), and endosteum diameter was not changes (Fig. 45F,G). These results suggest that
decrease in bone formation could be responsible for alterations in Cort.Th. Overall, results
show that moderate weight loss in mice induced significant changes in bone parameters and

bone mineral density, without affecting lean mass.
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Figure 45. Micro-CT analysis of tibia, showing different bone parameters after 10
weeks of SBA protocol. A. Bone volume fraction (Bv/Tv) was expressed as a percentage of
mineralized tissue; B-E. Trabecular thickness (Th.Th.), trabecular number (Th.N.), trabecular
spacing (Th.Sp.) and cortical thickness (Cort.Th.), respectively, were evaluated for each animal and
each condition (expressed in millimetres); F-G. Average tibia diameter measured including inner
section at bone area (outer diameter) and diameter of inner section specifically, respectively. Data

represents mean and interquartile range; n=12, Cort.Th CT n=6. Statistical analysis was performed
using Mann-Whitney’s test; a - p<0.05, aa - p<0.005, aaa - p<0.0005.
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10-week cohort 2 weight loss condition, did not induce changes in of BMSC differentiation
capacity, nor in Sirtl expression in primary BMSCs

Next step of the study was to extract mice primary BMSC from CT and SBA 18% mice groups,
plate them for 48h adhesion and for 14 days of co-differentiation. Results of light microscopy
demonstrated an early appearance of lipid droplets in the SBA 18% condition (day 3),
comparing to cells extracted from CT mice (day 5), confirming previous observations (Fig.
46A). However, towards the day 10 of co-differentiation, CT cells acquired similar quantity of
adipocytes to SBA 18% group. In order to confirm similarities between CT and SBA 18%

groups, relative mRNA level of adipogenic and osteoblastogenic marker genes was analysed.
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Figure 46. Adipocyte first appearance, size and adipogenic gene expression in BMSCs
extracted from mice of 10-week protocol. A. Light microscope observation of cells from each
condition were taken on different points of differentiation showing first appearance of lipid droplets
(day 5 or day 3) and adipocytes at day 10 of co-differentiation induction; B-C. Relative mRNA
expression level of early adipogenic marker gene (Pparg2) in CT and SBA group (18%), which
were cultured for 48 hours in standard growth medium, as well as after 14 days of exposure to co-
differentiation medium, respectively; D-F. Relative mRNA expression level of late adipogenic
marker genes (leptin (Lep), adiponectin (Adipoq), perilipin (Plinl), respectively) in CT and SBA
group (18%) after exposure to co-differentiation medium during 14 days. Data represents mean and
interquartile range; n=8. Statistical analysis was performed using Mann-Whitney’s test.

Surprisingly, 10-week protocol of 18% weight loss in mice (cohort 1) exhibited drastically
different results to same condition in cohort 1. Replication of 10-week weight loss in mice did
not result in alteration of early adipogenic marker (Pparg2) after 48h of adhesion or after 14
days of co-differentiation in extracted BMSCs (Fig. 46B, C). Furthermore, other adipogenic
markers — leptin (Lep), adiponectin (Adipoq) and perilipin (Plinl), were also not affected by
moderate weight loss in mice (vs. CT) (Fig. 46D-F). These results confirm the light microscopy
observation, which suggest that in this cohort, 18% weight loss and CT groups have no

difference in the rate of adipogenesis.
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Figure 47. Osteoblastogenic gene expression in BMSCs extracted from mice of 10-week
protocol. A-B. Relative mRNA expression level of early osteoblastogenic marker gene (Runx2) in
CT and SBA group (18%), which were cultured for 48 hours in standard growth medium, as well as
after 14 days of exposure to co-differentiation medium, respectively; C-E. Relative mRNA
expression level of other osteoblastogenic marker gene (osterix (Sp7), collagenlal (Colllal) and
osteocalcin (Bglap), respectively) in CT and SBA group (18%) after exposure to co-differentiation
medium during 14 days. Data represents mean and interquartile range; n=8. Statistical analysis was
performed using Mann-Whitney’s test.
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Second step was to look at osteoblastogenic genes relative mRNA level. Early osteoblastogenic
marker Runx2 was not altered in 10-week SBA protocol, neither after 48 hours of cell adhesion
in proliferation medium, nor after 14 days of exposure to co-differentiation medium (vs. CT)
(Fig. 47A, B). Moreover, relative mMRNA level of other osteoblastogenic marker genes (Sp7,
Colllal and Bglap) were not suppressed in 18% weight loss group (Fig. 47C-E). Results of
this study suggest that in current cohort, 10-week protocol (cohort 2) does not induce alterations

in BMSC differentiation capacity, which contradicts with previous findings in cohort 1.

After studying the relative mRNA level of Sirtl in BMSCs extracted from CT and SBA 18%
mice, we observed that there was no difference between SBA 18% group and CT group, after
48h of adhesion or 14 days of co-differentiation (Fig. 48). Therefore, lack of changes in BMSC
differentiation capacity in SBA 18% group was accompanied by no change in Sirtl mRNA
level. This suggests that BMSCs differentiation is potentially dependent on Sirtl expression.
Results of this 10-week cohort suggest that changes in bone parameters do not have a

connection with BMSC differentiation capacity or Sirtl expression level.
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Figure 48. Sirtl expression in BMSCs extracted from mice of 10-week protocol. A-B.
Relative mRNA level of sirtuin type 1 (Sirtl) in CT and SBA groups (18%), which were cultured
for 48 hours in standard growth medium, as well as after 14 days of exposure to co-differentiation
medium, respectively. Data represents mean and interquartile range; n=8. Statistical analysis was
performed using Mann-Whitney’s test.
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Replication of 4-week SBA 18% study showed significant decrease not only in fat mass, but
also in BMC

Similar to 10-week cohort 2 study, the 4-week SBA 18% weight loss protocol was conducted
with increased number of mice (n=12). Results of the weight loss showed that SBA 18% group
lost 18.1% from initial weight and CT group gained 12.5% (vs DO) (Fig. 49A). At the last day
of 4-week protocol, mice from SBA 18% group had 26.3% lower weight than CT condition,
which is bigger difference between SBA 18% and CT than was observed in first cohort of 4-
week protocol (18.4% vs. CT) (Fig. 49B). The adipose tissue depots (SCAT and VAT) were
significantly decreased in weight loss group (-63% and -80% vs. CT, respectively) after 4-week
protocol (Figure 49C). In this cohort, decrease in adipose depots mass was significantly greater
comparing to findings of cohort 1. Consequently, it can be concluded that greater difference in
mice total weight between SBA 18% and CT can be associated with greater decrease in fat
depots. Likewise, long SBA protocol (cohort 2), short term nutrient deficiency (cohort 2)
induced a 63% reduction in uterus weight (Figure 49C). Furthermore, liver total weight was
increased by 20% in weight loss mice, then in CT mice (Fig. 49C). Interestingly, liver weight
was found to be altered in both cohorts of short-term SBA protocol (4-week), but 10-week
SBA 18% weight loss group (cohort 1 and 2) did not result in liver mass alterations. Average
food consumption in mice, exhibited an increase in SBA group comparing to CT, after 6 days
of the weight loss protocol (Fig. 49D). These observations resembled initial results of 4-week
cohort 1 study and also suggest an increase in energy expenditure in SBA mice, comparing to
CT.

Due to the significant decrease in mice weight (vs. DO) and in SCAT and VAT tissue weight,
SBA mice showed a significantly reduced fat mass (g and %) (-56% vs. CT) (Fig. 49E). In the
same time, no changes in lean mass (g) were observed (vs. CT) after weight loss induction (Fig.
49F). After examining BMC, it was evident that within the current cohort we observed a
decrease in total body BMC by 7% (vs. CT), as well as vertebrae BMC, also by 7% (vs. CT)
(Fig. 49G, I). These findings contradict with preliminary results published in journal of
Frontiers in Endocrinology, where 4-week protocol did not induce any changes in BMC of
mice (882).
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Figure 49. Body mass, BMC, fat and lean mass in mice after 4 weeks of SBA protocol.
The body weight and composition analysis were performed on standard condition (CT) and weight
loss group (SBA 18%). A. Graph represents a percentage body weight loss on mice between day 0
and 4 weeks of SBA protocol; B. Body weight of individual mice is recorded daily before eating
period, the 18.1% of weight loss (vs DQ) was achieved in SBA 18% group and 12.5% weight
increase (vs D0) was observed in CT group; C. After mice sacrifice, subcutaneous fat tissue (SCAT),
visceral adipose tissue (VAT), liver total and right lobe (RL) weight, as well as uterus weigh was
measured; D. Cumulative food intake was recorded, as the sum of the mean food intake per mouse
from day 1 to day 27; E-F. Fat mass and lean mass content rwas evaluated for each mice and
condition after 10 weeks of SBA protocol (expressed in grammes and in % of total weight),
respectively; G-I. Study of total mice body mineral content (BMC), femur BMC and vertebra (L5-
L7) BMC respectively, were evaluated for each animal and each condition after 4 weeks of SBA
protocol (expressed in grams); Data represents mean and interquartile range; n=12. Statistical
analysis was performed using Mann-Whitney’s test; a - p<0.05, aa - p<0.005, aaa - p<0.0005.

Sort-term nutrient deficiency (cohort 2) resulted in alterations of bone parameters

Initial findings of 4-week study have demonstrated that only Th.Th was altered by short them
nutrient deficiency (882). However, in current cohort it was observed that not only Th.Th is
reduced in SBA 18% weight loss group (-19% vs. CT), but also Bv/Tv was reduced by 29% in
SBA group vs. CT (Fig. 50A, B). Bone fragility parameter (Cort.Th) was also reduced by 5%
in nutrient deficiency mice (Fig. 50E). Additionally, an increase in Th.Sp (+6% vs. CT) was
induced by significant reduced number of trabeculae (Th.N) (-13% vs. CT) and Tb.Th (Fig.
50B-D). Similar to 10-week cohort 2 study, bone outer (periosteum) and inner (endosteum)
diameter were measured. Results exhibited a significant decrease in outer tibia diameter,
without changes in endosteum, emphasising the decrease in bone formation, which can
potentially contribute to the decrease in Cort.Th (Fig. 50G,H). Preliminary results of BMA,
demonstrated a tendency of 25% increase in SBA 18% mice (p=0.1775 vs. CT), indicating that
current 4-week cohort might have resulted not only in bone alterations but also in BMA (Fig.
50H). Moreover, we conducted histological analysis on the bone slides using perilipin in order
to study BM on single cell resolution and look for changes in BMAds morphology. We found
that an increase in BMA could be a result of increased BMAds number, as average diameter
and area of single adipocyte was found to have a tendency to be reduced (-14% and -27% vs.
CT, respectively p=0.1225) (Fig. 501-K). Overall, the results of 4-week study on body and bone
parameters showed a significant alteration in SBA 18% group, which are similar to 10-week
findings. Moreover, data from the current cohort contradict the initial finding of 4-week study
(882).
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Figure 50. Micro-CT analysis of tibia, showing different bone parameters after 4
weeks of SBA protocol. A. Bone volume fraction (Bv/Tv) was expressed as a percentage of
mineralized tissue; B-E. Trabecular thickness (Th.Th.), trabecular number (Th.N.), trabecular
spacing (Th.Sp.) and cortical thickness (Cort.Th.), respectively, were evaluated for each animal and
each condition (expressed in millimetres); F-G. Average tibia diameter measured including inner
section at bone area (outer diameter) and diameter of inner section specifically, respectively; H.
Number of adipocytes per marrow area (N.Ad/Ma.Ar) was determined by histological analysis of
tibias of CT and SBA mice; I-K. Average area of adipocytes, their average diameter and average
number in SBA 18% mice and CT mice, respectively. Data represents mean and interquartile range;
Data represents mean and interquartile range; n=12, BMA n=5-6; Statistical analysis was performed
using Mann-Whitney’s test; a - p<0.05, aa - p<0.005, aaa - p<0.0005.

In current 4-week study (cohort 2), BMSCs from SBA 18% condition did not exhibit changes
in adipogenesis, but increase in osteoblastogenesis was observed

In order to understand the connection between alterations in the bone and BMSC differentiation
capacity, the study proceeded on to in vitro experiment in extracted BMSCs. Induction of co-
differentiation protocol in extracted BMSCs indicated that there was no difference in first lipid
droplet appearance (day 3) between CT and SBA 18% groups (Fig. 51A). At day 10 of co-
differentiation, it was visually evident that CT condition had higher overall number of
adipocytes with greater size of lipid droplets (Fig. 51A), which was not seen in 4-week cohort

1 study.
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Figure 51. Adipocyte first appearance, size and adipogenic gene expression in BMSCs
extracted from mice of 4-week protocol. A. Light microscope observation of cells from each
condition were taken on different points of differentiation showing first appearance of lipid droplets
(day 3) and adipocytes at day 10 of co-differentiation induction; B-C. Relative mMRNA expression
level of early adipogenic marker gene (Pparg2) in CT and SBA group (18%), which were cultured
for 48 hours in standard growth medium, as well as after 14 days of exposure to co-differentiation
medium, respectively; D-F. Relative mMRNA expression level of late adipogenic marker gene (leptin
(Lep), adiponectin (Adipoq), perilipin (Plinl), respectively) in CT and SBA group (18%) after
exposure to co-differentiation medium during 14 days. Data represents mean + Interquartile range;
n=8. Statistical analysis was performed using Mann-Whitney’s test; a - p<0.05.
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The results of adipogenic marker gene expression partially confirmed, reduced rate of
adipogenesis in SBA 18% condition vs. CT. Relative gene expression analysis shown that early
adipogenic marker gene (Pparg2) was significantly decreased in SBA 18% BMSCs after 48h
of adherence (Fig. 51B). Suggesting the reduced level of adipogenic commitment of BMSCs
in current cohort. However, this effect of Pparg2 relative mRNA level was not observed after
14 days of co-differentiation (Fig. 51C). After analysis of relative mRNA level of late
adipogenic markers (Lep, Adipoqg, Plinl), it was evident that 4-week SBA 18% weight loss
protocol (cohort 2) did not induce changes in BMSCs differentiation into adipogenic lineage
(Fig. 51D-F).

On the other hand, study of osteoblastogenic marker genes showed unexpected results. Runx2
relative mRNA level was not changed in BMSC from SBA mice after 48 hours of cell adhesion.
However, after 14 days of co-differentiation, Runx2 mRNA level was 171% higher than in CT
group (Fig. 52A,B). In addition, another early marker of osteoblastogenesis (Sp7) was
dramatically increased (+934% vs. CT) in BMSCs extracted from SBA mice, comparingto CT
group (Fig. 52C). Moreover, Colllal mRNA level was also increased by 160% in SBA 18%
condition (vs. CT) (Fig. 52D). On the other hand, in this cohort, we show a strong decrease in
the mRNA expression of osteocalcin which is a late marker of osteoblastic differentiation and
also reflects the osteoblastic function. Therefore, we conclude that in the current cohort,
increase in early markers of osteoblastogenesis did not affect the capacity of BMSC to

differentiate into adipogenic pathways.
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Figure 52. Osteoblastogenic gene expression in BMSCs extracted from mice of 4-week
protocol. A-B. Relative mRNA expression level of early osteoblastogenic marker gene (Runx2) in
CT and SBA group (18%), which were cultured for 48 hours in standard growth medium, as well as
after 14 days of exposure to co-differentiation medium, respectively; C-E. Relative mRNA
expression level of other osteoblastogenic marker gene (osterix (Sp7) collagenlal (Colllal) and
osteocalcin (Bglap), respectively) in CT and SBA group (18%) after exposure to co-differentiation
medium during 14 days. Data represents mean + Interquartile range; n=8. Statistical analysis was
performed using Mann-Whitney’s test; a - p<0.05, aa - p<0.005.

After studying the expression of Sirtl in BMSCs extracted from CT and SBA 18% mice, it was
concluded that there is no change in relative mRNA level in weight loss condition (vs CT) (Fig.
53). The finding of 4-week study demonstrated a contradictory result from previous cohort.
Furthermore, upregulation of osteogenic markers in differentiated BMSCs was not
accompanied by an upregulation of Sirtl, showing the lack of correlation between Sirtl
expression and differentiation potential of BMSCs. Additionally, changes in bone parameters
were also not related to Sirtl expression or shift in BMSCs differentiation capacity. Overall,

this cohort showed inconsistencies in the results.
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Figure 53. Sirtl expression in BMSCs extracted from mice of 4-week protocol. A-B.
Relative mRNA level of sirtuin type 1 (Sirtl) in CT and SBA groups (18%), which were cultured for
48 hours in standard growth medium, as well as after 14 days of exposure to co-differentiation
medium, respectively. Data represents mean * Interquartile range; n=8. Statistical analysis was
performed using Mann-Whitney’s test.

6. In vitro study on BMSCs differentiation capacity — development of medium

mimicking nutrient deficiency

In ST2 cell line, exposure to low FBS medium resulted in decrease of Sirtl and early
osteoblastogenic marker

After conducting the treatment with low FBS medium (5% FBS and 7% FBS) for 5 days,
followed by co-differentiation of ST2 cells in the 10% FBS medium, mRNA relative
expression of Sirtl and adipogenic/ osteoblastogenic genes was studied. Results showed that
the FBS dose dependent decrease in Sirtl mRNA was achieved, additionally, exposure to 5%
FBS resulted in long term statistically significant suppression of Sirtl mRNA (-34% vs. 10%
FBS) (Fig. 54A). Results of adipogenic marker genes (Pparg2, Lep and Adipoq) study, showed
that there is no change in their mMRNA expression level (Fig. 54B-D). Out of osteoblastogenic
genes, only early marker (Runx2) was decreased by 39% (vs. FBS 7%), the rest of
osteoblastogenic markers (Colllal, Bglap) were not affected (Fig. 54E-G). These findings
suggest that short (5 day) malnutrition of cells, through treatment with low FBS medium, can
result in long term changes in Sirtl expression and lead to the decrease in Runx2, a key factor
in osteoblastogenesis. Most importantly, these changes in relative mRNA level were affected,

despite a restoration of FBS concentration during 14-day co-differentiation experiment.
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Figure 54. Adipogenic, osteoblastogenic genic markers and Sirtl mRNA level in ST2
treated with low FBS medium. A. Relative mRNA expression level of Sirtl in 10% FBS
medium (control), 5% and 7% FBS (reduced nutrient) after 14 days of exposure to co-differentiation
medium. B-D. Relative mRNA level of Pparg2, Lep and Adipoqg in 10% FBS medium (control), 5%
and 7% FBS (reduced nutrient) after 14 days of exposure to co-differentiation medium; E-G.
Relative mRNA expression level of Runx2, Colllal and Bglap in 10% FBS medium (control), 5%
and 7% FBS (reduced nutrient) after 14 days of exposure to co-differentiation medium; Data
represent median and interquartile range, n=6. Statistical analysis was performed using Kruskal-
Wallis One-Way ANOVA test and Dunn’s test; a - p<0.05 when compared to the FBS 10% group
(b —when compared to the FBS 7% group).
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Exposure of primary mice BMSCs to low FBS medium did not affect Sirtl expression or
change in adipogenic marker genes mRNA

In order to test and confirm findings of ST2 cell experiment, the same conditions were tested
on primary mouse BMSCs, extracted from 7-week-old C57L/6J mice. Similar to previous
experiment, cells were exposed to 5% and 7% FBS growth medium for 5 days. Following the
treatment, cells were co-differentiated using standard growth medium (10% FBS).
Quantitative-PCR analysis of the samples showed that mRNA relative level of Sirtl in not
significantly altered, but the decrease in FBS 5% group by 27% (vs. FBS 10%) can be observed
(Fig. 55A). Adipogenic marker genes (Pparg2, Lep and Adipoq) exhibit no difference between
reduced nutrient conditions (5% and 7% FBS) and the control (10% FBS), similarly to results
in ST2 cells (Fig. 55B-D). Suggesting that reduction of serum in cell growth medium does not
affect BMSC differentiation into adipocytes in 10% FBS differentiating medium. Or the
changes induced by low FBS levels are normalized by the subsequent exposure to 10% FBS
during the codifferentiation step. Additionally, study of osteoblastogenic markers (Runx2,
Colllal and Bglap) showed that according to Kruskal-Wallis statistical analysis in BMSCs
treated with low serum medium globally has an effect on Colllal mRNA, but without a
significant specific effect of one concentration (Fig. 55E-G). Potentially, as increase in sample
size can exhibit more clear results. Other osteoblastogenic marker expression was not affected
(Fig. 55E-G). These findings suggest that modulation of nutrient availability in vitro can result
in decreased expression of Sirtl mRNA and can also modestly affect some osteoblastogenic
markers expression without compromising osteoblastogenesis as a whole, and without
modulating adipogenesis in ST2 cell line or primary mouse BMSCs. These results must be
analysed keeping in mind that after exposure to low FBS concentrations, all cells were
subsequently exposed to 10% FBS containing medium during the differentiation step. This was
necessary to maintain an efficient induction of differentiation, but could suppress or diminish

not robust effects of initial low FBS exposure.

164



>

Sirt1

g
o

-
o

mRNA Relative Level
& 3
<4

o
>

- - ~N ~ .
o u =) o
1 1 1

S
]
1

mRNA Relative Level

=

=)

Adipoq

) ) 2
I P
\@\ A\ 8¢
C.
B Pparg2 Lep
3 _ 25
T’ @
E ° E 20{ ®
g £ 151
s s
K ¥ 1.0
I o
1 A
® A= =
0 . . 0.0 T T T
) ) )
& & & d <& o
R Qo\e '\o\o °§\° \S\e ’\e\s 6§\°
E Runx2 F. Coll1at
- 5 0.0461

]
2]
-

o

- - ~
=1 2] (=)
N 1 1

=

mRNA Relative Level

mRNA Relative Level
r] @
o T
mRNA Relative Level
§ &5 &

o

>
o
°

o o o A >
& & & &8
S < s

Figure 55. Adipogenic, osteoblastogenic genic markers and Sirtl mRNA level in
primary mice BMSCs treated with low FBS medium. A. Relative mRNA expression level
of Sirtl in 10% FBS medium (control), 5% and 7% FBS (reduced nutrient) after 14 days of exposure
to co-differentiation medium. B-D. Relative mRNA level of Pparg2, Lep and Adipoq in 10% FBS
medium (control), 5% and 7% FBS (reduced nutrient) after 14 days of exposure to co-differentiation
medium; E-G. Relative mRNA expression level of Runx2, Colllal and Bglap in 10% FBS medium
(control), 5% and 7% FBS (reduced nutrient) after 14 days of exposure to co-differentiation medium;
Data represent median and interquartile range, n=5. Statistical analysis was performed using

Kruskal-Wallis One-Way ANOVA test and Dunn’s test.
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2. DISCUSSION AND CONCLUSIONS

In AN patients SIRT1 negatively associated with femoral neck fat fraction

Interest in SIRT1-mediated regulation of BMSCs capacity in long term and severe nutrient
deficiency condition was brought out, as bone loss and BMA gain was associated with decrease
of BMSC Sirtl mRNA and SIRT1 protein expression (2,883). Moreover, our study in AN
patient plasma showed a negative correlation between SIRT1 protein circulating level and fat
in femoral neck (Fig. 25). This data strengthens our hypothesis of potential association between
SIRT1 and AN-induced bone loss, as well as BMA increase. Replication of anorexia
consequences in mouse model allows us to explore molecular changes that potentially take

place in long term, severe nutrient deficiency.

Initial study on the effects of severity of energy deficiency on mice showed that ten weeks of
18% and 24% body weight loss induce an alteration of bone mineral content without increase
in bone marrow adiposity

In our animal model, it was recently demonstrated that a long-term (10-week) energy deficit
characterised by a moderate weight loss (18% vs. DO) in female mice is associated with a bone
loss and an increase in bone marrow adiposity (BMA) (2). In this study we sought to determine
the impact of a different degree of severity on bone architecture, BMA, and then to identify the
potential molecular mechanisms involved in BMA regulation in this context. The mice were
exposed for 10 weeks to a separation-induced increase in energy expenditure and a time-
restricted feeding that prevented compensatory feeding and resulted in significant weight loss
(SBA) (1). Results of mice body parameters showed similar fat mass decrease in all SBA
groups compared to control one. The 12%, 18% and 24% groups displayed a decrease in bone
mineral content (BMC) at least in femur. These results suggest that even for a long protocol a
significant weight loss is required to induce changes in mineralised bone (Fig. 26), as the stable
body weight group (SBA 0%) did not show any bone alteration. Moreover, these bone changes
are not directly related to fat mass, because they are not shown in the 0% group. This was
already shown in adult male mice by Mitchell et al. (884). They demonstrated that different
levels of CR 10%, 20%, 30% and 40% in male mice induced body weight losses of around 0%,
11%, 22% and 28% (vs. CT), respectively after 12 weeks (884). These weight changes were
associated to fat mass decrease of approximately 12% for 10% CR and 30 to 35% for the other

groups. In this study, no significant changes in BMC, trabecular bone microarchitecture and
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cortical bone were detected. Unfortunately, BMA was not determined. The conflicting results
on bone in the present study and that of Mitchell’s could be due to gender, age and protocol
differences. However, Mitchell et al. study showed the lack of relationship between fat mass

decrease and bone in energy deficit experiment.

Previously, using histological approaches, we showed that the SBA protocol of 18% weight
loss results in an increase in BMA (2). Interestingly, in the current study, the BMA was altered
only in one weight loss condition. Indeed, BMA displayed a tendency to decrease in SBA mice
with a light weight loss (12%) (Fig. 27F). Moderate and severe weight loss groups exhibited
no change in BMA vs. CT (Fig. 27F). Nevertheless, in 18% and 24% weight loss groups
decrease in bone parameters was observed, suggesting that negative alteration in bone take
place without accumulation of mature adipocytes in bone marrow cavity (Fig. 27). The results
of BMA in the current study were obtained using osmium tetroxide staining followed by micro-
CT analysis of the ratio between adipocyte volume and total bone marrow volume. Current
technique allows staining of the mature adipocytes with osmium tetroxide in decalcified bone,
without staining other cells in BM cavity (885). After, using the micro-CT scanner, this method
provides a 3D map of the BMAT throughout the medullary cavity, above the growth plate, in
the secondary centre of ossification (885,886). This approach provides reproducible and

quantitative study of BMAT in a chosen volume of BM, however, it has its limitations.

Firstly, similarly to histological approaches, micro-CT analysis of adipocyte stained with
osmium tetroxide focuses on mature adipose tissue, not taking into account pre-adipocyte cell
fraction. Recently, in work of Zhong et al. it was described that population of marrow
adipogenic lineage precursors (MALPS) are the most abundant cellular component of BMAT
(887). Moreover, this cell population was found to secrete the greatest number of factors and
at the highest level among other none mesenchymal lineage cells (887). These cells are able to
act upon osteoblastogenesis, osteoclastogenesis and haematopoiesis within BM. Ablation of
MALPs in young mice results in rapid and great bone formation (888-890). Single cell RNA
sequencing (scCRNA-seq) analysis showed that MALPs are expressing Rankl, colony
stimulating factor 1 (Csfl) and other osteoclast regulatory factors (117 or 1134) (891). This cell
type was described as a stimulator of osteoclastogenesis (891,891-894). Altogether, MALPs
are playing an important role in bone homeostasis and their accumulation within BM can
potentially be associated with decreased bone formation and increased bone resorption.

Therefore, it would be interesting to study the content of extracted BMSC population from CT
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and SBA mice by Flow Cytometry or SSCRNA-seq, in order to identify the MALPs (Zfp423*)
population size in these conditions. It will help us to determine if MALPs play a role in bone

loss in the context of energy deficit.

Secondly, osmium tetroxide is a highly toxic substance that should be maintained with strict
precision. However, new staining methods has been reported by Kerckhofs et al., where they
developed a technigue to simultaneously visualise mineralised and soft tissue within BM (201).
Utilising the Hafnium Wells-Dawson polyoxometalate (Hf-WD-POM), as contrast enhancing
staining agent, and combining it with high resolution scanning (2 voxel size), allows to
visualise adipocytes at single cell level. Using this technology, BMAT fraction within bone
can be measured, but also it allows quantification of adipocyte number, diameter and density
(192,201,895). Therefore, the apparent discrepancy between the current and Louvet’s studies
could be explained by the fact that we observed a high heterogeneity in BMA among mice of
the same group (2). Secondly, in the first study of Louvet et al., BMA was assessed using
histological (2D) approach with few slides focused on a specific area of the proximal tibia with
a specific orientation, while current study used 3D assessment on a large volume including the
analysed in the previous study. So, the increase observed in a specific area and the lack of
significant changes observed on the larger volume, suggests that highly localised changes could
occur in the density of adipocytes in the marrow, which are not representative of what happens

in the proximal BM cavity.

Nevertheless, various studies demonstrated an increase in BMA associated with bone alteration
in anorexic patients . In rodent, models of food or calorie restriction demonstrated that 9 weeks
of a 30% restriction on food in 3-week-old male mice induced low Bv/Tv (-11%), Cort.Th (-
27%), and body weight (-40%), which were accompanied by high BMA (+700%) compared to
CT mice (414). Also, it has been shown that 6 weeks of a 30% calorie-restricted diet in 9-week-
old female mice, induced an increase in tibia BMA ( 700%) compared to that in the ad libitum
group (283). Interestingly, in these two studies, the high increase in BMA was associated with
a body weight increase of 80% vs. day 0 or a final body weight similar to that of day 0 of the
experiment (283,414). The difference in our BMA results compared to these two studies may
be explained by the fact that we used young adult female mice, while the first one investigated
growing male mice, and by the difference in body weight loss relative to that on day O
(283,414). In addition, it is reported that an extensive CR in rabbits can cause a loss of BMAT

(283). Similar finding has been observed with severe anorexic patients (407). Thus, the gender
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of animals and level of body weight loss may strongly affect BMA. In contrast, a calorie
restriction protocol (low carbohydrate feeding) for 12 weeks on 6-month-old Sprague-Dawley
female rats, demonstrated that restricted rats displayed body weight loss (-20% vs. DO and -
25% vs. CT), a low volumetric BMC at the proximal tibia (-14%) and only a two-fold increase
in BMA measured at the distal femur (898). More recently, male Sprague—Dawley rats (8
months old) exposed to 40% calorie restriction during 12 months, displayed 40% body weight
loss vs. CT rats, which resulted in a decrease in the bone mineral index (-30% vs. CT) and an
increase in BMA at the proximal tibia (20% vs. CT) (421). On the other hand, 10 weeks of CR
in 14-week-old male mice led to a body weight loss of 30% (relative to CT) and a total
disappearance of bone marrow adipocytes in the distal femur (414). Altogether, these data
suggest that restriction-induced changes in BMA and bone quality may be modulated by

severity of protocol, body weight loss, age, sex and duration of restriction.
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SBA 0% SBA 12% SBA 18% SBA 24%
Body Parameters
Body Weight (vs DO) +4.39% -12.97% -17.27% -23.17%
Fat Mass (vs CT) n/s -59% -59% -64%
Lean Mass (vs CT) n/s -19% n/s -22%
Total BMC (vs CT) n/s -17% -15% n/s
Bone Parameters
Bv.Tv (vs CT) n/s n/s n/s n/s
Th.Th (vs CT) n/s n/s n/s -29%
Tb.N (vs CT) n/s n/s n/s +42%
Th.Sp (vs CT) n/s n/s n/s -18%
Cort.Th (vs CT) n/s n/s -16% -17%
Periosteum (vs CT) n/s -6.9% -5.5% -5.3%
Endosteum (vs CT) n/s n/s n/s n/s
BMA (%) (vs CT) n/s -82% n/s n/s
Lipid Droplet
A;?pearancr:)e (CT-D7) Day 3 Day 3 Day 3 Day 3
BMSCs Co-Differentiation Marker Genes
Pparg2 48h (vs CT) n/s n/s +50% +125%
Pparg2 14D (vs CT) n/s n/s +285% +236%
Lep 14D (vs CT) n/s n/s +1292% +1864%
Adipoq 14D (vs CT) n/s n/s +53% -60%
Runx2 48h (vs CT) n/s n/s -44% -55%
Runx2 14D (vs CT) n/s n/s -75% -70%
Sp7 14D (vs CT) n/s n/s -81% -17%
ﬂjlap 14D (vs CT) n/s n/s -73% -72%
Sirtl 48h (vs CT) n/s n/s -67% -60%
Sirtl 14D (vs CT) n/s n/s -75% -68%

Table 9. Summary of results obtained from 10-week cohort 1, comparing CT and
different weight loss groups (SBA 0%, 12%, 18%, 24%).
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Ten weeks of 18% and 24% body weight loss induce an imbalance between
osteoblastogenesis and adipogenesis

Due to the fact that in the current study, bone alterations were not associated to a high BMA,
we hypothesised that the commitment of BMSCs towards the adipogenic pathway could impact
bone mass even if adipocytes are not able to reach a mature state. Therefore, it was important
to study BMSC differentiation potential to obtain a more precise understanding of the cell

commitment towards the adipogenic or osteoblastogenic pathway.

Given that osteoblasts and adipocytes are derived from a common progenitor, BMSCs, we
tested the hypothesis that the degree of severity of body weight loss could impact the
differentiation capacity of BMSCs extracted from SBA mice (899). After just 48 hours of
adhesion in a standard proliferative medium, the unstimulated BMSCs from SBA weight loss
mice (12%, 18% and 24%) exhibited high levels of PPARg2 mRNA, even if an increase was
not significant for the 18% group (Fig. 29A). This finding suggests that extracted BMSCs
display commitment to the adipocytic lineage. Then, the exposure to co-differentiation
medium, which induces both adipogenesis and osteoblastogenesis simultaneously, resulted in
fast adipogenesis in BMSCs extracted from all SBA mice groups comparing to BMSCs from
CT mice (808) (Fig. 28A). Indeed, lipid droplets appeared after 3 days after induction of co-
differentiation in cells of SBA groups, while it took 7 days for BMSCs from CT mice (Fig.
25A\). This rapid adipogenesis was associated with increased mRNA production of adipocyte
markers Pparg2 and Lep in 18% and 24% groups (Fig. 29B,C). Also, Glut4 mRNA level was
increased in the 18% weight loss group after 14 days of co-differentiation (Fig. 29E). The
MRNA level of adiponectin was dramatically decreased in SBA mice with light weight loss
(12%), and this finding could be associated with a significant decrease in BMA under the same
weight loss conditions (Fig. 29D). Significant loss of mature adipocytes in vivo could

potentially affect the level of adiponectin production and Adipog mRNA levels (179).

Additionally, to characterise in vitro adipocytes, the lipid droplets of BMSCs (from SBA and
CT mice) derived adipocytes were analysed using Raman spectroscopy (Fig. 28B). The
unsaturated ratio of lipids was decreased in the SBA groups (12%, 18% and 24%) compared
to the SBA 0% group after 14 days of co-differentiation. These results suggest that energy
deficit related to SBA protocol, induced a long-lasting alteration of lipid quality regardless of

the level of body weight loss.
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After only 48 hours of adhesion in a standard proliferative medium, the unstimulated BMSCs
from SBA mice (12%, 18% and 24%) presented significant reduction or decreasing tendency
in Runx2 mRNA (Fig. 30B). After 14 days in co-differentiation medium, BMSCs from 18%
and 24% groups displayed a major alteration of early and late osteoblast markers (Fig. 30C-F).
Furthermore, BMSCs from these two groups displayed deeply altered osteoblastic functions,
such as mineralisation capabilities, compared to CT BMSCs (Fig. 30A). These results suggest
that only SBA 18% and 24% weight loss groups induced significant and long-lasting changes

in osteoblastogenesis in vitro.

Findings above led us to conclude that there potentially exists a preferential commitment of
BMSCs extracted from SBA mice to the adipogenic pathway. Results show that adipogenesis
and osteoblastogenesis seems to be affected by the severity of energy deficit, and that at least
an 18% weight loss is required to observe these alterations. Moreover, potential presence of
MALPs in our extracted BMSCs heterogeneous population can also contribute towards an

increased adipogenesis, as well as upregulated adipogenic marker gene expression (887).

Sirtl is sustainably altered in BMSCs from 18% and 24% groups in the initial study on 10
weeks cohort 1 SBA mice

To determine the potential molecular mechanism involved in the regulation of BMSC
differentiation in SBA mice, the relative mRNA level of Sirtl was measured. Indeed, we
recently demonstrated that 18% weight loss in mice is associated with the downregulation of
the expression and activity of Sirtl and further possibly leads to an increase in adipogenesis at
the expense of osteoblastogenesis (2). In the current study, we hypothesised that Sirtl could be
altered according to the degree of severity of energy deficit, leading to an imbalance between
osteoblastogenesis and adipogenesis. It is important to note that Sirtl is widely known for its
pro-osteoblastic and anti-adipogenic effects (655,658,900-903). Indeed, in vivo, activation of
Sirtl restores bone mass, structure, and biomechanical properties in ovariectomised female
mice (904), and it protects against age-associated bone loss in male mice (905). In vitro studies
demonstrated that activation of Sirtl promotes osteoblastogenic differentiation at the expense
of adipogenesis (655,658,900,901). Interestingly, our results demonstrated that BMSCs from
SBA mice with moderate and severe weight loss (18% and 24%) presented a substantial low

Sirtl mRNA level after 48 hours of culture and after 14 days of co-differentiation (Fig. 31).
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These findings suggest that the decrease in Sirtl expression could be responsible for the

observed increase in adipogenesis at the expense of osteoblastogenesis in these two groups.

Other studies have shown that CR can stimulate the expression and activity of Sirtl in various
mammalian tissues, such as the liver or white adipose tissue (21,906). It was also shown that
CR decreases the mRNA level of Sirtl in the cerebellum and midbrain (907), suggesting tissue-
dependent regulation of the expression. More recently, in contrast to our study, it was
demonstrated that 12 months of 40% calorie restriction of male Sprague—Dawley rats (8 months
old) induced an upregulation in protein expression of Sirtl in bone marrow fat comparing to
that in ad libitum animals (421). This discrepancy between our results and findings of Cohen
et al. could be explained by changes in calorie or food restriction protocols, mouse strain or
species, age and gender (21,421). Indeed, twelve-month-old male rats were used in Cohen et
al. study, and calorie restriction involved a daily food allotment of 60% of that eaten by the ad
libitum animals immediately after weaning (21). In our study, eight-week-old female
C57BL/6J mice were submitted to the 10-week SBA protocol. Furthermore, the weight loss of
mice in each protocol of calorie restriction could also explain this discrepancy. Indeed, contrary
to our protocol, which induces 12%, 18% and 24% weight loss in mice, there is no information
on weight loss in the study by Cohen et al., and there was a 40% weight loss (vs CT) in the
study by Duque et al. (21,421). Thus, the loss of Sirtl seems to be closely associated to bone
and BMSC:s alterations and could explain the strong and long-lasting commitment of BMSCs
towards the adipogenic pathway in SBA mice. Furthermore, in other types of mouse model,
the association between decrease in SIRT1 production and increase in BMAT was observed.
Elbaz et al. have shown that young (5 months) and old (23 months) post ovariectomy (OVX)
mice exhibits 200% and 80% increase in BMAds number, respectively (314). This increase in
BMAds number was associated with significant decrease in Sirtl expression, as well as SIRT1
protein level. Interestingly, the supplementation of oestrogen in OVX mice resulted in
restoration of Sirtl gene expression and SIRT1 protein level, showing an involvement of
oestrogen in regulation of SIRT1 production (314). Therefor in future, it would have been

interesting to study the circulating oestrogen level in SBA mouse model.

In our study, 18% is considered moderate weight loss, which is associated with a decrease in
all parameters of body composition (low fat mass, tendency to low lean mass, low total body
BMC, low femur and lumbar spine BMC) and cortical bone thickness. Furthermore, only in

this weight loss category we found an upregulation of most of the adipocyte markers analysed
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(Pparg2, Lep and Glut4) and a downregulation of most of the osteoblast markers analysed
(Runx2, Sp7 and Bglap). In addition, this weight loss group displayed a strong decrease in Sirtl
MRNA level. Considering these results, the rest of the in vivo and ex vivo studies were dedicated
to focusing on SBA 18% and investigates the effect of a short duration of SBA protocol (4
weeks) on body composition, bone architecture, BMA, BMSC differentiation and Sirtl

expression.

Preliminary study on the short duration of moderate weight loss showed changes in body
parameters, without affecting bone architecture, BMA, BMSC differentiation or Sirtl
expression

Four weeks of the SBA protocol induced a significant decrease in SCAT and VAT tissue (g),
leading to a significant decrease in fat mass (g), without affecting lean mass (g) (Fig. 32C-E).
Mice organ weight study highlighted that in 4-week SBA protocol group, liver weight is
significantly increased comparing to controls (Fig. 32C). This change in liver mass was
abolished after 10-week of time-restricted feeding in SBA 18% weight loss group (Fig. 26C).
Mequinion et al. reported that after 35 days of quantitative food restriction combined with
voluntary exercise, mice exhibit a shift in energy metabolism (908). Anticipative activity,
physical activity before feeding, was present in mice on day 15 of the study and was completely
absent by day 45. This change was associated with a moderate but significant increase in body
weight. This suggests that during the long term energy deficit, mice can adapt and change their
energy use, as well as energy storage (908). We observed that in short term energy deficit study
the adaptation to reduced food intake and exposure to isolation leads to the increase in liver
weight but after 10 weeks of acclimatisation the liver weight normalises. Previously, Kostogrys
et al. described that 70% ad libitum feeding in young (2 months old) ApoE/LDLr-/-
(arthrosclerosis model) mice for 8 weeks, resulted in an 11% increase in liver weight (vs. CT)
(909). One of the main reasons for liver weight increase is liver fat accumulation. Excess
dietary fat, increased transport of free fatty acids (FFA) to the liver, insufficient fatty acid
oxidation, and enhanced de novo lipogenesis are some of the factors behind fat build-up in the
liver (910). 5-week CR (70% ad libitum) male mouse model (10-week-old), in Bruss et al.
study, displayed unexpected metabolic rhythm defined by periods of increased FA synthesis
alternated with periods of FA oxidation that is disproportionate to dietary FA intake (911).
Therefore, the fast depletion of SCAT and VAT leading to potential increase in FFA release
due to the lipolysis (912,913), in combination with increased food intake in the SBA 18%

weight loss mice (vs. CT), could lead to the accumulation of liver fat, and higher liver weight
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in 4-week SBA condition. In the current study, mice exhibited a decrease only in Th.Th without
affecting the other parameters of bone architecture and BMA (Fig. 33). Selective change in
Th.Th does not seem to be associated to an overall bone alteration. Moreover, this short
duration did not impact BMSC differentiation towards adipogenic lineage or osteoblastogenic
lineage, nor did it affect the unsaturation ratio of lipid droplets (Fig. 34-36). Interestingly, this
lack of effects on bone and BMSCs differentiation is associated with a lack of effects on Sirtl
mMRNA level (Fig. 37). This strengthens the hypothesis of a direct involvement of SIRT1
alteration on BMSCs fate decision and bone. In order to improve our understanding about
BMSC differentiation capacity and its alterations in response to energy deficit, it is important
to characterise the content of BMSC heterogeneous population. The following step will be to
identify CD45CD317Scal*CD24" cell population that display trilineage differentiation using
flow cytometry. Also, it would be necessary to study the adipogenic progenitor population
CD45CD317Scal*CD24~ (349). Moreover, it would be compelling to determine the number
of cell population expressing Zfp423* marker of MALPs and cells expressing pre-osteoblast
markers (CD90, alkaline phosphatase (ALP)) (914,915). Comparison of the cell population
size between BMSCs extracted from CT mice and SBA 18% weight loss mice, as well as
between short term (4-week) and long term (10-week) protocols, will allow us to determine the

nature of changes responsible for the difference in cell commitment.

Altogether, these results suggest that in addition to the degree of severity, the duration of energy
deficit could play an important role in regulating bone architecture, BMA, and BMSC
differentiation, which requires long-term protocols to be altered. This line of inquiry will be
required in future to determine when the first alterations in bone, BMA and Sirtl expression
can occur in our SBA model, and if the minimal duration of protocol depends on the severity

to observe these alterations.

Differentially expressed genes in 10-week and 4-week SBA study (cohort 1) exhibit decrease
in haematopoiesis related pathways and increase in cell morphogenesis and migration

Our recently published data highlights the effect of SBA protocol duration on bone and BMSC
differentiation capacity, as well as Sirtl expression in extracted BMSCs (882). Therefore, to
improve our understanding of the molecular events that take place in BMSCs extracted from
long term (10-week) and from short term (4-week) protocols, RNA-seq was performed. The

aim of this study was to determine differentially expressed genes in BMSCs extracted from
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SBA18% and CT mice, which were exposed to different lengths of SBA protocol, and were
after plate for 48h of cell adhesion. With obtained data, we seek to understand transcriptomic
changes that take place in cells in the context of energy deficiency and to identify new potential

regulators of Sirtl.

Based on the preliminary findings and results of ORA, using GO Biological Processes
database, it was identified that top upregulated pathways (based on lowest p-value and number
of genes present) in both 10-week and 4-week studies, were related to cell differentiation,
division and mitosis (Fig. 39A, 41A). Nevertheless, pathways upregulated in SBA 18%
condition of 10- and 4-week groups were similar, when we looked more specifically on the two
datasets together it became clear that BMSCs of 10-week exhibit increase in cell differentiation
and more specifically in mesenchyme development. In the same time, BMSCs from 4-week
group displayed upregulation of cell proliferation and mitosis. These events could be explained
by the fact that in the BMSC isolation process, extracted cells were plated for 48h, in prior to
RNA extraction. Therefore, active cell division can be related to cell proliferation in the plate.
However, it should be noted that cells from 10-week SBA 18% mice were also undergoing cell
differentiation process, suggesting that these cells were programmed for differentiation in prior

to cell plating.

On the other hand, downregulated pathways in SBA 18% group (vs. CT) in 10-week study,
were shown to be involved in haematopoiesis and immune cell activation (Fig. 39B).
Unexpectedly, 4-week SBA protocol revealed alterations in immune system activation,
similarly to 10-week study (Fig. 41B). Only difference that can be observed between BMSCs
from 10- and 4-week studies in that cells from 10-week study displayed a downregulation in
myeloid cell maturation, and cells from 4-week study demonstrated a downregulation in
lymphocyte activation. Interestingly, it was previously described that AN patients tend to
develop leukopenia, with a prevalence of 29-39% (916). Leukopenia can be defined as a blood
condition that is characterised by low count of white blood cells, resulting in increased infection
rate in affected individuals (917). Moreover, a severe consequence of this condition could be
development of bone marrow atrophy, leading to AN patients suffering from a gelatinous bone
marrow transformation (918). These findings of RNA-seq analysis suggests that SBA mice

exhibit at least partially similar consequences of significant weight loss to AN patients.
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BMSCs themselves were described to support and improve haematopoiesis (919). In various
model organisms, the haematopoietic support capacity of BMSCs was described (920-925). In
particular, co-transplantation studies of BMSCs and HSCs in Rhesus macaques and in mice
studies showed improves the grafting of hematopoietic cells (920,923). BMSCs are also the
primary source of SCF and CXCL12, which are required for HSC maintenance (926).
Additionally, a distinct subset of BMSCs within the total cell population has different functions
in regulating HSCs (927). A small subset of BMSCs (NG2+ LepR cells) found in small
arterioles near the endosteal region have been shown to contribute to arteriolar niches that keep
HSCs quiescent. The other component of BMSCs (NG2 LepR+ cells) is thought to form
perisinusoidal niches that promote HSC proliferation in the BM (927). These findings
highlighted the critical role of BMSCs in BM haematopoiesis. BM stromal cells, including
osteoblasts derived from BMSCs, are known to form the haematopoietic microenvironment
and were described to promote haematopoiesis (928). Calvi et al. discovered a positive link
between osteoblast lineage cells and HSC numbers (33). Moreover, ablation of osteoblasts has
been shown to cause severe decrease in HSCs number (32). Therefore, the decrease in
haematopoiesis, which was observed in SBA 18% weight loss samples, could be explained by

the loss of bone mass in these mice.

Furthermore, these findings rise the importance of studying the origin of heterogeneous
adherent cells, present after plating the content of mice BM. In the current study, isolation of
primary BMSCs was achieved through cell plating and elimination of haematopoietic cells was
done by medium replacement after 24h of cell culture. This type of cell isolation was claimed
to allow extraction of total BM cell mixed population, which includes adipocyte and osteoblast
precursor cells, as well as osteoclastogenic cells (929). Therefore, fraction of haematopoietic
cells could be still present in the total BMSC population. Back in 1994, Gordon et al.
demonstrated that the human bone marrow mononuclear cell fraction can adhere to plastic after
a 2-hour incubation period, and it contains hematopoietic progenitor cells capable of sustaining
haematopoiesis for at least 5 weeks in a long-term culture (930). A number of other studies
proclaim the presence of CD45* haematopoietic cells in BMSCs culture (931-934). Also, Guo
et al. stated that isolation of BMSCs is commonly relied on adhesion to tissue culture plastic;
however, in mouse models, excessive hematopoietic contamination is a considerable
obstruction (932). Altogether, the results of RNA-seq can be influenced by the presence of
haematopoietic cell population. To quantify the BMSCs proportion and other cells

subpopulations in mice BM extracts after SBA protocol induction (vs. CT), flow cytometry
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analysis should be conducted, which is one of the limiting points in this study. It would be
interesting to quantify cell population that exhibit adipogenic and osteoblastogenic potential.
We suppose that SBA protocol can not only alter BMSCs fate decision, but also alter
proliferation of BMSCs. Recently, it was demonstrated that stem cells extracted from human
deciduous teeth, which exhibit differentiation potential into osteoblasts and adipocytes,
undergo low proliferation rate under exposure to nutrient deprived medium (935). For this,
previously published markers by Schulz et al. could be used, as they described a tri-potent,
perivascular population with stem cell-like characteristics (CD45"CD31 Scal*CD24*) (349).
Also, it would be useful to characterise cell population expressing cell surface markers like
CD105, CD90, CD29 and CD44 (936,937). Besides, we are intent to study cells committed to
adipogenic lineage adipogenic (CD45 " CD31 Scal*CD24"), as our initial hypothesis was that
energy deficit protocol results in changes in BMSCs commitment in favour of adipogenesis
(349). (349). In addition, RNA-seq results showed an upregulation in pre-adipocyte marker
(Zfp423) expression that can potentially indicate an increased ratio of pre-adipocytes in 10-
week SBA 18% weight loss condition vs. CT. In order to confirm these findings, it will be

necessary to study the Zfp423 surface marker in extracted BMSCs using flow cytometry.

Expression of some genes involved in osteoblastogenesis was increased in 10-week SBA
studies (cohort 1)

After studying the expression of common adipogenic and osteoblastogenic marker genes in 10-
week protocol, it was observed that in SBA 18% condition after 48h of cell adhesion, a lot of
late osteoblastogenic markers were upregulated (Fig. 42B). However, Runx2 mRNA level was
significantly reduced and further co-differentiation of these cells showed reduced commitment
to osteoblast fate (Fig. 30B,C). Indicating that the rest of potentially upregulated
osteoblastogenic markers in extracted BMSCs did not contribute towards osteoblastogenic cell
commitment. This indicates a potential change in cell expression profile after induction of co-
differentiation. Nevertheless, more in depth bioinformatic analysis is required to explore the
full potential of obtained data.

Overall, RNA-seq technology has its limitations. Library construction could be challenging.
Many short reads that are identical to each other, for example, can be obtained from amplified
cDNA libraries. Moreover, to be compatible with most deep-sequencing technologies, larger
RNA molecules must be fragmented into smaller pieces (200-500 bp) (832). Also, RNA-Seq
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faces a number of informatics challenges, including the development of efficient methods for
storing, retrieving, and processing large amounts of data, which must be overcome in order to
reduce errors in image analysis and base-calling and eliminate low-quality reads (812,938—
940). In general, the more complex the transcriptome and the larger the genome, the more

sequencing depth is required for optimal coverage, which has consequences for cost (941).

An alternative strategy to study the differentially expressed genes in heterogeneous cell
population like adherent cells from bone marrow is single cell RNA-seq (SCRNA-seq). In recent
years, SCRNA-seq has been applied to a variety of species, most notably to human tissues (both
normal and malignant), and these studies have revealed significant cell-to-cell gene expression
diversity (942-946). Single-cell methods offer the benefit of identifying heterogeneity among
individual cells, differentiating a limited number of cells, and outlining cell maps, when
compared to classical sequencing technique (947,948). Additionally, it allows conducting
differential expression analysis, which is extremely beneficial for identifying genes that are
significantly differentially expressed between not only groups of cells, but also between various

subpopulations (949).

Replication of 10-week moderate weight loss study resulted in significant alterations in bone
without affecting BMSCs differentiation capacity or Sirtl expression

After studying mice body parameters and BMC, results of 10-week SBA 18% weight loss
group cohort 2 display changes similar to the same condition in cohort 1, suggesting that long
term SBA protocol is able to consistently induce decrease in fat mass and loss in BMC (Fig.
26, Fig. 44). In the replicated study, extracted tissue mass was measured and results reveal the
similar changes in SCAT and VAT, as well as lack of alteration in liver mass, to cohort 1 study.
Additional parameter was studies in cohort 2, uterus mass was found to be significantly
decreased in mice of weight loss condition (Fig. 44C). In anorexic patients, the oestradiol
deficiency and amenorrhoea were described (807,950-952). Furthermore, Zgheib et al. study,
in which SBA protocol was characterised, reported the decrease in ovary length and width, as
well as the interruption of oestrous cycle upon exposure to 10-week 24% weight loss,
confirming findings of current 10-week SBA 18% protocol (1). Therefore, SBA mice display
alteration of reproductive functions as AN patients do. The decrease in oestrogen is strongly
associated with reduced bone formation and increased bone resorption (953). Deficiency in

oestrogen signalling leads to decrease in BMP signalling and subsequent decrease in pre-
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osteoblast differentiation into mature osteoblasts (954,955). Moreover, oestrogen reduction
diminishes production of osteoprotegerin (OPG) and promotes receptor activator of NF-xB
ligand (RANKL), further resulting in increased osteoclast maturation and bone resorption
(953,954). However, in the current scenario, inflammation plays a central role in activation of
bone resorption. Previous meta-analyses found that TNF-a, IL1(3, IL6, and TNF-receptor-11
are considerably elevated in AN (956-958). Ochi et al. have demonstrated a TNF-a
contribution to inflammatory bone loss by enhancing the osteoclastogenic potential of
osteoclast precursor cells (959). Therefore, loss of BMC in SBA 18% weight loss group mice
could potentially be affected by decrease in uterus size and its possible reduction in hormonal
secretion. However, to confirm these finding, it would be necessary to explore the
inflammatory markers in SBA model. To identify the origin of bone loss in the current cohort,
we looked at endosteum and periosteum diameters. We found that only average tibia
periosteum diameters were decreased (Fig. 45G), suggesting that decrease in bone Cort.Th take
place potentially due to the reduction in bone formation and not though activated bone
resorption (960). Reduction in BMC was accompanied by decrease in bone volume fraction
(Bv/Tv), Th.Th and Cort. Th, confirming previously published data on the effect of 18% weight

loss in mice on bone parameters (Fig. 45) (2,882).

Moreover, analysis of BMA is crucial in deciphering at least some mechanisms of bone loss in
10-week cohort 2, however, currently this data is not available, as it is under process of analysis.
In contrast with previous cohort, where micro-CT with osmium tetroxide staining was used to
quantify the total volume of BMA, in cohort 2 the histological analysis of bone slides was done
using perilipin staining of lipid droplet coating. Labelling the lipid droplet surface allows to
determine not only the count of adipocytes in BM, but also to study it morphology (219,229).
This experiment will improve our understanding of lipid content, size and location within BM.
Nevertheless, this technique has its disadvantages, as the study uses bone sections and does not
allow to quantify the whole BMAT volume to BM volume ratio. Therefore, potential solution
to obtain whole BMAT volume data and study lipids at high resolution in future, would be to
use Hf-WD-POM use Hf-WD-POM contrast enhancing staining agent and scanning

combination (201).
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10-week SBA Protocol

COHORT 1

| COHORT 2

Mice Wight Loss

Final BW loss vs DO -17.27% -18.02%
Delta final BW CT/SBA -38% -35.3%
g‘(l)’)Flnal Body Weight Gain (vs. 29 4% 29 1%
Cumutative Food Intake (SBA 704 ns
18% vs. CT)
CT 1% Weight Gain : 8.1g CT 1% Weight Gain : 8.99
Ratio between Body Weight Consumed Food Consumed Food
Change and Food Intake SBA 18% -1% Weight Loss : 10.3g SBA 18% -1% Weight Loss : 11.2¢
Consumed Food Consumed Food
Body parameters
VAT weight (SBA 18%) -95% -12%
SCAT weight (SBA 18%) -17% -67%
Liver weight (SBA 18%) ns ns
Fat mass (g) 59% -51%
Lean mass (g) ns ns
Total BMC -15% -16%
Femur BMC -29% -26%
Lumbar BMC -23% ns
Bone Parameters
Bv/Tv ns -5%
Th.Th ns -19%
Th.N ns ns
Th.Sp ns ns
Cort.Th -16% -12%
Outer Diameter of the Bone -5.5% -1%
Inner Diameter of the Bone 4.5% ns
BMA ns N/A
BMAds Area N/A N/A
BMAds Diameter N/A N/A
BMAds Number N/A N/A

BMSCs Differentiation

Day of lipid droplet appearance

| Day 7 for CT / Day 3 for SBA 18%

| Day 5 for CT / Day 3 for SBA 18%

Adipogenic markers 48h

Pparg? | ns (+50%) | ns
Adipogenic markers D14

Pparg2 285% ns
Plinl N/A ns
Adipog 53% ns
Lep 1292% ns
Glut4 807% N/A
Osteoblastogenic markers 48h

Runx2 | ns (+50%) | ns
Osteoblastogenic markers D14

Runx2 -75% ns
Sp7 -81% ns
Colllal -17% ns
Bglap -73% ns
Sirtl 48h -67% ns
Sirtl D14 -75% ns

Table 10. Summary of results obtained from 10-week cohort 1 study and 10-week cohort 2
study, comparing CT and SBA 18% groups.
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4-week SBA Protocol

COHORT 1

| COHORT 2

Mice Wight Loss

Final Body Weight loss vs DO -18.8% -18.1%
Delta final BW CT/SBA -18% -26.3%
g‘(l)’)Flnal Body Weight Gain (vs. 10.2% 12 5%
Cumutative Food Intake (SBA 19.19% 10.63%

18% vs. CT)

Ratio between Body Weight and
Food Intake

CT 1% Weight Gain : 6.1g
Consumed Food

SBA 18% -1% Weigh Loss : 4.5g
Consumed Food

CT 1% Weight Gain : 7.5¢
Consumed Food

SBA 18% -1% Weigh Loss : 4.89
Consumed Food

Body parameters

VAT weight (SBA 18%) -85% -80%
SCAT weight (SBA 18%) -38% -63%
Liver weight (SBA 18%) 20% 20%
Fat mass (g) -50% -56%
Lean mass (g) ns ns
Total BMC ns -7%
Femur BMC ns ns
Lumbar BMC ns -7%
Bone Parameters

Bv/Tv ns -29%
Th.Th -16% -19%
Th.N ns -13%
Th.Sp ns 6%
Cort.Th ns -5%
Outer Diameter of the Bone 4% -4%
Inner Diameter of the Bone 9% ns
BMA ns 25% (p=0.1775)
BMAds Area N/A -27% (p=0.1255)
BMAds Diameter N/A -14% (p=0.1225)
BMAds Number N/A 18% (p=0.3250)

BMSCs Differentiation

Day of lipid droplet appearance

Day 7 for CT / Day 7 for SBA 18%

| Day 3 for CT/ Day 3 for SBA 18%

Adipogenic markers 48h

Pparg2 | 350% | -39.46%
Adipogenic markers D14

Pparg2 ns ns
Plinl ns ns
Adipog ns ns
Lep ns ns
Osteoblastogenic markers 48h

Runx2 | ns ns
Osteoblastogenic markers D14

Runx2 ns 171%
Sp7 ns 934%
Colllal ns 160%
Bglap ns ns
Sirtl 48h ns ns
Sirtl D14 ns ns

Table 11. Summary of results obtained from 4-week cohort 1 study and 4-week cohort 2
study, comparing CT and SBA 18% groups.
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Study of BMSC differentiation capacity, highlighted that cells extracted from SBA 18% group
exhibit rapid appearance of lipid droplets (day 3) comparing to the control cells (day 5) in
response to co-differentiation medium exposure (Fig. 46A). Despite accelerated lipid droplet
appearance, relative gene expression analysis of adipogenic markers in weight loss group
showed no changes in cohort 2 (Fig. 46B-F). Neither osteoblastogenic marker genes were
altered in these cells (Fig. 47). Lack of changes in adipogenic/osteoblastogenic gene expression
was associated with no modification in Sirtl mRNA level (Fig. 48). On the one hand, these
findings, again, confirm the importance of Sirtl in BMSC differentiation capacity, similarly to
4-week cohort 1 experiment. On the other hand, these findings lead to assumption that
alterations in bone and BMC are not related to the level of Sirtl expression, nor to a switch in
BMSCs differentiation capacity. One of the reasons that these results took place could be due
to the close proximity to partially contaminated cells. During the co-differentiation experiment
the bacterial contamination in multiple wells of 12-well plate was observed, therefore, RNA
was extracted from cells only from wells, which did not display visual signs of contamination.
Despite the avoidance of contaminated samples, it is still possible that gene expression profile
of selected cells can be altered by close proximity to affected cells. In 10-week cohort 2 change
in bone parameters were shown to be not connected to BMSCs differentiation capacity, but
could potentially take place through increase in bone resorption makers. As was mentioned
above, reduction in uterus size can potentially lead to reduced production of oestrogen and
increase in bone resorption. First of all, it would be necessary to confirm the reduction in
oestrogen production by quantification of circulating oestrogen in mice plasma using ELISA
assay (961). In order to determine if there was an increase in bone resorption, RANKL (Tnfs11)
and OPG (Tnfrsf11b) mRNA level was studied in BMSCs extracted from CT and SBA 18%
mice of 10-week cohort 2 study. Results showed no increase in Tnfs11 relative mRNA level,
however, Tnfrsf11b mRNA was found to significantly increased (+1800% vs. CT) in SBA 18%
group from cohort 1 (Fig. 56A,C). This, together with findings of periosteum diameter decrease
and endosteum diameter increase (Fig. 27H,1), suggests that bone resorption is decreased in
10-week cohort 1 mice and reduction in bone parameters can take place though decrease in
new bone formation. A further step would be to quantify the size of bone resorption site in

bone samples, using the histomorphometry (962,963).
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Figure 56. RANKL gene (Tnfs11) and OPG gene (Tnfrsfllb) relative mRNA level in
BMSCs extracted from CT and SBA 18% mice from different studies. A. Relative mRNA
expression level of Tnfs11 in BMSCs extracted from CT and SBA 18% weight loss mice in 10-week
cohort 1 and cohort 2; B. Relative mRNA expression level of Tnfs11 in BMSCs extracted from CT
and SBA 18% weight loss mice in 4-week cohort 1 and cohort 2. C. Relative mRNA expression
level of Tnfrsf11b in BMSCs extracted from CT and SBA 18% weight loss mice in 10-week cohort
1and cohort 2; D. Relative mRNA expression level of Tnfrsflbl in BMSCs extracted from CT and
SBA 18% weight loss mice in 4-week cohort 1 and cohort 2; Data represent mean and SD; n=4.
Statistical analysis was performed using Two-Way ANOVA test; a — p<0.05.d

Findings of 10-week cohort 2 study contradict initial results of 10-week cohort 1. This
discrepancy in results could be also explained by dynamics in weight loss in different cohorts.
In current cohort (cohort 2) in first 4 days of 10-week protocol, SBA 18% weight loss group
mice experienced a drastic weight loss (17.7%), which was followed by (8.8%) weight gain,
this shock could have potentially affected BMSCs transcriptomics and change cell behaviour.
Results of 10-week cohort 1 demonstrated more consistent weight loss throughout 10 weeks,
without extreme weight losses and gains (Fig. 57A). When we looked at overall food
consumption ratio, we could see that in both cohorts, mice consumed similar about of food,
which resulted in 18% weight loss, suggesting that energy expenditure rate was not affected.
At the end of 10-week protocol cohort 1 the difference in weight between CT and SBA 18%
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groups was 34.2%, which is similar to cohort 2 finding (-35.3%). This implies that the
discrepancy in BMSC marker gene expression between two cohorts is not due to difference in

final mouse weight in CT and SBA 18% groups.

A. 10-week Body Weight Timeline
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Figure 57. Mice body mass timeline. A. Body weight of individual mice is recorded daily
before eating period for 10 weeks in cohort 1 and cohort 2; B. Body weight of individual mice is
recorded daily before eating period for 4 weeks in cohort 1 and cohort 2. Data represents mean and
interquartile range; n=12.

Replication of short-term SBA protocol (4-week) resulted in significant decrease in mice fat
depots (SCAT and VAT), as well as alterations in liver mass (Fig. 49C). Both 4-week cohorts
exhibited increased liver weight by 20% in moderate weight loss condition (vs. CT),

confirming previously described data and suggesting that changes in mice energy consumption
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and metabolism are taking place throughout SBA protocol. In this cohort, 4-week energy deficit
caused decrease in total BMC and vertebral BMC, contradicting the initial findings in 4-week
cohort 1 (Fig. 49G,I) (882). Concurrently, the reduction of BMC could be potentially connected
with reduced uterus size, observed in SBA 18% weight loss group (Fig. 49C). As stated above,
reduction in oestrogen signalling can lead to switch in bone turnover (953). In addition,
decrease in BMC was accompanied by significant alterations in bone parameters (Fig. 50). Not
only bone volume fraction and Cort. Th were reduced in SBA 18% group, but decrease in Th.Th
and Th.N was accompanied by a significant increase in Th.Sp (Fig. 50). These findings suggest
that 4-week SBA protocol could induce alterations in the body and bone parameters to similar
10-week protocol. Interestingly, after quantifying BMA we found in both cohort 1 and cohort
2 change in volume was not significant. However, in cohort 2 SBA 18% we observed a positive
tendency of 25% increase in BMA (p=0.1775 vs. CT), suggesting that changes in bone
parameters could take place due to an increase in quantity of mature BMAdSs (882). Difference
in BMA between two cohorts could be explained through different methodology of BMA
quantification. In cohort 1 CT analysis of whole bone BMA was used, but in cohort 2
histological analysis of bone slides (n=2, in metaphasis of proximal tibia) was used. Change of
quantification protocol was done to improve our understanding of adipocyte morphology
within BM. From perilipin staining we were able to observe that 25% increase in BMA in SBA
18% group could take place due to an increase in BMAds number, however cell area and
diameter were found to be reduced (vs. CT) (Fig. 501-K). Reduction of BMAUS size could be
explained by possible increase in lipolysis in these cells. Recently, in 2019, Sheller et al.
showed that 48-hour fasting in male and female Sprague-Dawley rats (16 to 20 weeks old)
resulted in a decrease in tibia BMAdS size (216). Moreover, they highlighted that only rBMAT
from proximal tibia responded on CL316,243-induced ([33-adrenergic receptor agonist)
lipolysis, with no effect in distal cBMAT. This suggests that in our cohort 2 we are looking at
BMAT, size of which could be reduced through the lipolysis. However, to improve the
quantification of BMA it will be necessary to increase a slide number, as it is hard to predict in
which confirmation of adipocyte they are cut. Further, stereological analysis of slides can be
applied. With high number of slides this method will allow the 3D interpretation of 2D cross-
sections, it is extracting quantitative information about 3D material from 2D samples (964—
966). In simpler terms, stereology is a statistical inference of geometric parameters from
sampled information, using the software analytical tools like MicroBrightfield (MBF
Biosience) it can predict a 3D shape of histological slides. Therefore, this technique can

improve our estimation of BMAds diameter and area. On the other hand, development of Hf-
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WD-POM contrast enhancing staining agent and scanning combination, which was described
above, can also provide a single cell resolution on total BMAT At the last day of preliminary
study (4-week cohort 1), SBA 18% mice group exhibited 18% decrease in weight comparing
to control mice (Fig. 57B). However, in the following cohort (4-week cohort 2), SBA 18%
group displayed 26% decrease vs. control on the last day of SBA experiment (Fig. 50B).
Therefore, discrepancy in findings between 4-week cohort 1 and cohort 2 could take place due

to differences in weight loss in mice vs. CT.

In the same time, these changes in bone are not correlated with switch in BMSC differentiation
capacity or Sirtl expression. No changes in lipid droplet appearance and no statistically
significant changes were observed in adipogenic markers expression, from SBA 18% weight
loss mice extracted BMSCs, after 14 days of co-differentiation (Fig. 51). Surprisingly,
significant increase in early osteoblastogenic marker genes (Runx2 and Sp7) was observed in
cells of SBA 18% group vs. CT at the last day of co-differentiation experiment (Fig. 52B,C).
Change in osteoblastogenic gene expression contradicted with findings of bone parameters in
mice, leading to the hypothesis that changes in BMSCs commitment took place in the end of
SBA protocol and did not affect bone microarchitecture. Additionally, the presence of partial
cell contamination could affect BMSCs transcriptomics. Once again, this particular cohort
suggests that BMSC differentiation capacity is not associated with changes in BMC and bone
microarchitecture. Moreover, no change in adiogenic gene expression was accompanied by
slight increase in BMA. Therefore, decrease in bone parameters also might take place due to
increase in bone resorption. Results of gene expression analysis showed no change in Tnfsll
relative mRNA level and in Tnfrsf11b mRNA, indicating that there is no increase RANKL
production in BMSCs (Fig. 56B,D). For that reason, further quantification of bone resorption

site is required, as other factors like inflammation can induce the osteoclast activity (962,963).

The discrepancy in data could also be explained by the period when the SBA protocol took
place. It was shown in some studies that seasonal variation in mice behaviour can take place,
therefore it could potentially affect the results of SBA protocol (967). The 4-week cohort 1
experiment took place in June/July, whereas 4-week cohort 2 experiment was conducted in
September/October. Likewise, 10-week cohort 2 BMSCs, some cells in 4-week cohort 2
protocol were in close proximity to contaminated wells. Despite the fact that cells used in the
experiment did not show visual signs of contamination, we couldn’t exclude the fact that their

gene expression profile could have been affected. Overall, current 10-week and 4-week studies
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showed similar effect in bone alterations, without affecting Sirtl relative mRNA level or
BMSC:s fate decision. Therefore, in order to reconfirm the results, replication of 10-week and
4-week SBA protocol with a particular attention to weight loss dynamics is required. As well
as, careful mouse allocation to CT and SBA groups, in order for both groups to have similar

average weights at day 0 and avoid replication of 4-week cohort 1 results.

Low serum growth medium results in reduced Sirtl expression in ST2 cells and affects early
osteoblast markers

The next step of the project was to test the effect of reduced nutrient availability on the
differentiation capacity of ST2 cells and primary mouse BMSCs, mimicking nutrient
deficiency in vitro. After testing several conditions (FBS 5% medium and FBS 7% medium),
it was shown that 5-day treatment with reduced serum (FBS 5%), Sirtl mRNA level
significantly decrease in ST2 cell line (Fig. 54A). Also, Runx2 mRNA level was affected by
reduction of serum concentration (-39% vs. FBS 7%) (Fig. 54E). In primary mice BMSCs,
Sirtl mRNA level exhibited a 27% decrease in FBS 5% group (vs. FBS 10%), suggesting a
negative tendency of Sirtl expression (p>0.9999) (Fig. 55A). Moreover, statistically significant
decrease in Colllal was observed in BMSCs treated with reduced serum medium (vs. FBS
10%) (Fig. 55F). SIRTL1 is known to function as a metabolic sensor, as it requires NAD* in
order to conduct enzymatic activity (968). Therefore, modulation of nutrient availability can
potentially affect SIRT1 activity, as well as expression through other transcription factors.
Schwartz et al. demonstrated in fibroblast cell line, that cell expansion in medium containing
2% FBS results in 7-fold reduction in NAD*:NADH ratio, comparing to cell grown in 10%
FBS medium (969). Reduction in NAD™ availability can decrease SIRT1 activity and result in
decreased Runx2 mRNA level. Besides the effect on NAD*:NADH ration, reduced serum
concentration (FBS 5%) was shown to decrease ATP production rate (vs. FBS 10%) in
epithelial cell line (IPEC-J2) (970). Decrease in ATP production can result in decreased
enzymatic activity in cells (971). For example, AMPK requires ATP in order to conduct its
phosphatase activity and also, it was describes that AMPK is involved in regulation of SIRT1
activity and potentially could be indirectly involved in regulation of Sirtl transcription, for
example through decrease phosphorylation and activation of E2F1 that lead to reduced
induction of Sirtl expression (972-976). Additionally, it would be useful to study cell gene
expression profile straight after 5-day exposure to low FBS medium, to see effect of nutrient

deficiency avoiding restoration effect of co-differentiation medium with 10% FBS.
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In current study, gene transcription analysis was performed only after low FBS treatment and
further induction of co-differentiation. Therefore, in future it would be necessary to examine
gene expression profile in ST2 cell line or primary BMSCs after 5-day exposure to low serum
medium, as well as conducting full co-differentiation experiment using FBS 7% and FBS 5%
conditions. This will allow us to further explore effects of serum concentration on cell

differentiation and potentially improve the existing protocol.
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PART Il — IDENTIFICANTION OF NEW POTENTIAL REGULATORS OF SIRT1
GENE EXPRESSION USING RNA SEQUENCING DATA

l. INTRODUCTION

RNA-seq results were used not only to identify transcriptomic differences between BMSCs
extracted from CT and SBA 18% mice. The main objective of this approach is to identify new
genes (not yet described in the literature) involved in the regulation of Sirtl mRNA. Findings
of this study, should be confirmed using functional test. One of the available approaches to

conduct functional test is using RNA interference (RNAI).

RNAI is the biological process by which double-stranded RNA (dsRNA) drives gene
expression suppression by targeting complementary mRNA for further degradation. It was
firstly demonstrated in Caenorhabditis elegans, by Fire et al. in 1998, where gene expression
is regulated by dsRNA (977,978). Later, in 1999, small interference RNA (siRNA) were also
discovered in plants and were found to regulate gene expression through guided sequence-
dependent cleavage on the mRNA (979). With this discovery, siRNAs became firmly
embedded in our view of the gene regulatory landscape, as protector of genome integrity in
response to foreign or invasive nucleic acids such as transposons, transgenes, and viruses (980).
Elbashir et al. had successfully demonstrated the relevance of the use of synthetic siRNAs for
silencing and for characterisation of the siRNA structure and mode of action, which led to
further development of RNAI applications (981).

With growing understanding of the molecular processes of endogenous RNA interference,
siRNAs are emerging as a tool for various experimental procedures and as novel nucleic acid
therapies in the treatment of incurable disorders such as some types of cancer (982-984). In
general, sSIRNA consists of 21-23 nucleotides with 3’ two-nucleotide overhangs, and it interacts
with and activates the RNA-induced silencing complex (RISC) (985) (Fig. 58). The RISC
component, endonuclease argonaute 2 (AGO2), cleaves the sense strand of the sSiRNA while
the antisense strand stays attached to the RISC. The guide strand then directs the active RISC
to its target mMRNA for cleavage by AGO2. Because the guide strand of siRNA only attaches
to MRNA that is completely complementary to it, only mRNA of the gene of interest would be

targeted for degradation and therefore, expression of this gene would be silenced (985-987).
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Gene specific knockout using siRNA allows inexpensive and fast test of protein function in
vitro. Transfection of siRNA can be achieved using cationic lipids, which have long
hydrophobic chains and positively charged head groups, facilitating their binding to the
negatively charged siRNA, forming a lipid bilayer that the cell subsequently endocytosis (988).

Before discovery of SiRNA, as a useful tool to conduct gene silencing studies, chemically
modified antisense oligodeoxyribonucleic acids (ODNs) were used (989). They are 20
nucleotides long and function by hybridising to pre-mRNA and mRNA to provide a substrate
for ribonuclease H (RNase H), which specifically breaks the RNA strand of the produced RNA-
DNA duplexes (990). However, several studies suggested that sSiRNAs are significantly more
effective and long-lasting than other forms of ODN (991-995). ODNs have the potential for
non-specific impacts on gene expression, particularly when phosphorothioate-mediated, and
they can be harmful by binding endogenous proteins (996). The high concentration of ODNs
required to induce gene-silencing action magnifies the problem. For example, through the
engagement of Toll-like receptors (TLRs), ODNs containing the CpG motif have been
demonstrated to stimulate the production of IFNs and other innate immune responses (997—
999). On the other hand, the low quantity of sSiRNA necessary for efficient gene silencing, as
well as the fact that siRNAs are selectively and fast integrated into RISC, reduces the
possibility of non-specific protein binding. Multiple studies have shown that transfection of

siRNAs at low doses has no global, non-specific impact on gene expression (1000-1002).
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For all these reasons, to exploit RNA-seq data and perform functional tests, we choose a
strategy based on siRNA. Thus, we used siRNA probes specific to our gene of interest, after
silencing the expression of this gene in cells, we studied the effect of this treatment on Sirtl

relative mRNA level.
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1. MATERIALS AND METHODS

1. Animals

Seven-week-old female C57BL/6J mice purchased from Charles River Laboratories (St
Germain sur 1’Abresle, France) were used for the separation-based anorexia (SBA) model (1).
SBA protocol was performed similarly to the method describer in PART 1, Materials and
Methods section 1. This study was specifically approved by the Committee on the Ethics of
Animal Experiments (CEEA) of Nord-Pas de Calais, France (permit number:
CEEA#2016070717275082).

2. Primary Bone Marrow Stromal Cell and ST2 Cell Culture

Primary bone marrow cells were harvested from the tibiae and femurs of CT and SBA mice,
as it was described in Ghali et al. study (808). Cells were plated for 48 hours adhesion in MEM
medium (PAN BIOTECH; P04-21050) with 15% foetal bovine serum (PAN BIOTECH; P30-
3306), 1% penicillin/streptomycin (PAN BIOTECH; P04-85100) and 1% stable glutamine
(PANBIOTECH; P06-07100). ST2 cells were obtained from DSMZ (ST2, ACC 333, Lot5)
and incubated at 37°C and 5% CO2, in MEM medium (PAN BIOTECH; P04-21050)
supplemented with 10% foetal bovine serum (PAN BIOTECH; P30-3306), 1%
penicillin/streptomycin  (PAN BIOTECH; P04-85100) and 1% stable glutamine
(PANBIOTECH; P06-07100).

3. RNA Sequencing and Data Analysis

The process of RNA-seq and data analysis was described in PART 1, Materials and Methods

section 10. In current study we used same data that was obtained previously.

4. RNA Extraction and Reverse Transcription

Total RNA was extracted from BMSC culture using Extract-all (Eurobio, Les Ulis, France). At
the end of cell culture, 1ml of Extract-all was added per 1 well of a 24-well plate and samples
were transferred to a 1.5 ml collecting tube. Next step was to add 200 pl of chloroform (Thermo
Scientific; J67241.AP) per each tube and spin samples at 4°C and 12 000 g for 15 min. The
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upper agueous phase containing RNA was removed and the rest of the protocol was conducted
according to RNeasy Mini Kit (QIAGEN; 74104) manufacturer’s protocol. Total RNA was
quantified using the NanoDrop 2000 spectrophotometer (Thermo Scientific, Labteck,
Palaiseau, France).

5. Real-Time PCR

Reverse transcription of samples was conducted using the Maxima First Standard cDNA
Synthesis Kit for RT-gPCR (Thermofisher; K1642) manufacturer’s protocol. Quantitative PCR
(gPCR) experiment required was conducted according to protocol in PART 1, Materials and
Methods section 11. The sequences of the primers (TibMolBiol, Berlin, Germany), annealing
temperature and GenBank reference for each of the genes analysed with efficiency test are

shown in Table 12.

Gene Primer Sequences Annealing GenBank
temperature

18S F: ATTCCGATAACGAACGAGAC 60 °C X03205
R: GCTTATGACCCGCACTTACT

Gapdh F: GGCATTGCTCTCAATGACAA 62 °C NM_008084
R: TGTGAGGGAGATGCTCAGTG

Daxx F: ACCCTGTGACCCCCAGTATG 60 °C NC_000083.7
R: TCGCAGAATTTCCCGTCC

Esrl F: TCTGCCAAGGAGACTCGCTACT 60 °C NM_007956
R: GGTGCATTGGTTTGTAGCTGGAC

Fizl F: TGTAGCGAATGTGGCAAGAGTTTC 60 °C NM_001110328
R: AGGGCTTTTCACCAGTGTGGAC

Cebpb F: CAAGCTGAGCGACGAGTACA 61°C NM_009883.4
R: AGCTGCTCCACCTTCTTCTG

Hifla F: CCTGCACTGAATCAAGAGGTTGC 60 °C NM_010431
R: CCATCAGAAGGACTTGCTGGCT

Rara F: AAATCATCCGGCTACCACT 60 °C NM_009024
R: TCTGGATGCTTCGTCGGAA

Rb1 F: GGAATTCCGGCGTGTGCCATCAATG 60 °C NM_009029
R: AGCTCTCAAGAGCTCAGACTCATGG

Rleb F: CCTCTCTTCCCTGTCACTAACGGTCTC | 60°C NM_009046
R: ACGCTGCTTTGGCTGCTCTGTGATG

Smcr8 F: GGTGCATTGGTTTGTAGCTGGAC 60 °C NM_001085440.1
R: GGCAAGCCTCACAGTACCAT

Table 12. Primer sequences and conditions of quantitative RT-PCR (PART 2).
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6. SiRNA Transfection

ST2 cells were transfected with small interfering RNA (siRNA), targeting Rb1 (ref. 4390771),
as well as non-targeting (SIRNA negative control (sSiRNA neg), ref. 4390846) purchased from
Ambion (Life Technology Inc.). siRNA targeting Rb1 and siRNA neg were transfected to ST2
cells at a final concentration of 25nM, using Lipofectamine (Invitrogen, ref. 13778-030).
Transfection solution was prepared in Opti-MEM reduced serum medium (Gibco, ref. 31985-
062), four conditions were used in the study — Opti-MEM, Opti-MEM + Lipofectamine, Opti-
MEM + Lipofectamine + siRNA neg, Opti-MEM + Lipofectamine + siRNA (Rb1). When ST2
cells reached 80% confluency, standard growth medium was changed to Opti-MEM, with or
without transfection agents. Cells were incubated in transfection solution for 72 hours or for 7

days, without medium change.
7. Statistical Analysis

The 10-week (cohort 1) study was performed with 6 samples per condition. The 4-week (cohort
1) study was performed with 5 samples per condition. The median and interquartile range were
calculated for the groups. Due to the low number of replicates, the normality of the data could
not be tested. In sSiRNA transfection study we performed Kruskal-Wallis One-Way ANOVA
test, to show the significance between all the conditions. Additionally, we conducted Dunn’s
test in order to see the relationships between specific pairs of conditions. For gene expression
assessment, we performed Mann—Whitney’s test to see the statistically significant relationship
between the two particular conditions. All tests were performed using GraphPad Prism

software. Differences with p<0.05 were considered statistically significant.
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1.  RESULTS

Identification of new potential regulators of Sirtl expression using RNA-seq data

RNA-seq analysis of SBA 18% vs CT groups was also conducted to identify new potential
regulators of Sirtl expression, which could be responsible for decrease in Sirtl mRNA in
BMSCs. In order to narrow down the search and find genes that are potentially associated with

Sirtl mRNA decrease, a number of data filtering steps were conducted.

A.

GO Biological Processes
10-week — UP (n=4522) DOWN (n = 1428)
4-week — UP (n=3968) DOWN (n=13647) B e e s
1 Excluded GO Biological Processes pathways
________________ I that are not statistically altered (p>=0.05)
| 10-week — UP (n=3559) DOWN (n = 1346)

1 4-week— UP (n=3549) DOWN (n=3418)

GO Biological Processes
10-week — UP (n =963) DOWN (n=82)
4-week — UP (n=419) DOWN (n=229)

: Excluded GO Biological Processes pathways
_______________ ! that are present in 4-week

i 10-week — UP (n=133) DOWN (n=38)

1 4-week—UP (n=419) DOWN (n=229)

GO Biological Processes
10-week — UP (n=830) DOWN (n=44)

: Excluded GO Biological Processes pathways
I that are present common in 10-week UP and
1

T
|
I
I
I
|
|
I
I
I
I
I
I
|
I
|

- DOWN conditions
1 10-week — UP (n=16) DOWN (n = 16)
GO Biological Processes | ~ ~~~~ "~ TTTTTTTTTTmTETOT
10-week =UR =1y DOWNIR=ZRY | oo an i s asn w a=g
| Excluded GO Biological Processes pathways !
________________ . that do not contain Sirz/ :
| 10-week — UP (n=814) DOWN (n=0) 1
GO Biological Processes

10-week —DOWN (n = 28)

"Sirtl », "Relb”, "Stat3”, "Rara »’ "Cebpb”,
1:ch3 »’ "IIlﬂa ”, "Nfatcl ”, "Rb1 »,
"Macroh2al”, "Plk1”, "Fizl”, "Daxx”,
"Smcr8”, "Esrl"

GO Biological Processes
10-week —DOWN (n =28)

Common genes (n=15)

196



k SBA 260 134
ted 36
K" 4 Genes shared among pathways
MMV 6 28 Sirtl Relb Stat3 Rara Cebpb
Tef3 Hifla Nafic Rbl Macroh2al
5 \ Plkl Fizl Daxx Smcr8 Esrl
|
24 { o |
ol
\_“'
16 ;

Figure 59. Summary of RNA-seq data analysis to identify Sirtl related genes and Venn
diagram of upregulated/downregulated pathways. A. Summary of the RNA-seq data
analysis aiming to identify genes that potentially are involved in Sirtl regulation; B. Venn diagram
representing the upregulated/downregulated pathways in 4-week and 10-week SBA 18% protocols
with summary of shared genes among 10-week downregulated pathways.

The first step was to identify pathways (based of ORA), in which Sirtl gene is present, using
Bioconductor R package cluster Profiler. Initially, from all pathways established using GO
Biological Processes database (10-week and 4-week groups), statistically insignificant
pathways were excluded. After, based on our previous conclusion, that 4-week SBA study
(cohort 1) does not result in alterations in BMSCs differentiation capacity nor in Sirtl mMRNA
level, we decided to exclude all pathways that are altered in 4-week samples. This was done to
exclude pathways that were assumed to not be involved in Sirtl regulation. Next, we identified
that only statistically significantly downregulated pathways contained Sirtl gene, which led us
to focus only on 28 pathways where Sirtl was found. Moreover, all these pathways contained
other 14 common genes, which have been treated as potential regulators of Sirtl (Fig. 59). On
the other hand, there is a possibility that other genes which were excluded can also be involved
in regulation of Sirtl expression. However, we hypothesised that genes that are present with
Sirtl in multiple common pathways have higher possibility to be involved in its regulation, at

least in one out of multiple pathways that were identified.
Following this, we were interested, do all of these 14 genes exhibit significant changes

(statistical and biological) in SBA 18% condition of 10-week protocol. To do this, we used a

TWAS dataset containing all data on differentially expressed genes in SBA 18% group vs. CT.
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Therefore, further steps of analysis are focused on gene expression database specifically.
Overall, this dataset consisted of 21 207 genes in 10-week group and the first step was to
remove all genes that exhibited p-value > 0.05. RNA-seq is a very sensitive quantification tool,
therefore, all genes that had the number of transcripts per kilobase million (TPM) less than 1,
were eliminated, due to their lack of biological significance. After, we removed all the data of
upregulated genes in SBA 18% group, as our genes of interest were found to be present
specifically within downregulated pathways (Fig. 59B). Using this data exclusion method, only
3 350 genes were left, and our next step is to look for our candidate genes in current data set.
Out of 14 genes, that were identified, only 10 were found among the 3 350 genes in 10-week
downregulated gene dataset (Fig. 59). The last step in the selection process was the

confirmation of gene transcription downregulation using qPCR.
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Figure 60. Summary of RNA-seq data analysis to identify Sirtl related genes and Venn
diagram of upregulated/downregulated genes. A. Summary of the RNA-seq data analysis
aiming to identify genes that potentially are involved in Sirtl regulation; B. Venn diagram
representing the upregulated/downregulated genes in 4-week and 10-week SBA 18% protocols with
summary of shared genes among 10-week downregulated genes (p<0.05; TPM>1).

As it was mentioned earlier, RNA-seq is a very powerful and very sensitive tool, but to double-
check our findings gPCR is required to confirm a significant change in mRNA level of
identified genes. Results of this experiment showed that out of 10 genes (Relb, Cebpb, Hifla,
Rb1, Daxx, Smcr8, Esrl, Fizl, Naftcl, Rara), only 6 were significantly downregulated in same
cells according to qPCR results (10-week SBA 18% condition vs CT) (Fig. 61).
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Figure 61. Relative mMRNA expression of RNA sequencing identified genes. A-G.
Relative mRNA level of genes Identified using RNA sequencing — Relb, Rara, Hifla, Rbl, Esrl,
Cebpb, Fizl, Daxx, Nfatcl, Smcr8, respectively; Data represents mean * Interquartile range; n=4.
Statistical analysis was performed using Mann-Whitney’s test; a - p<0.05.

This analysis allowed to identify genes to study primarily because they could play a role in
Sirtl regulation in the context of the study. All 6 genes were found to be involved in gene
transcription and regulation of various processes like response to hypoxia, cell cycle or
inflammatory response (Table 13). Moreover, in literature, it was described that some of the
identified genes are known to indirectly and directly interact with Sirtl. For example, Relb

gene transcribed into a protein, which becomes a part of NF-kB homodimer. Previously,
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positive effect of NF-kB binding to Sirtl promoter region was widely described (701,702). For
that reason, it can be hypothesised that reduction of Relb expression can result in reduced NF-
kB complex assembly and therefore, lead to reduced Sirtl expression. Also, HIF1a was shown
to upregulate Sirtl expression through binding HER5 response element (713). On the other
hand, in liver, CEBPf forming the complex with histone deacetylase 1 (HDAC1) was shown
to repress SIRT1 (1003). Other identified genes were formerly reported to be downstream
targets of SIRT1 — Rara and Esrl (1004,1005), and thus were not considered as gene to study
first.

Gene Full Name Function
V-Rel Avian Transcription factor, which is a proto-oncogene and is
Relb Reticuloendotheliosis a part of NF-kB homo- or heterodimeric complex
Viral Oncogene
Homolog B
Rara Retinoic Acid Receptor | Nuclear retinoic acid receptor, regulates transcription
Alpha in a ligand-dependent manner
Encodes the alpha subunit of transcription factor,
Hifia | Hypoxia Inducible Factor | which functions as a master regulator of cellular and
1 Subunit Alpha systemic homeostatic response to hypoxia by
activating transcription of many genes
Protein encoded by this gene is a negative regulator
Rb Transcriotional of the cell cycle and was the first tumour suppressor
Rb1 C pl gene found. Capasso et al showed that RB1
orepressor inactivation in  BMSCs facilitates adipogenic
differentiation (1006)
Esrl Oestrogen Receptor 1 Els(;[trgrgen receptor and ligand-activated transcription
Cebpb CCAAT Enhancer Transcription factor, whi_ch activity _is important inthe
Binding Protein Beta _regulatlon of genes involved in immune and
inflammatory responses

Table 13. Summary of gene function. Table summarises a name and function of genes, which
were identified by RNA sequencing as potential interactors and regulators of Sirtl in 10-week SBA
18% condition. Information is taken from genecards.org

Capasso et al. in 2014 have shown that ShRNA treatment targeting Rb1 in primary human
BMSCs results in facilitation of adipogenic differentiation. These results showed that Rb1 is
playing a role in BMSC differentiation commitment and potentially can be involved in
regulation of Sirtl expression in this cell type. Therefore, functional test of Rb1 was done as a

priority to determine a possible impact of its downregulation on Sirtl expression.
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In order to understand the relationships between identified genes and Sirtl, it was necessary to
perform functional test using RNA interference. In this case, SIRNA was used to suppress the
MRNA expression of genes of interest and study its effect on Sirtl mRNA level. For this test,
ST2 cells were treated with siRNA targeting Rb1 (25nM) for 72h and for 7 days. After 72h of
treatment, cells exhibited a significant decrease in Rbl relative mRNA level (76.3%) (vs.
SiRNA negative) (Fig. 62A). This confirmed successful transfection. However, in the same
cells, no decrease in Sirtl mRNA level was observed (Fig. 62B). After the 7-day treatment,
ST2 cells did not exhibit a significant difference in Rb1 mRNA level (-49.1%), suggesting that
after this time, Rb1 expression started to restore (Fig. 62C). Moreover, long term transfection
with Rb1 siRNA did not result in changes in Sirtl mRNA level (vs. sSiRNA negative) (Fig.
62D). These results suggest that RB1 is not involved in regulation of Sirtl expression in our
model. Functional test on Rb1 was the first one conducted, however, in the prospects of current

study we are aiming to test the other candidate genes, to complete the work.
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Figure 62. Rb1l and Sirtl expression in ST2 cells after exposed to Rb1l siRNA. A-B.
Relative mRNA level of Rbl and Sirtl in ST2 cells treated with 50nM of Prkaa2 siRNA for 72
hours; C-D. Relative mRNA level Rb1 and Sirtl in ST2 cells treated with 50nM of Rb1 siRNA for
7 days; Data represents mean + Interquartile range; n=4. Statistical analysis was performed using
Kruskal Wallis test and Dunn’s Multiple Comparison Test; a — p<0.05, when compared to Opti-
MEM only condition; ¢ — p<0.05 when compared to siRNA neg condition.
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IV. DISCUSSION AND CONCLUSIONS

RNA-seq allowed to identify multiple genes that might be involved in Sirtl regulation,
however Rb1 does not seem to be one of them

One of the main interests in conducting RNA-seq was to find new pathways or genes that can
be involved in transcriptional regulation of Sirtl. Using ORA based on GO Biological
Processes database, we were able to identify pathways where Sirtl is present. Our next step
was to identify other common genes, shared among these pathways, as there is a probability
that genes within the same pathway may be involved in regulation of Sirtl expression. The
identified genes were filtered based on biological and statistical significance, and their
expression level was also confirmed using qPCR. Filtering through data, allowed to identify 6
genes (Rleb, Rara, Hifla, Rb1, Esrl, Cebpb) that can potentially regulate Sirtl expression, as
they are present in the same pathway. The next step was to conduct functional test using SIRNA
transfection (Fig. 61). Rb1 was chosen for further experiments, as Capasso et al. showed its
involvement in suppression of adipogenic differentiation in BMSCs (1006). Furthermore,
multiple studies in other cell types reported interactions between Rb1 and Sirtl. Indeed, Song
et al. described that in primary human umbilical vein endothelial cells (HUVEC), RB1 acts
through stimulating SIRT1 leading to protection against endothelial senescence and
dysfunction, in the context of H202 exposure (1007). Another type of endothelial cells, rat
retinal capillary endothelial cells (RCECs), has been used to study an effect of RB1 treatment
on high glucose-induced damage (1008). Results indicated that RB1 enhanced both SIRT
activity and SIRT1/SIRT3 expression (1008). In mice hippocampus, RB1 treatment
significantly increased SIRT1 protein expression (1009). Therefore, it was hypothesised that
RB1 mediated suppression of adipogenesis could be fulfilled through alteration in Sirtl
expression. However, results of Rb1 siRNA transfection in ST2 cells showed no effect on Sirtl
mMRNA level, indicating that Rb1 is not involved in Sirtl transcription regulation (Fig. 62).
Other genes, which came up in RNA-seq analysis, will be further assessed using siRNA. As it
was mentioned before, Relb can potentially regulate Sirtl expression, as decreased Relb
expression will result in decreased NFKB complex assembly and subsequent reduction of Sirtl
mRNA (701,702,1010). Besides, Cebpb and Hifla have been described above as good

candidate genes to conduct functional test and study their effect on Sirtl expression.
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In the literature, it was widely described that HIC1 tumour suppressor negatively regulates
Sirtl expression, through formation of co-repressor complex with CTBP1 and binding to Sirtl
gene promoter (580,707,708,711,712). RNA-seq data showed that in BMSCs extracted from
10-week SBA 18% weight loss mice, mRNA level of Ctbpl gene is significantly higher
comparing to CT group (p<0.05). In addition, overall expression level of this gene is high
(SBA18% - TPM=190; CT — TPM=181) in both conditions. Therefore, we hypothesised that
increased level of Ctbpl expression could potentially facilitate a suppression of Sirtl in SBA

18% group. Thus, this gene could be a good candidate for further functional tests.

Moreover, use of SiRNA as a tool for functional study has its disadvantages, one of them is the
efficacy of this technique. The target selection procedure is iterative, necessitating extensive
mining of routes and databases (1011). RNAI efficacies of various siRNAs targeting different
portions of the same mMRNA sequence vary, and only a small proportion of SiRNAs have been
demonstrated to be effective in human cells (1012). Among randomly chosen siRNAs, 58-78%
were seen to induce silencing with better than 50% effectiveness, but only 11-18% induced
silencing with 90-95% efficiency (1013). siRNA transfection has also been shown to exhibit
an off-target silencing effect. It is now clearly documented that many siRNA molecules have
off-targets and that most siRNA molecules are probably not as selective as previously assumed
(1014-1017). The use of siRNA might have off-target effects, which are the suppression of
genes other than the desired, resulting in harmful alterations of gene expression and unforeseen
consequences (1018). The bulk of siRNA-mediated off-target gene silencing is caused by
partial sequence similarity, particularly within the 3'UTR, with mRNAs that are not the desired
recipients (1019).

Alternatively, short hairpin RNAs (shRNAs) can also be utilised to silence certain genes
through the RNAI process (1020). shRNAs are stem-loop RNAs that are expressed in the
nucleus, often by viral vector delivery. They are transported to the cytoplasm for additional
processing, after which they are loaded into the RISC complex for particular gene silencing
activity in the same way that synthetic sSiRNAs are (1021). The disadvantage of ShRNA over
SIRNA could be the capacity to utilise viral vectors for delivery, which allows overcoming the
problem of transfecting particular cell types (1022,1023). Additionally, the ability to regulate
shRNA expression using inducible promoters, and the ability to co-express them with a reporter

gene could be very useful in experimental planning (1024). Furthermore, they may have less
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off-target effects (1024). The length of both the experiment and the half-life of the target protein
are crucial considerations when deciding between siRNA- and shRNA-mediated gene silencing
approaches. There has not been conducted large-scale research to compare the length and
amount of protein knockdown accomplished by siRNA or shRNA constructs. However,
preliminary results utilising transfected siRNAs and plasmids encoding shRNAs revealed that
shRNAs achieves higher half-life (1024). Stable expression of a ShRNA may be necessary for
longer tests or when attempting to knockdown the expression of proteins with extended half-
lives (1024).

Another way to identify regulators of Sirtl expression in BMSCs exposed to energy deficit, is
to conduct study of epigenetic markers. The epigenome consists of methylated DNA and
modified histone proteins. Histone modifications like acetylation are typically associated with
open and accessible chromatin regions, whereas histone methylation can be associated with
either open or compacted (heterochromatic) chromatin regions, depending on the specific
histone amino acid that is methylated (1025-1028). Open chromatin is related with mono- or
trimethylation of lysine 4 on histone H3 (H3K4mel or H3K4me3) and trimethylation of histone
H3 on lysine 36 (H3K36me3). Trimethylation of histone H3 lysines 9 and 27 (H3K9me3 and
H3K27me3, respectively) is linked with compacted chromatin regions, leading in gene
regulation (1029). Knowing the genome-wide pattern of single histone modifications, can
reveal a lot about cell identity and disease status (1026,1030-1032). The chromatin
immunoprecipitation (ChIP) test is now the preferred method for studying the epigenome. In
this process, histones or transcription factors are covalently crosslinked to their genomic DNA
substrates, which allows taking a snapshot of protein-DNA interactions in a particular cell.
Following chromatin separation and fragmentation, protein-DNA complexes are captured
using antibodies specific to the histone or transcription factor of interest. Upon crosslink
reversal, the ChIP DNA is purified and examined using high-throughput sequencing (ChlP-
seq), which provides the possibility to explore an entire genome in one run (1033). Identifying
the chromatin state and protein binging to Sirtl promoter region will allow us to pinpoint the
potential regulators of Sirtl expression in SBA condition. This is the next step which is going

to be taken in current research.
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PART 3-FURTHER INVESTIGATION OF SIRT1 REGULATORS

l. INTRODUCTION

The AMPK has emerged as one of the key regulators of cellular energy homeostasis. It
functions as a coordinator of metabolic pathways in mammalian cells and unicellular
organisms, in order to balance nutrition supply with energy demand (1034). For the first time,
back in 1981, sucrose non-fermenting 1 (SNF1) protein, the AMPK yeast ortholog, was
reported as the major energy sensor in this organism (1035). After, also Woods et al. described
SNF1 kinase, as a metabolic stress sensing kinase required for Saccharomyces cerevisiae
survival in glucose-depleted environments (1036). AMPK is an energy-sensing protein
complex that is activated when the AMP:ATP or ADP:ATP ratio increases during hypoxia,
famine, glucose deprivation, or muscular contraction (1037,1038). In the context of decrease
in the major carbon or nitrogen sources, this kinase is adjusting cellular metabolism to changes
in the cellular environment (1039). AMPK integrates nutritional and hormonal signals to
maintain cellular energy balance and execute appropriate metabolic tasks (1040). When AMPK
is activated, energy-consuming biosynthesis pathways, like fatty acid synthesis, cholesterol
synthesis and insulin secretion are inhibited, while ATP-producing catabolic pathways, as fatty
acid uptake and oxidation, glycolysis and mitochondrial biogenesis, are activated (1041). It is
achieved through AMPK-mediated suppression of ACC1 and ACC2, which leads to a decrease
in FA synthesis and an increase in FA oxidation, respectively (Fig. 63) (1042). In addition,
AMPK influences the transcription of particular genes involved in energy metabolism,
allowing it to exercise long-term metabolic regulation. Furthermore, AMPK signalling
pathways are engaged in a variety of physiological activities beyond from their primary
metabolic tasks, such as cytoskeleton remodelling and transcriptional control or regulation of
critical cellular processes like death or autophagy (1042,1043). The activation of autophagy in
the cells can be conducted by AMPK induced activation of Unc51 like autophagy activating
kinase (ULK1/2) or through the suppression of mTOR (Fig. 63) (1042).
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Figure 63. AMPK activity regulation and function. Diagram summarises common activators
of AMPK, activation can be achieved through modulation of AMP/ATP or ADP/ATP ratio, in
response to low nutrients, metformin treatment or other metabolic stressors. Moreover, increase in
calcium level also leads to activation of AMPK by CAMKK} and LKB1-mediated phosphorylation
induces AMPK. Activation of AMPK leads to induction of downstream signalling pathways,

resulting in decrease of cancer progression, increase in autophagy and FA oxidation and DNA repair.
Adapted from Kim and He, 2013 (1036).

The AMPK complex is composed of a catalytic subunit (a-subunit) and two regulatory subunits
(B- and y-subunits). The -subunit is encoded by two isoforms in mammals, while the g- and y-
subunits are encoded by two and three isoforms, respectively. AMPKa has a highly conserved
kinase domain (KD) at the N-terminus of the protein, as well as a regulatory domain (RD) at
the C-terminus of the subunit (Fig. 63) (1044). AMPKal and AMPKa2 are both found in
cytoplasm, however AMPKaz2 is also found in the nucleus (Fig. 63) (1045). The AMPKf
subunit comprises four tandem repetitions of a structural module known as CBS, which was
first discovered in cystathionine—synthase and is implicated in AMP binding (1046,1047).
AMPKY1, y-2, and y-3 isoforms vary at the N-terminus of the proteins, although the C-

terminus (where the CBS domains are found) is conserved. The AMPKZ acts as a scaffold for
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the assembly of AMPKa and AMPKYy subunits, as well as determining the complex'’s
subcellular location and substrate selectivity. AMPKal and -2 vary only at the N-terminus
yet bind with the same efficiency with AMPKf and AMPKY subunits (1048,1049).

The expression levels of various AMPK isoforms varied between tissues, resulting in a variety
of component combinations in distinct cell types. Although the various complexes are mostly
functionally identical, they might have somewhat differing biochemical features (1050).
Whereas AMPKal, AMPKB1 and AMPKYy1 are ubiquitously expressed, the other isoforms
have a more limited pattern of expression. For example, AMPKa2 is found in high
concentrations in skeletal and cardiac muscle, and also it is found at lower concentrations in
the liver and other tissue, (1051). Overall, AMPKal is accounted for more than 90% of activity
present in the liver of rat, whereas AMPKa2 was shown to account only less than 10% (1052).
Distinct isoforms of AMPKa-subunits exhibit not only different expression pattern, but also
display structural differences. As was mentioned above, AMPKa2 subunit was found to have
anuclear localisation signal, which are short peptides that act as a signal fragment that mediates
the transport of this subunit from the cytoplasm into the nucleus (Fig. 64) (1053). Therefore,
initially, it was concluded that AMPKal functions predominantly in cytoplasm and AMPKa2
in the cell nucleus (1054). For example, serum deprivation has been shown to diminish and
alter the distribution of AMPKa in the nucleus and cytoplasm. Total and phosphorylated
AMPKa -subunits are still mostly found in the cytoplasm (1055). However, in the nucleus, the
quantity of phosphorylated AMPKa rises, while total AMPK decreases, indicating that there
are additional signalling pathways in the nucleus that need AMPK activation under hunger
(1055). Also, exercise has been shown to increase AMPKa2 abundance in the nucleus of
human skeletal muscle, resulting in GLUT4 expression and increased glucose transport (1056).
However, despite previous attention to nuclear AMPKa2 in muscle, it is now obvious that
endogenous AMPKal may be detected in the nucleus under specific conditions (1056-1059).
More recent data suggests that AMPKal is required for calcium-induced nuclear AMPK
activation. Etoposide administration preferentially enhanced CaMKK2-dependent AMPK
activity in the nucleus, but exclusively with AMPKal-containing complexes, even when

AMPKa2 complexes were present (1059).
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Binding of AMP or ADP to the -subunit increases Thr172 phosphorylation in the process of
kinase domain activation by upstream enzymes (1060). The serine/threonine kinase, liver
kinase B1 (LKBL1), is the primary upstream kinase responsible for Thr172 phosphorylation in
response to energy stress (1061-1063). The main event required for complete AMPK activation
is the phosphorylation of Thrl172 in the-subunit. In vitro, this phosphorylation event can raise
AMPK activity up to 100-fold, while fold activation in intact cells is normally much lower
(1064,1065).

Upon activation, the catalytic subunit of AMPK conducts phosphorylation of target proteins
and modulate their activity. AMPK raises ATP levels by promoting lipid and glucose
breakdown, while limiting its production and storage. AMPK stimulates glucose uptake by
phosphorylating TBC domain family member 1 (TBC1D1) and thioredoxin-interacting protein
(TXNIP), which regulate the translocation and cell-surface levels of the glucose transporters
GLUT4 and GLUT1 (1066,1067). Furthermore, AMPK is able to inhibit protein synthesis,
through mediating the inhibition of the mechanistic target of rapamycin complex 1 (mMTORC1)
(1068,1069).
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SIRT1 and AMPK have been demonstrated to have many comparable roles, including the
capacity to respond to stress and nutritional status, drive mitochondrial biogenesis, regulate
glucose homeostasis, and regulate the activity of key transcriptional regulators such as PGC-1
and FOXO's (809). Similarly, the positive effects of both CR and resveratrol have been linked
to the activation of SIRT1 and AMPK (1070-1072). As a result, the interactions between
SIRT1 and AMPK has proved challenging to decipher. There is certainly a dynamic connection
between these two pathways (1073-1075). AMPK has been demonstrated to activate SIRT1,
most likely by an indirect rise in cellular NAD+ levels (973). AMPK interacts with the SIRT1
catalytic domain and induces Thr344 phosphorylation, which inhibits SIRT1-mediated
deacetylation (24). AMPK can also influence SIRT1 stability by phosphorylating and
activating DBC1 (25). On the other hand. SIRT1 was found to deacetylate the AMPK kinase
LKB1, resulting in higher phosphorylation and activation of AMPK (1076,1077).

Given the therapeutic benefits of AMPK activation, several AMPK activating drugs have been
discovered, which are also used for research purposes (1067). Abbott Laboratories created A-
769662 in 2006, the first chemical for AMPK direct activation. The invention of this direct
AMPK activator indicated that AMPK activation with non-nucleotide ligands is possible and
sparked interest in new AMPK activation techniques. A-769662 allosterically activates AMPK
on the AMPK subunit without phosphorylating Thr-172 (1078). Moreover, Scott et al. showed
that A-769662 and AMP may activate AMPK in a synergistic (more than 1000-fold) manner
(1079). A-769662 is unusual among cell-permeable activators in its capacity to directly activate
AMPK in both cell-free and intact tests. Other activators, such as AICAR, metformin, and the
thiazolidinediones, do not directly activate AMPK in cell-free assays and some can be pro-drug
that are converted to active components inside the cell, for example, AICAR, which is
converted to the AMP analogue ZMP (1080). Other work even more indirectly, like metformin,
which acts by inhibiting the respiratory chain or thiazolidinediones, which is triggering release
of adiponectin from adipocytes (1081). Findings of Goransson et al. in intact cells supported
the hypothesis that A-769662 is a selective and direct activator of AMPK, as well as the idea
that it has a dual action, producing both allosteric activation and dephosphorylation inhibition
(1082).

On the other hand, compound C (6-[4-(2-Piperidin-1-ylethoxy) phenyl] -3-pyridin-4-
ylpyrazolo [1,5-a] pyrimidine) is a currently available cell-permeable AMPK inhibitor.
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Compound C, also called Dorsomorphin (DM), is a well-known competitive inhibitor of ATP
binding to the catalytic a subunit of AMPK. DM was shown to induce cell death by inhibition
of AMPK activity in prostate cancer cell lines (1083). Although the impact of DM on cell
proliferation is not well established, it has been utilised to rescue the antiproliferative effects
of AICAR and metformin (1084,1085). A lot of studies describe DM to have biochemical and
cellular effects and its inhibitory impact on AMPK (1086-1091).

In this study, we aim to determine the effect of AMPK activity suppression or activation on
Sirtl gene expression, in order to explore the regulatory relationship between AMPK and
SIRT1 in primary BMSCs and ST2 cell line.
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1. MATERIALS AND METHODS
1. Animals

Seven-week-old female C57BL/6J mice purchased from Charles River Laboratories (St
Germain sur 1’Abresle, France) were used for the BMSC extraction (1). Mice were housed 6
per cage in a controlled room temperature (22°C +/- 1°C) under a 12-hour dark/light cycle
(lights off at 10 a.m.) and with free access to water. Before BMSCs harvesting, mice were

acclimatized for 7 days.

2. Primary Bone Marrow Stromal Cell and ST2 Cell Culture

Primary bone marrow cells were harvested from the tibiae and femurs of the mice, as it was
described in Ghali et al. study (808). Cells were plated for 7-10 days to reach full confluency
in MEM medium (PAN BIOTECH,; P04-21050) with 15% foetal bovine serum (PAN
BIOTECH; P30-3306), 1% penicillin/streptomycin (PAN BIOTECH; P04-85100) and 1%
stable glutamine (PANBIOTECH; P06-07100). The medium containing co-differentiation
inducers was replaced every two days during the 14 days of the co-differentiation experiment.
This culture duration was chosen because of its brevity, which allowed for minimizing the time

for cells to change after leaving the in vivo state.

ST2 cells were obtained from DSMZ (ST2, ACC 333, Lot5) and incubated at 37°C and 5%
CO2, in MEM medium (PAN BIOTECH; P04-21050) supplemented with different
concentration of foetal bovine serum (PAN BIOTECH; P30-3306) (5%, 7% and 10%), 1%
penicillin/streptomycin  (PAN BIOTECH; PO04-85100) and 1% stable glutamine
(PANBIOTECH; P06-07100).
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3. Drug Treatments

ST2 cells and primary mouse BMSCs were exposed to AMPK activator A-769662 (Bio-techne,
Cat. No. 3336) and AMPK activity inhibitor Dorsomorphin (DM) (Compound C) (Bio-techne,
Cat. No. 3093). The concentration and exposure time of the drug was initially determined by
literature research (1082,1092,1093). In the current study, confluent cells were treated with
50M or 200M of A-769662 for 14 hours (14h) in standard growth medium. Similarly, cells

were exposed to 20M DM for 14h in standard growth medium.

4. AMPK Activity Assay

AMPK activity was measured after drug treatment, using CycLex AMPK Kinase Assay Kit
(MBL International Corporation, CY-1182). In prior to experiment, protein from treated ST2
cells was extracted by washing cells three times with ice-cold PBS, following the treatment
with cell lysis buffer (20mM Tris HCI, pH 7.5, 250mM NacCl, 10% glycerol, 0.5% Nonidet®
P-40, ImM EDTA, 1mM EGTA, 0.2mM PMSF, 1pug/mL pepstatin, 0.5ug/mL leupeptin, 5mM
NaF, 2mM Na3V 04, 2mM B-glycerophosphate, ImM DTT) for 60 min at 4°C. Then transfered
cell lysates to microcentrifuge tubes, was centrifuge at 15,000 rpm for 10 minutes at 4°C. The
CycLex AMPK Kinase Assay Kit uses anti-phospho-mouse IRS-1 S789 monoclonal antibody
(AS-4C4) and peroxidase coupled anti-mouse 1gG antibody as a reporter molecule in a 96-well
ELISA format. This assay provides a non-isotopic, sensitive and specific method to measure
the activities of AMPK (1094). The protocol was conducted according to CycLex AMPK
Kinase Assay Kit manufactory protocol. Absorbance was measured in each well using a

spectrophotometric plate reader at a single wave of 450 nm.

5. siRNA Transfection

ST2 cells were transfected with small interfering RNA (siRNA), targeting Prkaal (ref.
4390771, ID s98535) and Prkaa2 (ref. 4390771, ID s99117), as well as non-targeting (SiRNA
negative control (SiRNA neg) (ref. 4390846) were purchased Ambion (Life Technology Inc.).
SIRNA targeting Prkaal, Prkaa2 and siRNA neg were transfected to ST2 cells at a final
concentration of 50nM, using Lipofectamine (Invitrogen, ref. 13778-030). Transfection
solution was prepared in Opti-MEM reduced serum medium (Gibco, ref. 31985-062), four
conditions were used in the study — Opti-MEM, Opti-MEM + Lipofectamine, Opti-MEM +
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Lipofectamine + siRNA neg, Opti-MEM + Lipofectamine + siRNA (Prkaal or Prkaa2). When
ST2 cells reached 80% confluency, standard growth medium was change to Opti-MEM, with
or without transfection agents. Cells were incubated in transfection solution for 72 hours or for

7 days, without medium change.

6. RNA Extraction and Reverse Transcription

Total RNA was extracted from BMSC culture using Extract-all (Eurobio, Les Ulis, France). At
the end of cell culture, 1ml of Extract-all was added per 1 well of 12-well plate and samples
were transferred to 1.5 ml collecting tube. Next step was to add 200 pl of chloroform (Thermo
Scientific; J67241.AP) per each tube and spin samples at 4°C and 12 000 g for 15 min. Upper
aqueous phare containing RNA was removed and the rest of the protocol was conducted
according to RNeasy Mini Kit (QIAGEN; 74104) manufacturer’s protocol. Total RNA was
quantified using the NanoDrop 2000 spectrophotometer (Thermo Scientific, Labteck,

Palaiseau, France).

7. Real-Time PCR

Reverse transcription of samples was conducted using the Maxima First Standard cDNA
Synthesis Kit for RT-gPCR (Thermofisher; K1642) manufacturer’s protocol. Quantitative PCR
(gPCR) experiment required 5ul of PowerUp SYRB Green Master Mix (Appliead Biosystems;
A25742), 1ul of upstream primer, 1ul of downstream primer and 2ul of water, per reaction
(870). The sequences of the primers (TibMolBiol, Berlin, Germany), annealing temperature,

product length and GenBank reference for each of the analysed genes are shown in Table 14.

Gene Primer Sequences Annealing Product | GenBank
temperature | length

18S F: ATTCCGATAACGAACGAGAC 60 °C 297 bp X03205
R: GCTTATGACCCGCACTTACT

Gapdh F: GGCATTGCTCTCAATGACAA 62 °C 200 bp NM_008084
R: TGTGAGGGAGATGCTCAGTG

Prkaal F: ATGGCAGAAGTTTGTAGAGC 79 °C 165 bp NM_001013367.3
R: ACGGAAATCCAACAAGTAAG

Prkaa2 F: CGACTACATCTGCAAACATGG | 84°C 157 bp NC_000070.7
R: CAGTAATCCACGGCAGACAG

Sirtl F: TAGGGAACCTTTGCCTCATC 51 °C 100 bp NM_019812.2
R: GGCATATTCACCACCTAGCC

Table 14. Primer sequences and conditions of quantitative RT-PCR (PART 3).
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8. Protein Extraction

ST2 cells were washed with ice cold PBS three times and then incubated in lysis buffer (20mM
HEPES (pH 7.9), 1.5mM of MgClz, 25% (v/v) glycerol, 0.42M KCI, 0.2mM EDTA, 0.5mM
dithiothreitol (DTT), and 0.5mM phenylmethylsulfonylfluoride (PMSF) for 20 min on ice
(870). After, cells were centrifuged at 4°C at maximum speed (14 000g) for 30 minutes to
isolate the supernatant. Protein concentrations were measured by a bovine serum albumin
(BSA) protein assay kit (Bio-Rad Life Science Group, 5000121).

9. Western Blotting

Then 20pg proteins stained with 5ul Laemmli (Bio-Rad, 1610747), 10uL of prestained SDS-
PAGE standards (low range; Bio-Rad Life Science Group) were separated by electrophoresis
using SDS-PAGE 8% acrylamide gel for 2 hours at 180 V. After proteins were transferred onto
activated polyvinylidene fluoride (PVDF) membrane using Trans-Blot Turbo Transfer System
(Bio-Rad). PVDF membranes were blocked for 1h at room temperature using a blocking
solution containing 5% of dried milk in Tris Buffered Saline with 0.1% Tween 20 (TBS-T).
Membranes then were washed three times for 5 minutes in TBS-T. Blots were incubated with
a 1:400 dilution of each primary antibody for overnight in 4°C. Mouse monoclonal antibodies
(AMPK 1/2, SIRT1 and B-actinin) were acquired commercially (Santa Cruz Biotechnology).
Membranes then were washed three times for 5 minutes in TBS-T and incubated in a blocking
solution with alkaline-phosphatase-conjugated secondary antibody 1:500 (Santa Cruz
Biotechnology) for 2 hours. Membranes were further washed three times for 5 minutes in TBS-
T, and immunoreactive protein bands were visualized by a chemiluminescence detection kit
(AP Conjugate Substrate Kit, Bio-Rad Life Science Group).

10. Statistical Analysis

The quantification of Prkaal and Prkaa2 mRNA in 10-week and 4-week SBA studies, as well
as basal expression level of these isoforms was performed with 4 samples per condition. BMSC
and ST2 cell treatment with A-769662 and Dorsomorphin was conducted using 4-6 samples
per condition. At last, SIRNA transfection experiment contained 4 replicates per condition. The
median and interquartile range were calculated for the groups. Due to the low number of

replicates, the normality of the data could not be tested. In siRNA transfection study we
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performed Kruskal-Wallis One-Way ANOVA test, to show the significance between all the
conditions. Additionally, we conducted Dunn’s test in order to see the relationships between
specific pairs of conditions. For the rest of studies, we performed Mann—Whitney’s test to see
the statistically significant relationship between the two particular conditions. All tests were
performed using GraphPad Prism software. Differences with p<0.05 were considered

statistically significant.
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1.  RESULTS

1. AMPK expression is modulated in long term SBA protocol (SBA 18%)

In BMSCs extracted from 10-week SBA 18% weight loss mice (cohort 1) and plated for 48h
adhesion, we observed that suppression of Sirtl gene expression was accompanied by the
decrease in AMPKal gene (Prkaal) mRNA (Fig. 30B for Sirtl and Fig. 65A for Prkaa2).
Interestingly, in these samples only Prkaal gene suppression (-66% vs. CT) was associated
with decease in Sirtl mRNA (-67% vs. CT). Study on AMPKa2 isoform (Prkaa2) exhibited
an increase in mMRNA (+230% vs. CT) (Fig. 30B for Sirtl and Fig. 65A for Prkaa2). In 4-week
SBA 18% (cohort 1) samples the reverse results were observed, 62% increase in Prkaal mRNA
went along with significant decrease in Prkaa2 mRNA (-45% vs. CT), however reduction in
Prkaal mRNA did not affect Sirtl expression in same samples (Fig. 36A for Sirtl, 65C for
Prkaal).
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Figure 65. Prkaal and Prkaa2 expression in BMSCs extracted from SBA mice. A-B.
Relative mRNA level of AMPK subunit alpha isoforms (Prkaal/ Prkaa2) in primary mice BMSCs
from CT and SBA 18% weigh loss mice from 10-week studies; C-D. Relative mRNA level of
Prkaal and Prkaa2 compared in primary BMSCs from CT and SBA 18% weigh loss mice from 4-
week studies; Data represents mean + Interquartile range; n=4-8. Statistical analysis was performed
using Mann-Whitney’s test; a - p<0.05
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These finding suggested that AMPKal specifically might be involved in regulation of Sirtl
expression, additionally, the compensation between AMPKa isoform 1 and isoform 2 could be
observed. Literature review and finding above, led to the hypothesis that AMPK might be
involved in Sirtl expression regulation in BMSCs from our energy deficient mice and directed

us to explore this interconnection more rigidly.

2. In primary BMSCs and ST2 cells, AMPKal is more abundant than AMPKa?2

SIRT1 and AMPK are both fuel sensing molecules that are known to coexist in cells. It was
widely described that in different tissue, AMPK and SIRT1 regulate each other and share
multiple common target molecules (1073). Therefore, this study continues testing the effect of
AMPK suppression or activation on Sirtl relative mRNA level, as well as expression of AMPK

subunit alpha (Prkaal and Prkaa2).

Given that in different tissue type, AMPKal and AMPKa2 has different expression patterns,
in prior to activation and suppression of AMPK activity experiments, basal mRNA level of
Prkaal and Prkaa2 was established in ST2 cell line and primary mouse BMSCs (1095). This
was done, in order to understand, if one of the isoforms is more abundant than another in these
particular cell types. Results show that in both primary BMSCs and ST2 cells, relative mRNA
level of Prkaaz2 is significantly lower than Prkaal (Fig. 66A,B). Suggesting that in current cell
types, Prkaal is predominantly expressed and can potentially have greater impact on Sirtl
relative expression. Moreover, we confirmed that Prkaal and Prkaa2 mRNA are expressed on
same level in both primary mice BMSCs and ST2 cell line, therefore study of these genes could
be comparable in both cell types (Fig. 66C,D).
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Figure 66. Basal expression of
Prkaal and Prkaa2 expression in
BMSCs and ST2 cells. A-B.
Relative mRNA level of AMPK
subunit alpha isoforms (Prkaal/
Prkaa2) in untreated ST2 cell line and
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MRNA level of Prkaal and Prkaa2
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analysis was performed using Mann-
Whitney’s test; a - p<0.05

Suppression of AMPK activity by Dorsomorphin has a negative effect on Sirtl

According to our data on Prkaal expression in SBA extracted BMSCs (10-week cohort 1), we

concluded that decrease in AMPK gene expression could potentially be involved in decrease

of Sirtl mRNA in same samples (Fig. 65A). Therefore, we aimed to understand the role of

AMPK suppression in Sirtl gene expression regulation. The following step was done to
identify the effect of AMPK activity inhibition on Sirtl mRNA expression. In ST2 cells that
were treated for 14h with DM (20M), assay showed a significant decrease of 96% in AMPK
activity (vs. CT) (Fig. 67A). Exposure for 14h to DM in ST2 cells generated a significant
decrease in Sirtl mRNA level (-79% vs. CT) (Fig. 67B). Additionally, SIRT1 protein level
was studied, results of Western Blotting (WB) showed that there is no difference in band
intensity between CT and 14h DM (20M) treatment conditions (Fig. 67D).
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We hypothesised that 14h DM treatment did not induce changes in SIRT1 protein level, as
duration of the protocol was not long enough to see changes in intracellular protein level.
Average half-life of protein was established to be from 3 to 9 days, therefore we decided to test
increased time of DM exposure of ST2 cells (1096). So, cells were treated for 72 hours (72h)
with 20M concentration of DM. AMPK activity assay results indicated a 97% decrease in this
increased treatment time condition (vs. CT) (Fig. 67A). Also, Sirtl mRNA quantification
displayed a statistically significant decrease (-54% vs. CT) in ST2 cells (Fig. 67C). However,
long term treatment of ST2 cells with DM did not result in changes in SIRT1 protein level (Fig.
76E).

In order to compare findings of ST2 cells with initial results of SBA mouse extracted BMSCs,
we conducted a 14h DM (20M) treatment on primary mouse BMSCs. It was identified that
Sirtl mRNA level was dramatically reduced by 92% (vs. CT) (Fig. 67F). Therefore, it can be
concluded that in both ST2 cells and primary mouse BMSCs, exposure to DM exhibit similar
effect and results in suppression of Sirtl mMRNA. Probably, a treatment longer than those we
used could result in a decrease in Sirtl protein, as the decreases in mRNA level observed are

biologically significant.
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Figure 67. AMPK activity assay results and Sirtl expression in ST2 cells and primary
BMSCs exposed to 14h and 72h DM treatment. A. AMPK enzymatic activity in CT ST2
cells and in ST2 cells treated with 20uM of DM, measured through the spectrophotometer
absorbance at 450nm; B-C. Relative mRNA level of Sirtl in ST2 cells treated with 20uM of DM
for 14h and 72h, respectively; D-E. SIRT1 protein level, in ST2 cells treated with 20uM of DM for
14h and 72h, respectively; F. Relative mRNA level of Sirtl in primary mice BMSCs treated with
20uM of DM; Data represents mean + Interquartile range; n=4-6. Statistical analysis was performed
using Kruskal-Wallis One-Way ANOVA test for AMPK activity assay and Mann-Whitney’s test
for relative gene expression data; a - p<0.05, a — p<0.005, aaa — p<0.0005.
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Positive feedback has been recognised as the essential regulatory motif in the formation of
switches in many biological systems (1097). Some of the examples of interlinked positive
feedback loops are p53 regulation through mouse double inure homologue 2 (MDM2) (1098),
or muscle cell fate specification where myoblast determination protein (MyoD) is regulated
through AKT serine/threonine kinase 2 (AKT2) (1099,1100). Recently, it has been
demonstrated that in skeletal muscles, exercise induces expression of GLUT4 through a
positive feedback loop between AMPK and peroxisome proliferator-activated receptor [

(PPARP), which plays an important role in regulating glucose uptake (1101-1103).

Based on this previously published data, we were interested to study the effect of drug
treatment on the expression of AMPKal and AMPKaz2 in both ST2 cells and primary mouse
BMSC:s. Cells treated with DM (20M) for 14h, displayed a statistically significant suppression
of Prkaal (-72% vs. CT), together with 109% increase in Prkaa2 mRNA level (vs. CT) (Fig.
68A). However, the extended treatment time (72h) resulted only in 56% decrease in Prkaal
mRNA (vs. CT), without affecting Prkaa2 (Fig. 68B). These results suggest that AMPK
activity suppression has a negative effect on AMPKal subunit expression, confirming positive
autoregulation of AMPK. Moreover, it can be theorised that in case of AMPKal subunit
suppression, the compensation mechanism induces AMPKa2 subunit expression. However,
both, 14h DM treatment study and 72h study on ST2 cells confirmed the hypothesis that
potentially only AMPKal is involved in Sirtl regulation, as decrease in Sirtl gene expression
is accompanied by a specific decrease in Prkaal mRNA in BMSCs from 10-week cohortl
SBA 18% group.
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Figure 68. Prkaal and Prkaa2 expression in primary BMSCs and ST2 cells exposed to
14h and 72h DM treatment. A-B. Relative mRNA level of Prkaal and Prkaa2 in ST2 cells
treated with 20uM DM for 14h and 72h, respectively; C. Relative mRNA level of Prkaal and
Prkaa2 in primary mice BMSCs treated with 50uM DM for 14h; Data represents mean +
Interquartile range; n=4. Statistical analysis was performed using Mann—Whitney’s test; a - p<0.05,
aaa — p<0.0005.

In order to confirm the negative effect of AMPK activation on AMPKa subunit gene
expression, we also tested the effect of DM in primary BMSCs. Similar to findings in ST2 cell
line, in BMSCs exposed to 14h treatment with DM (20M), the mRNA level of Prkaal isoform
was significantly decreased (-57% vs. CT) (Fig. 68C). Nonetheless, relative mMRNA level of
Prkaa2 was significantly increases in the same condition (+50% vs. CT) (Fig. 68C). This effect
of AMPK activity inhibition was complementary to finding of ST2 cells, confirming once again
our hypothesis that positive feedback loop exists and AMPK protein might regulate Prkaal

gene expression.
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Overall, for the first time this study highlighted a potential relationship between AMPK activity
and Sirtl mRNA level, suggesting that AMPK might be responsible for SIRT1 regulation in
our mouse model. More specifically, AMPKal isoform was shown to be potentially associated

with regulation of Sirtl gene.

4. Only Prkaal suppression with small interference RNA (siRNA) affects Sirtl

expression

In order to validate regulatory relationships between AMPK and SIRTL1, further functional tests
were conducted. ST2 cells were transfected with 50nM Prkaal or Prkaa2 siRNA for 72h and
for 7 days (7D). Results of 72-hour transfection have shown a significant decrease in Prkaal
relative mRNA expression in SIRNA condition (-70% vs. Opti-MEM) (Fig. 69A). Suppression
of Prkaal expression led to a significantly decreased in relative level of Sirtl mRNA (-67%
vs. Opti-MEM) (Fig. 69B). However, during long term treatment (7D) with Prkaal siRNA we
observed that mRNA level of Prkaal started to rise (-48% vs. Opti-MEM, p=0.0616) (Fig.
69D). Moreover, the insufficient suppression of Prkaal, led to no changes in Sirtl mRNA
level, after 7D exposure to SiIRNA (Fig. 69E). Suggesting that after long term exposure, Prkaal
MRNA level start to restore and Sirtl mRNA production start to increase, in order to maintain
cell survival. Additionally, we tested mMRNA level of Prkaa2 in 72h and 7D treatment with
Prkaal specific SiRNA, as a negative control. We observed that 72h treatment, which
significantly downregulated Prkaal expression, in case of Prkaa2 resulted in an increase of
MRNA (+155% vs. Opti-MEM) (Fig. 69C). It was hypothesised that this even is taking place
due to the compensation of significant loss in Prkaal. Surprisingly, in samples treated for 7D
with Prkaal siRNA, mRNA level of Prkaa2 was significantly decreased as well (-71% vs.
Opti-MEM) (Fig. 69F). We observed that the decrease in Prkaa2 does not affect Sirtl mRNA
level, supporting the hypothesis that Prkaa2 expression level is not high enough to play a role
in Sirtl expression regulation. Overall, findings of Prkaal siRNA treatment showed that 72h
treatment results in decrease in Sirtl mRNA, confirming the regulatory effect of AMPK upon

Sirtl expression.
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Figure 69. Prkaal, Sirtl and Prkaa2 expression in ST2 cells after exposed to Prkaal
SIRNA. A-B. Relative mRNA level of AMPK subunit al (Prkaal) and Sirtl in ST2 cells treated

with 50nM of Prkaal siRNA for 72 hours; C. Relative mMRNA level of AMPK subunit a2 (Prkaa2)
in ST2 cells treated with 50nM of Prkaal siRNA for 72 hours; D-E. Relative mRNA level of Prkaal
and Sirtl in ST2 cells treated with 50nM of Prkaal siRNA for 7 days; F. Relative mRNA level of
Prkaa2 in ST2 cells treated with 50nM of Prkaal siRNA for 7 days; Data represents mean *
Interquartile range; n=4. Statistical analysis was performed using Kruskal Wallis test and Dunn’s
Multiple Comparison Test; a — p<0.05 when compared to Opti-MEM, b — p<0.05 when compared

to Lipofectamine condition.

After, we were interested to test the effect of Prkaa2 suppression on Sirtl mRNA in ST2 cells.
Similar to previous study, ST2 cells were transfected with 50nM Prkaa2 siRNA for 72h and
for 7 days. Results of 72h transfection have shown a significant decrease in Prkaa2 relative
MRNA expression in sSiRNA condition (Fig. 70A). The decrease of 72% (vs. Lipofectamine),
confirms a successful reduction of Prkaa2 expression. However, the relative mRNA level of
Sirtl was not affected in the same cells (Fig. 70B). After 7D transfection with 50nM Prkaa2
SiIRNA, ST2 cells exhibited significant decrease in Prkaa2 mRNA (-82% vs. Lipofectamine)
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(Fig. 69D). Even with extended transfection time, Sirtl mRNA level was not significantly
affected by suppression of Prkaa2 expression (Fig. 70E). Only, we could observe the 47%
decrease in Sirtl mRNA (p=0.1554 vs. siRNA neg) in 7D condition, which potentially indicate
a tendency of Sirtl to be decreased in the presence of Prkaa2 siRNA (Fig. 70E).
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Figure 70. Prkaa2, Sirtl and Prkaal expression in ST2 cells after exposed to Prkaa2
SiIRNA. A-B. Relative mRNA level of Prkaa2 and Sirtl in ST2 cells treated with 50nM of Prkaa2
siRNA for 72 hours; C. Relative mRNA level of Prkaal in ST2 cells treated with 50nM of Prkaa2
siRNA for 72 hours; D-E. Relative mRNA level of Prkaa2 and Sirtl in ST2 cells treated with 50nM
of Prkaa2 siRNA for 7 days; F. Relative mRNA level of Prkaal in ST2 cells treated with 50nM of
Prkaal siRNA for 7 days; Data represents mean + Interquartile range; n=4. Statistical analysis was
performed using Kruskal Wallis test and Dunn’s Multiple Comparison Test; a — p<0.05 when
compared to Opti-MEM condition; b — p<0.05, bb — p<0.005 when compared to Lipofectamine
condition; ¢ — p<0.05 when compared to siRNA neg condition.
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In the same samples, relative mRNA level of Prkaal was tested. We found that suppression in
Prkaa2 expression does not affect Prkaal expression after 72h or 7D, leading to the conclusion
that current siRNA treatment specific to Prkaa2 (Fig. 71C,F). In general, findings of Prkaa2
SiRNA transfection showed that this particular isoform does not play a role in Sirtl regulation,
indicating once again that AMPK complex containing AMPKal subunit, specifically regulates

Sirtl gene expression.

As we observed that AMPKal and o2 subunits exhibit compensatory expression pattern, we
were interested in the effect of combining Prkaal and Prkaa2 siRNA and transfect ST2 cells
simultaneously, to eliminate both isoforms. After 72h of transfection, ST2 cell exhibited a
statistically significant decrease in Prkaal and Prkaa2 mRNA level, -53% (vs. Lipofectamine)
and -94% (vs. Lipofectamine), respectively (Fig. 71A,B). In these samples, Sirtl expression
was also significantly downregulated, by 61% (vs. Opti-MEM) (Fig. 71C). After prolonged
treatment with Prkaal+Prkaa2 siRNA, Prkaal mRNA was found to be decreased by 71% (vs.
Opti-MEM), which is lower than in samples treated with Prkaal siRNA alone (Fig. 71D).
Prkaa2 expression was significantly affected by 7D combined treatment (-95% vs. Opti-
MEM), which is also lower than samples treated with Prkaa2 siRNA alone (Fig. 71E).
Surprisingly, after 7D treatment Sirtl mRNA was not affected by decrease in Prkaal or Prkaa2
MRNA, suggesting that a compensatory mechanism allow the restoration of Sirtl mRNA level
after long term treatment (Fig. 71F). Altogether, Prkaal+Prkaa2 siRNA treatment exhibited
similar effect upon Sirtl mMRNA level, as Prkaal siRNA treatment alone. This can lead to the

conclusion that Prkaal exhibit regulatory effect on Sirtl mRNA during 72h treatment.
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Figure 71. Prkaal and Prkaa2 expression in ST2 cells after exposed to combination of
Prkaal and Prkaa2 siRNA. A-C. Relative mRNA level of Prkaal, Prkaa2 and Sirt1 in ST2 cells
treated with 50nM of Prkaal and Prkaa2 siRNA for 72 hours; D-F. Relative mRNA level of Prkaal,
Prkaa2 and Sirtl in ST2 cells treated with 50nM of Prkaal and Prkaa2 siRNA for 7 days; Data
represents mean  Interquartile range; n=4. Statistical analysis was performed using Kruskal Wallis
test and Dunn’s Multiple Comparison Test; b — p<0.05 when compared to Lipofectamine condition;
¢ — p<0.05 when compared to siRNA neg.

5.

Induction of AMPK activity does not affect Sirtl mRNA level

We showed that suppression of AMPK activity or suppression of Prkaal expression can

negatively impact Sirtl mRNA level in ST2 cells, however we were also interested to study

the effect of AMPK activity induction on Sirtl gene expression. In order to do this, we used

A-769662 compound, which is known to allosterically activate AMPK. Firstly, the effect of
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200M A-769662 treatment on AMPK activity was tested in ST2 cell line. Results showed that
14h exposure to AMPK activator resulted in 24% increase in assay intensity (vs. CT),
suggesting a successful rise in AMPK activity (Fig. 72A). In AMPK inhibition study we saw
that ST2 cells had similar results to BMSCs, therefore we replicated the study on AMPK
induction in primary mouse BMSCs. In order to determine the effect of AMPK activation in
mice BMSCs, cells extracted from mice BM were treated for 14h with two different
concentrations of AMPK activator (A-769662) - 50M or 200M. After, relative mRNA level
of Sirtl was studied in BMSCs, which treated with lower (50M) and higher (200M)
concentrations of A-769662 for 14h. The experiment showed that despite increased AMPK
activity, both concentrations of A-769662 there was no desired effect on Sirtl mRNA level
(Fig. 72B,C). Even 200M concentration of A-769662 induced a 36% decrease in Sirtl mMRNA,
without being statistically significant, leading to the conclusion that activation of AMPK

enzymatic function is not enough to induce changes in Sirtl mRNA (Fig. 72C).
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Figure 72. AMPK activity assay results and Sirtl expression in primary BMSCs
exposed to 14h A-769662 treatment. A. AMPK enzymatic activity in CT ST2 cells and in ST2
cells treated with 200uM of A-769662, measured through the spectrophotometer absorbance at
450nm; B-C. Relative mRNA level of Sirtl in primary mice BMSCs treated with 50uM and 200uM
of A-769662, respectively; Data represents mean + Interquartile range; n=4. Statistical analysis was
performed using Mann—Whitney’s test; a - p<0.05,
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Similar to DM treatment study, we wanted to detect changes in Prkaal and Prkaa2 expression

in cells treated with A-769662. Results showed that the expression level of Prkaal mRNA was
not altered by exposure to 50M A-769662, nor by 200M A-769662 treatment in mouse BMSCs
(Fig. 73A,B). However, high concentration of AMPK activator resulted in 49% increase in
Prkaa2 mRNA (vs. CT) in BMSCs (Fig. 73B). According to these findings, it can be
hypothesised that AMPK potentially is able to positively regulate the expression of AMPK

subunit, through the downstream signalling. In the same time, we observed that increase in

Prkaa2 expression did not result in increase in Sirtl mRNA, suggesting that this isoform is not

part of the complex that is involved in regulation of Sirtl expression (Fig. 72C).

A. 14h Treatment in BMSCs

1.5+
> e CT
> ® [ ]
3 A A-769662 50M
g 1.0-
©
)
X 45
<
pd
(14
£
0.0-
'a"’\ @"m
<t ¢t
B. 14h Treatment in BMSCs
2.5- a .
= |_| e CT
> 20 A A A769662 200uM
e 2
o
; 1.5
o
@ 1.0
z
Z 051
£
0.0-

231

Figure 73. Prkaal and Prkaa2
expression in primary BMSCs
exposed to 14h A-769662 treatment.
A-B. Relative mRNA level of Prkaal and
Prkaa2 in primary mice BMSCs treated
with 50uM and 200uM A-769662,
respectively; Data represents mean =+
Interquartile range; n=4. Statistical
analysis was performed using Mann—
Whitney’s test; a - p<0.05,



6. DISCUSSION AND CONCLUSIONS

Previously. the relationship between SIRT1 and AMPK was established (1073). For that
reason, the regulation of Sirtl expression by AMPK pathway was explored in ST2 cells line
and primary mouse BMSCs. Study looked not only at mRNA level of Sirtl, but also at two
isoforms of AMPK catalytic subunits (Prkaal and Prkaa2). In the current study, we focused
specifically on examination of Prkaal and Prkaa2 gene expression, as both activator and
inhibitor of AMPK protein acts upon catalytic subunit. The basal expression level of Prkaal
and Prkaa2 in primary BMSCs and ST2 cells showed a large predominance in Prkaal isoform,
suggesting that it is more transcribed in current cell types, comparing to Prkaa2. This finding
corresponded to previously published data, where it was described that AMPKa isoform has a
prevalence of 90%, in contrast to AMPKa2, which covers only 10% of total AMPKa subunit
expression (1052).

In BMSCs extracted from SBA 18% weight loss mice (10-week cohort 1) we observed a
significant decrease in Sirtl mRNA level, as well as a decrease in AMPK1 gene (Prkaal).
Therefore, we were interested to see the relationship between decrease in AMPK and Sirtl
expression. Long term (72h) and short term (14h) treatments of ST2 cells with DM have shown
remarkable decrease in AMPK activity comparing to not treated cells (-96% vs. CT) (Fig. 67A).
Overall, experiments demonstrated that successful inhibition of AMPK activity resulted in a
decrease in Sirtl mRNA level in both ST2 cell line and primary mouse BMSCs (Fig. 67).
However, reduction of AMPK activity did not induce changes in SIRT1 protein level,
suggesting that 72h decrease in Sirtl mRNA is not enough to induce changes at protein
expression level. These findings provide first evidence of AMPK regulatory effect upon Sirtl
expression in mouse stromal cells. In the light of these findings, we hypothesised that AMPK
might regulate Sirtl expression through E2F1 phosphorylation and stabilisation (976). The
regulatory effect of E2F1 upon Sirtl expression was widely described in the literature. It was
shown that DNA damage by cancer drug (etoposide) results in E2F1-dependent induction of
Sirtl gene expression (550,714). Moreover, E2F1 transcription factor was shown to interacts

with two binding sites in the Sirtl promoter to induce Sirtl transcription (659).

Despite the fact that DM is widely described to be a good suppressor of AMPK activity and in

current study it demonstrated an efficient result, other agents could be tested in current
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condition, as DM has been shown to act upon other proteins like BMP. DM can also be utilised
as a specific BMP pathway inhibitor (1104,1105). Indeed, in a comprehensive examination of
inhibitor kinase specificities, DM was discovered to inhibit a variety of kinases other than
AMPK (1106-1108). Taking into account the off target effect of DM, we conducted a literature
research and did not find evidence that BMP pathway regulates Sirtl expression (1109).
Therefore, we assumed that DM involvement in regulation of other protein activity does not
affect our results. Nevertheless, to avoid any additional variables in the experiment, alternative
suppressors of AMPK activity could be used. In 2018, Dite et al. published work where they
described a selective inhibition of AMPK by SBI-0206965 (1110). Later, other studies also
highlighted the efficient suppression of AMPK with SBI1-0206965 (1111-1113).

Additionally, to explore a potential positive feedback loop of AMPK, we quantified Prkaal
MRNA, which showed its decrease in ST2 cell line and primary BMSCs after DM treatment
(Fig. 65). One of possible mechanism of AMPK autoregulation is through AMPK facilitated
phosphorylation of E2F1 transcription factor. It was reported that E2F1 directly binds to the
promoter region and transactivates the expression of Prkaal and Prkaa2, in return AMPK
protein was shown to contribute to stabilisation of E2F1 (976,1114). Yang et al. described that
AMPKa contributes to induction of apoptosis by stabilising E2F1 through the direct
phosphorylation (976). Reduction in AMPK activity could have potentially reduced the rate of
E2F1 phosphorylation, causing a decrease in its stability and capacity to conduct transcriptional
regulation and further leading to the suppression of Prkaal transcription. On the top of that,
DM treatment in primary mouse BMSCs and ST2 cell line, display a compensation mechanism
between Prkaal and Prkaa2 subunits. With a significant decrease in Prkaal expression, an
intracellular mechanism triggers activation of Prkaa2, which basal expression is low. This

mechanism can potentially maintain basal cellular function and cell survival.

Following, an RNA interference study was conducted to validate findings of DM treatment,
overcome possible drug side effects, and develop our understanding of AMPK role in Sirtl
regulation. sSiRNA was used to specifically suppress Prkaal and Prkaa2 expression. ST2 cell
treatment by Prkaal siRNA for 72 hours, demonstrated a significant reduction in Prkaal
expression (-70% vs. Opti-MEM), as well as a decrease in Sirtl mRNA level (-67% vs. Opti-
MEM) (Fig. 69A,B). However, findings of Prkaa2 siRNA transfection showed a decrease in
Prkaa2 mRNA without affecting Sirtl expression (Fig. 70). These results once again

demonstrated the involvement of AMPK in Sirtl gene expression. Furthermore, it can be
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indicated that only Prkaal suppression caused a statistically significant decrease in Sirtl
MRNA and also, only reduction in Prkaal mRNA was associated with decline in Sirtl in DM
treated samples. However, in long term suppression (7D) of Prkaal, only 48% decrease in
Prkaal mRNA was observed without affecting Sirtl expression (Fig. 69C,D). As was
mentioned before, the basal expression level of Prkaa2 in ST2 cells is much lower than Prkaal
isoform (Fig. 65B). When we combined Prkaal and Prkaa2 siRNA we observed similar results
to Prkaal treatment alone. Sirtl mMRNA level was significantly reduced in cells treated for 72h,
however after 7D its mRNA level was restored (Fig. 71). Multiple studies that focused on Sirtl
MRNA expression suppression conducted the treatment for only 48 hours, therefore we
postulate that in long term treatment, Sirtl expression is restored through alternative pathways,

as this protein is crucial for cell function and survival (1115,1116).

In contrast to AMPK activity suppression study, AMPK activity induction did not result in any
changes in Sirtl relative mRNA level in primary BMSCs (Fig. 72). Even with the higher
concentration of activator tested (200M), AMPK activity was modestly increased. This modest
effect appeared to be insufficient to induce an increase in Sirtl expression. So, if we want to
study more the impact of AMPK activation on Sirtl mRNA level, other activators could be
used. For example, it has been stated that Compound 991 (C991) and MT 63-78 are 5-10 times
more potent than A-769662 and potentially can be good alternative (1117,1118).
Benzimidazole derivative chemical 991 (C991), as a new and very effective AMPK activator
(1119-1121). C991 binds directly to the AMPKa subunit, resulting in significant AMPK
activation. It is the most powerful AMPK activator known, surpassing A769622 and AICAR
(5-aminoimidazole-4-carboxamide-1-d-ribofuranoside) (1120,1121). Another more recently
produced direct activators, MT 63-78, was able to inhibit prostate cancer cell proliferation in
vitro as well as tumour growth in vivo (1122). It has similar effect to A-769662 and salicylates,
MT 63-78 allosterically activates AMPK by directly binding to the AMPK3 regulatory subunit
(1118,1122,1123).

Nevertheless, our results strongly suggest that in primary mouse BMSCs and in ST2 cell line,

AMPK can be responsible for regulation of Sirtl gene expression, however the molecular

mechanism of this regulation is not yet defined.
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OVERALL CONCLUSIONS AND PROSPECTIVES
Overview of findings and their contribution to the field

Throughout 3 years, our work focused on two main questions — What is the link between Bone
- BMSC differentiation capacity — Sirtl expression (in BMSCs)? What are potential regulators
of Sirtl expression in energy deficit context? (Fig. 74). Therefore, this project branched into
two parts — 1. Focusing on SBA model and developing our understanding of how severity and
length of nutrient deficit effects mice and what are transcriptomic differences between BMSCs
extracted from SBA 18% and CT mice; 2. Focusing on establishment of previously unknown
regulators of Sirtl expression and exploring previously described interactions between AMPK

and SIRT1.
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Figure 74. Project work overview and main questions addressed in this study.
Components of the diagram were taken from https://smart.servier.com/. Micro-CT diagram adapted
from Hsu et al., 2014 (182).
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First of all, for the first time we identified that severity level of energy deficit plays a role not
only in bone alterations, but also in BMSCs fate decision. Our long term (10-week) SBA
protocol of moderate (18%) and severe (24%) weight loss induced loss of bone mineral content,
trabecular thickness, as well cortical thickness, together with loss of periosteum diameter.
These results suggest a decrease in bone formation, despite the fact that bone resorption was
not assessed. Interestingly, that micro-CT analysis of proximal tibia BMA did not show any
changes. However, when we studied the differentiation potential of BMSCs we observed a fast
and upregulated adipogenesis and a low level of osteoblastogenesis, indicating a potential
reduction in bone due to the switch in BMSCs differentiation potential. Switch in BMSC fate
decision was accompanied by a decrease in Sirtl mRNA in moderate and severe weight loss
conditions. Overall, we demonstrated that moderate and severe energy deficit can induce bone
loss, which can be explained by a switch in BMSCs differentiation potential due to the
reduction in Sirtl mRNA production (Fig. 75).

Secondly, we looked at moderate (18%) weight loss condition at different angle. We were
interested to identify the effect of duration of energy deficit on bone and BMSCs. The
preliminary study showed interesting results — weight loss in mice did not induce changes in
bone parameter, BMSC differentiation, and subsequently Sirtl mRNA production. This
strengthened our hypothesis that bone loss during energy deficit can be related to decreased
osteoblastic differentiation of BMSC, that is related to reduced level of SIRT1 transcription
factor (Fig. 75).

To a greater extent, we were interested in changes that take place in BMSCs extracted from
10-week and 4-week protocol, from both CT and SBA 18% weight loss mice, as these two
conditions exhibit remarkably different results. As a first step of our investigation, with the
help of our collaborators from EGID, we decided to conduct RNA-seq analysis to study
transcriptomic differences between BMSCs from SBA and control mice, but also between
long- and short-term protocols. Preliminary analysis of RNA sequencing revealed that both 10-
week and 4-week protocols induced a reduced expression of genes involved in immune system
development, white blood cell maturation or activation, indicating a significant number of
haematopoietic cells within the extracted heterogeneous population of BMSCs. In spite of the
fact that deeper analysis of data is required, it allowed us to have an overview of the events that

take place within BMSCs following the energy deficiency exposure.
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Additionally, we used the RNA-seq data to identify pathways and candidate genes, that might
be involved in reduction of Sirtl expression in 10-week SBA 18% extracted BMSCs. Scanning
thorough the available data we identified that — Rleb, Rara, Hifla, Esrl, Cebpb or Rb1, could
be involved in Sirtl regulation, as they are present within same pathways. However, functional
test showed that suppression of Rb1 expression with sSiRNA does not result in alteration of Sirtl

MRNA. Therefore, we have left other 5 candidate genes to do test upon.

Additional to RNA-seq, we explored already described regulatory relationships between
AMPK and SIRT1. We were interested in the effect of suppression of AMPK activity, as well
as AMPK gene (Prkaal) production, on Sirtl mRNA level. Results have confirmed that
decrease activity of AMPK results in reduced production of Sirtl mRNA, also suppression of

Prkaal expression by siRNA leads to the decrease in Sirtl mRNA.

To test the cohort effect and confirm the preliminary findings of 4-week study, we replicated
10-week and 4-week SBA 18% weight loss protocol in mice. 10-week results showed similar
findings to previously done SBA studies, on alterations in bone, but this time no change in
Sirtl expression or BMSC differentiation was observed. Second time, replication of 4-week
study demonstrated that short-term nutrient deficit can induce changes in bone parameters and
induce a slight increase in BMA as well (Fig. 75). Nevertheless, lack of changes in BMSCs
differentiation capacity and no effect on Sirtl mMRNA level have been observed. Despite the
fact that cohort 2 study did not confirm our previous finding, we still observed a strong effect
of moderate weight loss on bone loss. These findings showed us that weight difference in mice
at final day of the protocol (as it was observed between 4-week cohort 1 and cohort 2) can play
a big role in bone alteration quantification, as SBA 18% data is compared to CT condition. Due
to the fact that in these samples no change in BMSC differentiation capacity was observed, nor
decrease in Sirtl expression was exhibited, other mechanism should have played a role in bone
alterations. Samples from this cohort still can provide us valuable information on other
mechanisms that can result in bone changes, which will be explored in future. But the link in
BMSCs between alteration of differentiation and alteration of Sirtl mRNA level appeared to

be confirmed and strong in all experimental situations.
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Figure 75. Project work overview and main questions addressed in this study with
answers.

Components of the diagram were taken from https://smart.servier.com/. Micro-CT diagram adapted
from Hsu et al., 2014 (182).
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Research on the topic of CR or severe energy deficiency provided compelling evidence of the
negative relationship between BMD and BMA. In AN patients multiple cross-sectional studies
indicate that AN is associated with loss of BMD, which is often accompanied by increase in
BMA at different sites (femoral neck, long bone, lumbar vertebrae) (Fig. 76) (406-412).
However, some studies, like Abella et al. have demonstrated a decrease in BMA in AN patients
with severe condition of gelatinous degeneration of the bone marrow, which can be associated
with BM necrosis (407). Variety of studies on CR in animal model, which used different
approaches to subject mice or rat to CR, have demonstrated that decrease in bone parameters
or BMD is predominantly accompanied by an increase in BMA (Fig. 76) (2,283,414). Previous
studies on CR or energy deficit mainly focused on characterisation of BMAT in energy deficit
condition. More specifically, extensive data was provided by Scheller et al. and Cawthorn et
al. on distinguishing rBMAT and cBMAT, their regulatory and functional differences
(179,196,283).

However, not all CR studies achieved increase in BMA. For example, Devlin et al. described
a complete loss of BMAdSs in distal femur of mice, after 30% weight loss (vs. CT) (414).
Moreover, in a rabbit model, Cawthorn et al. demonstrated that CR does not induce BMAT
expansion (283). Suggesting that the lack of BMA alteration, that we observed in our current
study on SBA model, correlates with previous findings in other CR models and species,
emphasising the fact that bone loss in energy deficit is not a direct cause of increase in BMA,
but rather additional factor that can enhance a bone loss. Therefore, our goal was to focus on
the link between bone and molecular processes that can result in bone loss under energy
insufficiency condition. We were interested in investigating molecular mechanisms that are
responsible for a potential change in bone and BMA balance. Due to the fact that in BM both
cell types (osteoblast and adipocyte) are derived from BMSCs and that SIRT1 plays an
important role in BMSCs differentiation potential, favouring osteoblastogeneis and
suppressing adipogenesis, we explored potential mechanisms of SIRT1 suppression in the
context of energy deprivation. Overall, results of this work bring along valuable information
about underlining process of bone loss in SBA model, like the fact that the lack of SIRT1 might
play an important role in the BMSCs fate decision switch (Fig. 76). Additionally, we
highlighted that AMPK might be one of the regulators of Sirtl expression in this cell type.
Moreover, RNA-seq data opened a door to explore molecular changes that take place in
BMSCs, extracted from SBA mice. A deep exploitation of the data could in future lead to the

establishment of new regulatory mechanisms of BMSC differentiation.
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BONE/BMA REGULATION IN ENERGY DEFICIT CONTEXT
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Figure 76. Bone/BMA regulation in the context of energy deficit. Diagram highlights main
findings on bone alterations and BMA described in the literature, and emphasis how this study is
connected to previous findings and summarises what were the main results obtained.

240



Future perspectives of current study

As this project led to several questions to investigate, it is important to emphasise on work that
is necessary to be done first in the future. First of all, in a close future BMA data on 10-week
and 4-week cohort 2 studies is going to be complete, which will allow having a better
understanding regarding the relationship between bone and BMA in this SBA cohort.
Moreover, it is crucial to replicate 10-week and 4-week SBA 18% weight loss studies again, in
order to confirm or to refute results of cohort 2 study. This time, it would be important to
allocate mice to groups so that initial weight of subjects will not be different between SBA and
CT conditions. Moreover, it would be necessary to avoid weight gain within the protocol, after
the first rapid weight loss, as this potentially can affect the outcome of the study. After inducing
weight loss in mice and extracting BMSC:s, it will be required to characterise the heterogeneous
population using flow cytometry analysis of surface markers. For us, it would be necessary to
understand what proportion of cells have haematopoietic and stromal origin (markers of
trilineage differentiation - CD45"CD31 Scal*CD24"), additionally, we would like to see the
abundance of Zfp423™* cells that are considered to be pre-adipocytes. This will allow us to
improve our understanding about origin of heterogeneity of extracted BMSCs and to see the

effect of SBA protocol on proportion of cell populations (vs. CT).

RNA-seq provided big amount of data, which can be analysed from different perspectives and
can improve our knowledge about transcriptomic alterations in cells extracted from BM of
SBA 18% weight loss mice. These findings can shine the light on mechanisms of cell
differentiation and adaptation in response to energy deficit in vivo. Extensive amount of work

is required in data analysis and interpretation, as well as further functional tests.

In current study we used RNA-seq approach to identify new potential regulators of Sirtl
expression in BMSCs, additionally we tested previously described regulator of SIRT1 activity
— AMPK. However, the long-term suppression of Sirtl mRNA expression, throughout the 14-
day co-differentiation protocol, can take place due to epigenetic alterations of Sirtl promoter
region. Chromatin immunoprecipitation (ChIP) experiment or ChlIP sequencing (ChIP-seq)
would be useful tools to investigate epigenetic alterations in cells extracted from SBA mice.
This knowledge could be crucial in understanding the origin of Sirtl mRNA decrease in

BMSCs extracted from SBA 18% weight loss mice — is epigenetic mechanism responsible for
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gene expression suppression or Sirtl expression is negatively regulated through protein

binding?

Furthermore, reduction of Sirtl mRNA level in BMSCs derived from BMA mice, could be due
to the increase in mMRNA degradation through miRNA activity. Previously it was described that
miR-34a, miR-143, miR-132, miR-217 are negative regulators of SIRT1, through post
transcriptional repression of Sirtl mRNA (721). Therefore, it would have been interesting to
quantify the abundance of these miRNAs in BMSCs extracted from SBA mice, as they

potentially can contribute to the reduction of Sirtl mRNA.

Overall, we have clear ideas about further steps of this project and exact paths that are necessary
to be taken in order to achieve our goal and improve or apprehension of molecular changes that

take place in SBA mice-derived BMSCs and regulation mechanism of Sirtl mRNA decrease.

Why is there an increase in BMAT and loss of bone in AN-affected individuals?

After 3 years of conducting a research project on the topic of AN-associated bone loss,
personally for me there is no yet clear answer on question - why is there a bone loss and increase

in BMA in energy deprivation condition?

In answering this question, it is important to take into account the crosstalk between different
systems in the human body and emphasise the importance of hormones, growth factors and
other signalling molecules in the regulation of bone homeostasis and BM microenvironment.
Due to the fact that AN individuals are predominantly females and one of the severe symptoms
of nutrient deficiency is amenorrhoea, oestrogen deficiency has been shown to have a strong
association with BMAT accumulation and bone loss (1124). Therefore, oestrogen signalling in
BM plays an important role in the growth and maturation of bone, as well as, it functions as
one of the regulators of bone turnover in adult bone (1125). Oestrogen deficiency in the context

of severe nutrient deprivation can probably contribute to the bone loss (1126).
Reduction in AT results in decreased source of adiponectin, that is necessary for protection

against insulin resistance and arthrosclerosis. It was described that in animal model, with

depletion of AT, BMAT becomes the main source of circulating adiponectin (179). Moreover,
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Li et al. showed that in the context of CR, BMAT lipolysis is required to maintain

myelopoiesis, suggesting that BM fat storage is required for function of haematopoiesis (246).

Our research focused on investigating changes in the BMSCs caused by the decrease in SIRT1
production, however in other metabolic tissue, CR is known to increase production of SIRT1
and other members of sirtuin family. Therefore, I found it important to investigate the changes
in sirtuin family production during different metabolic stated (obesity, diabetes and AN) in
other tissue. Moreover, my research on this topic was driven by understanding the effect of
sirtuins on secretome production in metabolic tissue (pancreas, liver and other adipose tissue
depots). Throughout the project we were focusing only on BM environment, but a variety of
systemic changes can affect bone in the context of AN. Therefore, we published a review
article, highlighting the effect of energy deficit on sirtuins production in metabolic issue,
understanding how it can alter the secretome of this tissue, and further affect bone homeostasis
(1). Overall, our findings emphasised the fact that GH resistance, which was described before
in AN parients, as well as in SBA mouse model, could take place due to SIRT1-mediated
STATS deacetylation and deactivation, leading to reduced expression of IGF-1 gene (1127).
This event can potentially have a negative impact on bone formation. Also, leptinaemia
development in AN subjects, can negatively affect bone homeostasis, through sympathetic
nervous system (SNS) and activity in the hypothalamus. Elefteriou et al. demonstrated that
leptin deficiency results in reduced production of cocaine amphetamine regulated transcript
(CART). CART signals to osteoblasts and reduces RANKL expression in these cells by
suppressing osteoclast maturation. Therefore, a decrease in CART results in the activation of
bone resorption through upregulated osteoclast maturation (1128). All-inclusive, this review
article highlighted several mechanisms through which other tissue can negatively affect bone

homeostasis in AN condition (586).

Overall, to answer this difficult question — why there is an increase in BMAT and loss of bone
in AN-affected individuals, we need to combine all the collected evidence together. Leading to
my person conclusion, that oestrogen deficiency, leptinaemia, GH resistance, alterations in
BMSCs differentiation (potentially though downregulation of SIRT1 production), BMAT-
derived adiponectin production and moreover the necessity of energy supply to maintain
haematopoiesis — can lead to an increase in BMAT and bone loss in the context of energy
deficit.
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Personal conclusion

From the beginning we understood that during these 3 years we would not be able to reach a
clear conclusion and determine (with 100% certainty) a regulating mechanism of Sirtl
expression in BMSCs, under energy deficit condition. However, our results moved forward our
understanding of energy deficit involvement in bone and BMSCs alterations. Moreover, we
came up with compelling evidence of AMPK involvement in regulation of Sirtl expression in
BMSCs, which was not described before. Maybe in the end, this project brough more questions
than answers, but isn’t it how science works? Great Russian physicist Sergey Vavilov once
said — “When science reaches any high, from this peak opens a wide perspective on further
journey, new paths, new roads are going to be open, which science will use to go forward.” |
think this quite perfectly fits to the description of the work that has been done in past 3 years.
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PROJECT SUMMARY IN FRENCH

Identification des régulateurs de la sirtuine de type 1 (SIRT1) : acteur clé de I’altération
osseuse et la capacité de différenciation des cellules stromales en situation de déficit
énergétique (Anorexie Mentale)

1. Situation du projet de recherche dans la littérature et objectifs

L’ostéoporose est une maladie du squelette caractérisée par une diminution de la densité de
I’os et des altérations de sa structure. Un déséquilibre entre formation et résorption osseuses au
détriment de la formation entraine la fragilisation de ’os et la survenue de fractures, qui
représentent la manifestation principale de [’ostéoporose (OP). Une augmentation de
I’adiposité médullaire est démontrée dans différents types d’OP : post-ménopausique ou liée
au vieillissement (1129), cortico-induite (294) et de I’anorexie mentale (AM) (1130) (voir
synthése récente sur 1’adiposité médullaire (1131)). Les deux premiers types d’OP (post
ménopausique et vieillissement) ont de nombreux points communs et sont pour la plupart
largement étudiés. Par contre I’AM représente un contexte ostéoporotique unique, notamment
au regard de son statut non inflammatoire, de I’age moyen de sa survenue et du faible nombre
d’études qui lui sont consacrées. Les multiples conséquences incluent des perturbations neuro-
endocrines majeures et une densité minerale osseuse (DMO) basse induisant des fractures chez
44% des patientes. Cette DMO n’est que rarement et partiellement corrigée par la reprise de

poids et la sortie d’aménorrhée.

Notre équipe, est impliquée depuis de nombreuses années dans 1’étude des altérations osseuses
associ¢es a I’AM. Nous avons ainsi montré une perte osseuse chez les patientes anorexiques
(1130), une corrélation négative entre la DMO de ces patientes au niveau du col fémoral et le
niveau plasmatique de 1’adiponectine totale (1132) qui est soupgonnée d’étre produite
majoritairement par les adipocytes médullaires dans ce contexte (265) et 1’existence d’une
corrélation négative entre I’adiposité médullaire et la densité minérale osseuse (DMO) au
niveau du col fémoral et de la hanche au sein d’une cohorte conséquente de patientes

anorexiques (411).
Cette adiposité médullaire, autrefois considérée comme un tissu passif de remplissage de

I’espace laissé vacant par la perte osseuse, semble jouer un rdle crucial dans la survenue de

I’OP (1133). Parmi les arguments soutenant cette hypothese, notons que les ostéoblastes et les
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adipocytes médullaires proviennent d’un progéniteur commun, la cellule souche squelettique
(CSS) qui fait partie des cellules stromales (CS), et que plusieurs études ont montre une relation
inverse entre ostéogenese et adipogenese (99,1134,1135). Enfin, les adipocytes médullaires,
dont la caractérisation encore en cours a fait I’objet de plusieurs présentations dans des congres
internationaux, sont capables de produire des facteurs agissant directement sur la formation et

la résorption osseuses.

Parmi les régulateurs de la différenciation ostéoblastique, plusieurs études ont montré que les
sirtuines et plus particulierement la sirtuine de type 1 (une classe d’enzymes des histones
désacétylases) jouent un role majeur dans le contrdle de la balance ostéogenése/adipogeneése.
En effet, la sirtuine de type 1 (SIRT1) est connue pour ses effets pro-ostéoblastiques et anti-
adipocytaires via une désacétylation de résidus lysines de régulateurs clés des voies de
différenciation et de leurs cofacteurs (634,900,1136). Sirtl favorise la différenciation
ostéoblastique en bloquant 1’expression de PPAR-gammaz2 (facteur de transcription majeur de
I’adipogeneése) en entrainant la désacétylation de ses co-facteurs ou via la déascatylation de

RUNX2 (facteur de transcription majeur de I’ostéogeneése) (900) (Fig. 77).

Adipocytes Figure 77. Régulation de Ila
g différenciation des cellules souches
) stromales en  adipocytes et

ostéoblastes par Sirtl.

Osteoblasts

En ce qui concerne la restriction calorique et ’expression de Sirtl, a ce jour, deux publications

ont montré que la restriction calorique stimulait I’expression et I’activité extra-osseuses de Sirt

(21,906).
Afin d’¢étudier le role des adipocytes de la moelle osseuse dans le développement de 1’OP

associée a ’AM, notre groupe a développé un modele murin mimant les conséquences de

I’anorexie mentale (mod¢le basé sur la restriction alimentaire couplée a la séparation « SBA » :
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Separation Based Anorexia) (1). Nous avons ainsi montré une diminution durable de
I’expression de Sirtl dans les CS des souris SBA par rapport aux CS des souris contréles (CT).
En effet, aprés 48h de culture (milieu de prolifération standard) ou aprés 14 jours de co-
différenciation (milieu permettant 1’obtention a la fois des adipocytes et ostéoblastes (808)),
les CS des souris SBA (a 18% de perte de poids par rapport au poids initial) présentent un
niveau d’ARNm de Sirtl inférieur de 80% a celui des CS des souris CT. Ceci s’accompagne
d’une part, d’une accélération et d’'une augmentation de 1’adipogenese au détriment de
I’ostéogenése et d’autre part, d’une forte acétylation des facteurs de transcriptions RUNX2 et
FOXOI. L’ensemble de ces résultats suggére I’implication de SIRT1 dans la régulation de

’adiposité médullaire (2).

Ce projet de thése repose sur I’hypothése que la diminution de I’expression de Sirtl, dans les
cellules stromales, est associée aux altérations osseuses et a 1’adiposit¢ médullaire et que le
niveau de I’expression de Sirtl pourrait étre lié au degré de sévérité et la durée du protocole
SBA. L’objectif principal sera donc d’identifier les régulateurs de Sirtl et de déterminer les
mécanismes moléculaires qui en sont responsables dans ce modele. Ceci permettra a court
terme une meilleure compréhension de la régulation de I’adiposité médullaire et a moyen terme
de proposer de nouvelles stratégies thérapeutiques pour une meilleure prise en charge de

I’ostéoporose, notamment liée a I’anorexie mentale.

Ainsi les objectifs de ce projet de recherche sont :

1) Etudier I'impact de différents degrés de sévérité (0%, 12%, 18% et 24% de perte de
poids) et la durée du protocole SBA (10 et 4 semaines) sur les parametres 0sseux,
I’expression de Sirtl et la capacité de différenciation des CS en ostéoblastes et

adipocytes;

2) Déterminer les mécanismes de régulation de I’expression de Sirtl en analysant le
séquencage des ARNSs apres 48h de culture de CS issues des souris SBA et CT a 10 et
4 semaines de protocole et en étudiant la voie de signalisation de 1’adénosine

monophosphate kinase (AMPK);

Le schéma ci-dessous résume la méthodologie utilisée dans le cadre de cette these ainsi que les

questions abordées.
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Figure 78. Méthodologie employée dans le cadre de ce projet de recherche. BMSC (Bone
Marrow Stromal Cells). SBA : Separation-Based Anorexia. BMA : Bone Marrow Adiposity. ST2 :
lignée cellulaire murine commerciale. Micro-CT : outil pour scanner et analyser les os (tibias).

2. Principaux résultats de la these

2.1 Les effets de différents degrés de sévérité et la durée de déficit énergétique sur les
parameétres osseux, I’expression de Sirtl et la capacité de différenciation des cellules

stromales dans le modéle SBA

2.1.1 Les effets du protocole SBA 10 semaines sur la composition corporelle et le
phénotype osseux

Nos résultats ont montré que le protocole a 10 semaines a entrainé une forte diminution de la
masse grasse pour les souris de 12%, 18% et 24% de perte de poids. Une réduction de la masse
maigre n’a été observée que pour les souris de 12% (-19% vs. CT) et 24% (-22% vs. CT). En
ce qui concerne, la densité minérale osseuse (DMO) du corps entier, nos résultats ont montré
une diminution significative pour les souris de -12% (-17% vs. CT) et -18% (-15% vs. CT) de
degré de sévérité (Fig. 25). En outre, les souris de 12%, 18% et 24% montrent une baisse

250



significative de la DMO au niveau des fémurs. En revanche, seulement les souris de 18% de
perte de poids, présentent une diminution de la DMO au niveau des vertébres lombaires (L3-
L5) (SBA 18% -23% vs. CT) (Fig. 25).

L’analyse de la micro-architecture osseuse au niveau du tibia proximal, montre que le protocole
SBA a 10 semaines, n’a pas altér¢ la fraction du volume osseux (Bv/Tv) pour tous les groupes
de souris. Les souris ayant un fort degré de sévérité présentent une forte diminution de
I’épaisseur trabéculaire (Tb.Th) (SBA 24%: -29% vs. CT) et du ’espacement trabéculaire
(Th.Sp) (-18% vs. CT). L’¢épaisseur corticale (Cort.Th) est significativement réduite chez les
souris SBA de 18% (-16% vs. CT) et 24% (-17% vs. CT). En revanche, le protocole SBA a 10

semaines n’a pas d’effet sur I’adiposité médullaire (Fig. 79).

B. Tb.Th :
Bv/Tv <0.0001 To.N

0O

[
g
o
o
E-3
o

aaa

.QP. .*. bbb
0.0 AJ

Th.Th (mm)
Th.N (1/mm)
L) w >
-
bwb
Fr=%

fF T d

>
o o
> o
i
> -

c
7 -

w N N v
& K &K £ ® F K & &K &K K
D. Th.Sp E. Cort.Th. F. BMA
0.0212 0.0001 0.0635
0.3 0.15 254
b aa aaa
o 0.1 L
0.2 » A £ 0.13] gom 204
R = I L. Eon) T o2 £ 1o
s o .g; . = *
o 0.2 v € 0.1 < | v
g c £0.10 = < & 1 .
= : 8
0.05-|- o.os-[ 1 e
.
0.00 T T T T T 0.00 «- T T T T 0 &. % y T T
0« s\o '(f\e '§\° 'Lg\o ¢ 73\6 v'(f\o P\s\e vq?\a = Q’VS\Q v.':ﬂ\o y-'\s\o v'l"e\g
g F F F F &K & P f F F P

Figure 79. Impacts de différents degrés de sévérité et du protocole SBA a 10 semaines sur la
micro-architecture osseuse et I’adiposité médullaire. A. fraction du volume osseux (Bv/Tv); B-
E. Epaisseur trabéculaire (Tb.Th), nombre des travées (Tb.N), I’espacement trabéculaire (Tb.Sp), et
I’épaisseur corticale (Cort. Th) sont évalués au niveau du tibia proximal de chaque souris et exprimés
en millimetres; F. Adiposité médullaire (BMA) est exprimée en pourcentage du tissu adipeux dans
la moelle. n=6. L’ analyse statistique est déterminée par le test Kruskal-Wallis One-Way ANOVA et
le test Dunn; a - p<0.05, aa - p<0.005 and aaa - p<0.0005 vs groupe CT (b — vs le SBA 0%).
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2.1.2 Les effets du protocole SBA 10 semaines sur 1’expression de Sirtl et la capacité de
différenciation des cellule stromales

Afin de déterminer I’impact de ce long protocole SBA et ces différents degrés de sévérité sur
I’expression de Sirtl et la capacité de différenciation des cellules stromales (CS), les cellules
de différents groupes de SBA (0%, 12%, 18% et 24%) et du groupe contrdle ont été co-
différenciées en ostéoblastes et adipocytes pendants 14 jours. La mesure de 1’expression de
I’ARNm de Sirtl et des marqueurs adipocytaires (PPAR-gamma 2- (Pparg2), leptine (lep),
adiponectine (Adipoq)et le transporteur de type 4 de glucose (Glut4)) et ostéoblastiques
(Runx2, collagéne de type 1 (colllal), ostérix (Sp7) et ostéocalcine (Bglap)) a été effectuée par
la PCR-quantitative. En effet, nos resultats ont montré une diminution significative de
I’expression de Sirtl seulement dans les souris de -18% (-75% vs CT) et -24% (-68% vs CT)
de degré de sévérité. Ceci s’accompagne d’une augmentation de I’adipogénése au détriment de
I’ostéogénése (Fig. 80). L’ensemble de ces résultats suggére que 1’altération de la capacité de
différenciation des cellules stromales pourrait étre associée a la diminution de I’expression de

Sirtl.
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Figure 80. Impacts de différents degrés de sévérité et du protocole SBA a 10 semaines sur
I’expression de Sirtl et les marqueurs de la différenciation adipocytaire et ostéoblastique apres
14 jours de différenciation. Les mesures des niveaux d’ARNm de Sirtl et tous ces marqueurs ont
été réalisées avec la PCR-quantitative. n=6. L analyse statistique est déterminée par le test Kruskal-
Wallis One-Way ANOVA et le test Dunn; a - p<0.05, aa - p<0.005 and aaa - p<0.0005 vs groupe
CT (b —vs le SBA 0%).
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Le reste de 1’étude sera focalisé sur le degré de sévérité de -18% car ce degré a entrainé :
» Une forte altération de tous les paramétres osseux;
* Une accélération de I’engagement des cellule stromales vers la voie adipocytaire;
» Une diminution de tous les marqueurs de la différenciation ostéoblastique;
* Une forte diminution de I’expression de Sirtl (diminution durable a 48h de culture et

14 jours de différenciation).

2.1.3 Les effets du protocole SBA (-18%) a 4 semaines sur la composition corporelle, le
phénotype osseux, I’expression de Sirtl et la capacité de différenciation des cellules
stromales

Contrairement au long protocole SBA (-18%), le protocole court de 4 semaines et de -18% de
degré de sévérité n’a entrainé que la diminution de la masse grasse (-50% vs. CT) et de
I’épaisseur trabéculaire (-16% vs. CT). En outre, aucune modification de 1’adiposité médullaire
n’a été observée. En ce qui concerne I’expression de Sirtl et la différenciation des cellules
stromales vers la voie adipocytaire et ostéoblastique, nos résultats ont montré que ce protocole
n’a pas d’effet ni sur le niveau de 1’expression de Sirtl ni sur la capacité de différenciation des
CS. L’ensemble de ces résultats montre que cette durée n’est pas suffisante ni pour altérer le
phénotype osseux ni pour modifier I’expression de Sirtl et la différenciation cellulaire. Ces
résultats ont fait I’objet d’un article récemment publi¢é dans le journal Frontiers in

Endocrinology (882).

2.2 Les mécanismes de régulation de I’expression de Sirtl

L’objectif de cette partie est de déterminer les mécanismes moléculaires responsables de la

diminution de I’expression de Sirtl en utilisant deux approches:

a) L’analyse de séquengage des ARNm extraits des CS de souris SBA a4 eta 10 semaines
de protocole (-18% de degré de sévérité) ;
b) L’exploration de la voie de signalisation de 1’adénosine monophosphate kinase

(AMPK) en utilisant un inhibiteur et un activateur de cette voie.
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2.2.1 Analyse transcriptomique de I’ARNm des cellules stromales issues des souris SBA
a 4 et 10 semaines de protocole et aprés 48h de culture (étude préliminaire)

Cette partie a eté réalisée par le CNRS UMR-1283-8199 et la plateforme de génomique UMR
8199. Les données de RNASeq ont fait I’objet d’une étude préliminaire qui a permis une
premiere mise en évidence de perturbations géniques potentiellement reliés a la régulation de
Sirtl (Fig. 81).

10-week SBA 260 134
Upregulated 36
s 4 4 Genes shared among pathways
pit 19 6 Es Sirtl Relb Stat3 Rara Cebpb
\ Tef3 Hifla Naftc Rbl Macroh2al
5 \ Plkl Fizl Daxx Smcr8 Esrl
\
24 9 |
16 ;

Figure 81. Synthése de ’analyse des données du séquengage des ARNm afin d’identifier
guelques génes responsables de la diminution de I’expression de Sirtl. « diagramme Ven »
représentant les genes possédant une augmentation ou une diminution de leur expression dans les
cellules stromales issues des souris de 4 et 10 semaines de protocole SBA a -18% de perte de poids.
Les genes possédant des voies de signalisation communes avec Sirtl sont les génes identifiés dans
la cohorte SBA a 10 semaines de protocole.

Aprés confirmation avec la PCR-quantitative, nos résultats ont montré que seulement 6 génes
présentent une diminution significative de leur niveau d’expression en ARNm (souris SBA a
10 semaines de protocole). Il s’agit des génes Relb, Rara, Hifla, Rb1, Esrl et Cebpb (Fig. 82).

Un tableau résumant la fonction de chaque géne est représenté a Table 10.
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Figure 82. Mesure de I’expression des génes identifiés par le séquencage des ARN (Relb, Rara,
Hifla, Rb1, Esrl et Cebpb). L’analyse statistique a été réalisée par le test Mann-Whitney; a - p<0.05
(n=4).

Afin d’étudier le lien entre ces génes identifiés et 1’expression de Sirtl, une transfection des
cellules ST2 (cellules murines commerciales) avec un siRNA de Rbl, a été réalisée. Nos
résultats ont montré une baisse significative de I’expression de Rb1 de -76.3% et de -49,1% (vs
le siRNA négatif) aprés 72 heures et 7 jours de transfection respectivement. En revanche,
malgré cette diminution, le niveau de I’expression de Sirtl n’a pas été modifié, suggérant que

Rb1 n’est pas impliqué dans la régulation de Sirtl (Fig. 83).
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Figure 83. Etude de I’effet de la transfection avec un SiRNA Rb1 sur ’expression de Sirtl dans
les cellules ST2. A-B. Le niveau d’ARNm de Rb1 et Sirtl dans les cellules ST2 traitées avec 50nM
de siRNA Rbl pendant 72 heures; C-D. Le niveau d’ARNm de Rb1 et Sirtl dans les cellules ST2
traitées avec 50nM de siRNA Rb1 pendant 7 jours. L’analyse statistique a été réalisée par les tests
Kruskal Wallis et le Dunn’s Multiple Comparison; a - p<0.05 (n=4) vs I’ Opti-MEM,;

¢ — p<0.05 vs le siRNA négatif.

2.2.2 Etude de I'interaction entre SIRT1 et la voie de signalisation de ’AMPK

Plusieurs études ont montré une interaction entre la voie de I’AMPK et SIRT1 notamment pour
réguler le métabolisme énergétique via la régulation de ’activité des facteurs de transcriptions
comme PGCL1 et FOXO (809). En plus, il a été montré que la restriction calorique ainsi que le
resvératrol (activateur de SIRT1) stimulent ’expression de I’AMPK et Sirtl suggérant ainsi

une connexion entre les deux voies (1040-1042).
Dans ce contexte, I’hypothese de cette partie de la these, est que la diminution de I’expression

de Sirtl, dans les cellules stromales issues des souris SBA (10 semaines et -18% de perte de

poids) serait associée a une diminution de I’expression de I’AMPK.
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Ainsi, nous avons mesuré le niveau d’ARNm de la sous unité alpha-1 (Prkaal) et alpha -2
(Prkaa2) de I’AMPK dans les cellules stromales des souris SBA et controles. Nos résultats ont
montré que la diminution de I’expression de Sirtl s’accompagne d’une baisse significative de
I’expression de Prkaal (-66% vs. CT) et d’une augmentation de I’expression de Prkaa2
(+230% vs. CT). Ces résultats montrent que la voie de I’AMPK pourrait étre impliquée dans
la régulation de I’expression de Sirtl et qu’il existe une compensation entre les deux isoformes

(Fig. 84).
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44 de degré de sévérité. L analyse
statistique a été realisée par le
test Mann-Whitney; a - p<0.05

aa (n=4).

>

MmRNA Relative Level

Afin d’explorer davantage le lien entre Sirtl et I’AMPK, nous avons traité pendant 14 heures
les cellules ST2 et les cellules stromales issues des souris contrdles (BMSC) avec 20uM de
dorsomorphine, inhibiteur spécifique de I’AMPK, afin d’étudier I’effet de I’inhibition de cette
voie de signalisation sur I’expression de Sirtl. En effet, nos résultats ont montré que la
diminution de I’expression de Prkaal (-57% vs. CT dans les BMSC et -72% vs. CT dans les
ST2) par la dorsomrphine s’accompagne d’une forte diminution de I’expression de Sirtl (-92%
et -54% vs. CT dans les BMSC et ST2 respectivement) (Fig. 85). Ces résultats montrent que

seulement I’isoforme Prkaal semble étre impliqué dans la régulation de Sirtl.
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Figure 85. Effets de la dorsomorphine (DM) sur I’expression de ’AMPK (Prkaal et Prkaa?2)
et Sirtl. A-B. Niveaux d’expressions de Prkaal et Prkaa2 dans les cellules stromales (BMSC) et
ST2 traitées avec 20uM de DM pendant 14 heures; C-D. Expressions de Sirtl dans les cellules
stromales (BMSC) et ST2 traitées avec 20uM de DM pendant 14 heures. L’analyse statistique a été
réalisée par le test Mann-Whitney; a et * - p<0.05, aaa et ** — p<0.0005 (n=4).
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Enfin, afin de confirmer I’effet négatif de Prkaal sur 1’expression de Sirtl, nous avons
transfecté les cellules ST2 par S0nM d’un siRNA dirigé contre Prkaal et 50nM d’un siRNA
dirigé contre Prkaa2 pendant 72 heures et 7 jours. Nos résultats ont montré que seulement la
diminution de I’expression de Prkaal s’accompagne d’une baisse significative de 1’expression
de Sirtl apres 72h ou 7 jours de transfection (Fig. 86). En revanche, malgré la diminution de
I’expression de Prkaa2, aucune modification de 1’expression de Sirtl n’a été détectée. Ces
résultats confirment que seulement la diminution de 1’expression de Prkaal est responsable de

la diminution de I’expression de Sirtl montrant ainsi que I’AMPK est un régulateur de Sirt1.
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Figure 86. Effets de la transfection avec un siRNA Prkaal et un siRNA Prkaa2 sur
I’expression de Sirtl. Les cellules ST2 ont été transfectées par 50nM d’un siRNA Prkaal et 50nM
d’un siRNA Prkaa2. Le niveau d’ARNm de Sirtl a été mesuré par la PCR-quantitative apres 72
heures de transfection. L’analyse statistique (n=4) a été réalisée par le test Mann-Whitney; a - p<0.05
vs. SiRNA négatif (SiRNA neg).

3. Conclusions et perspectives
Ce projet de thése nous a conduit aux conclusions suivantes:
> Le degré de séverité ainsi que la durée du protocole SBA peuvent affecter les
paramétres osseux, 1’expression de Sirtl et la capacité de différenciation des cellules
stromales en ostéoblastes et adipocytes;
» La diminution de I’expression de Sirtl chez les souris de -18% et -24% de degré de
sévérité et a 10 semaines de protocole SBA s’accompagne d’une augmentation de

I’adipogénese au détriment de 1’ostéogénese;
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> Les données de RNA-Seq ont fait ’objet d’une étude préliminaire qui a permis une
premiére mise en évidence de quelques genes potentiellement impliqués dans la
régulation de Sirtl (Rleb, Rara, Hifla, Esrl, Cebpb et Rbl);

» La diminution de I’expression de Rb1 par le siRNA n’a pas impacté 1’expression de

Sirtl montrant que ce géne n’est pas un régulateur de Sirtl;

» L’analyse de la voie de signalisation de I’AMPK par I’emploi d’un inhibiteur comme
la dorsomorphine et par transfection avec des siRNA de I’isoforme Prkaal et
I’isoforme Prkaa2, a montré que seulement Prkaal est responsable de la diminution de

I’expression de Sirtl;

Ci-dessous un schéma bilan montrant les réponses aux principales questions abordées dans le

cadre de cette thése (Fig. 87).
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What is link between Bone — BMSC differentiation
capacity — Sirt1 expression (in BMSCs) ?

* What is the effect of the SBA protocol severity (0%, 12%,
18%, 24%) on mice body, bone, BMA, BMSC differentiation
capacity and Sirt1 expression?

*  What is the effects of the SBA protocol length (10-week or 4-
week) on mice body, bone, BMA, BMSC differentiation
capacity and Sirt1 expression ?

Answers:

* Only moderate (18%) and severe (24%) weight loss in mice
results in alterations in bone and BMSCs differentiation, with
a subsequent downregulation of Sirt1 mRNA;

* Initially, findings indicate that only long term (10-week)
energy deficiency, that induced 18% weight loss in mice
results in alterations in bone and BMSCs differentiation, with
a subsequent downregulation of SirtI mRNA;

* RNA-seq provided us deeper information on transcriptomic
changes that BMSCs undergo, as a result of energy deficit
and 10-week and 4-week conditions resulted in similarly

altered pathways;

* Replication of 4-week cohort, suggested that even shortterm
energy deficit can induce changes in bone and BMA, without
affecting BMSC differentiation capacity;

Figure 87. Bilan du travail de la thése représentant les réponses aux principales questions
abordées dans le cadre de ce projet de recherche.

Components of the diagram were taken from https://smart.servier.com/. Micro-CT diagram adapted
from Hsu et al., 2014 (182).
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Perspectives

Etant donné que tous les résultats du modéle SBA, étaient obtenus a partir d’une population
hétérogéne, il serait intéressant de caractériser par cytometrie de flux la proportion des cellules
stromales (CD45 CD31 Scal*CD24"), hématopoiétiques et les pré-adipocytes (Zfp423*).

Nous envisageons de poursuivre les analyses du RNA-seq par I’utilisation des tests
fonctionnels comme 1’emploi des siRNA dirigés contre Rleb, Rara, Hifla, Esrl, Cebpb afin

d’identifier de nouveaux régulateurs de Sirtl.

Enfin, comme les cellules stromales des souris SBA (10 semaines et -18%) présentent une
diminution durable de I’expression de Sirtl apres 48 de culture et 14 jours de différenciation,
il serait intéressant, d’étudier les régulateurs épigénétiques au niveau du promoteur de Sirtl par
immunoprécipitation a la chromatine (ChIP) afin d’identifier de nouveaux genes responsables

de la diminution de I’expression de Sirtl.
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