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Résumé

La microcirculation désigne le sous-ensemble du systéme circulatoire ou s'effectuent les
¢changes gazeux et liquidiens extracellulaires. Elle est composée des artérioles, des capillaires
et des veinules. Plusieurs pathologies sont induites par une atteinte structurelle et/ou
fonctionnelle primaire de cette microcirculation : le phénoméne de Raynaud (PR), les troubles
trophiques vasculaires et 1’hypertension artérielle pulmonaire (HTAP). Les objectifs de ce
travail sont d’étudier, de comprendre et d’identifier de nouvelles étiologies iatrogénes a ces
pathologies microvasculaires, ainsi que d’évaluer et de comparer 1’efficacité et la sécurité des
traitements utilisés dans ces pathologies. Nous avons, a cette fin, réalisé plusieurs études a
partir des bases de données de pharmacovigilances, de données d’essais cliniques et de la
littérature.

Ce travail de thése nous a permis d’explorer le role des médicaments dans ces pathologies
microvasculaires, champs qui restait encore peu ¢étudié dans la littérature. Ces travaux nous
ont permis d’identifier de nombreuses classes pharmacologiques dont le role était encore non
décrit dans ces pathologies. L’étude des mécanismes pharmacologiques a I’origine de ces
effets indésirables permet également d’émettre de nouvelles hypothéses physiopathologiques
a I’origine de ces maladies.

Les traitements utilisés dans ces différentes pathologies microcirculatoires sont a 1’heure
actuelle encore peu spécifiques et des travaux de recherche important doivent encore étre

réalisés afin de personnaliser la prise en charge des patients.

Mots clés : Phénoméne de Raynaud, ulcéres cutanés, hypertension artérielle pulmonaire,

pharmacovigilance



Abstract
Pharmacology of microcirculation: Raynaud’s phenomenon, trophic diseases and

pulmonary arterial hypertension

Microcirculation refers to the subset of the circulatory system where extracellular gas and
fluid exchanges take place. It is composed of arterioles, capillaries and venules. Several
pathologies are induced by a primary structural and/or functional impairment of this
microcirculation: Raynaud's phenomenon (RP), trophic vascular disorders and pulmonary
arterial hypertension (PAH). The objectives of this work are to study, understand and identify
new iatrogenic etiologies to these microvascular diseases, as well as to evaluate and compare
the effectiveness and safety of treatments used in these diseases. We therefore conducted
several studies using pharmacovigilance databases, clinical trial data and the literature.

This thesis work allowed us to explore the role of drugs in these microvascular pathologies,
fields that were poorly studied in the literature yet. This work has allowed us to identify many
pharmacological classes whose role was unknown in these diseases. The study of the
pharmacological mechanisms underlying these adverse drug reactions also makes it possible
to develop new pathophysiological hypotheses underlying these diseases.

The treatments used in these different microvascular diseases are currently not specific and

important research work still needs to be carried out in order to personalize patient care.

Keywords: Raynaud’s phenomenon, trophic vascular disorders, pulmonary arterial

hypertension, drug safety
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ABREVIATIONS

GCs : guanylate cyclase soluble.

HTAP : hypertension artérielle pulmonaire
NO : monoxyde d’azote

PGI : prostacycline

PR : phénoméne de Raynaud

SDR : signaux de disproportionnalité

SSc : sclérodermie systémique

SSc-PR : phénomeéne de Raynaud associ¢ a la sclérodermie



PARTIE 1. INTRODUCTION






1. Epidémiologie et physiopathologie des pathologies

microvasculaires

La microcirculation désigne le sous-ensemble hétérogéne du systéme circulatoire ou
s'effectuent les échanges gazeux et liquidiens extracellulaires. Elle est composée des
artérioles, des capillaires et des veinules non visibles a I’ceil nu, soit inférieurs a une taille de
150 um. Ces petits vaisseaux, disséminés dans tous les tissus, forment un réseau qui se situe
entre le systeme artériel et le systeme veineux. (1) Ce réseau microvasculaire joue un role
primordial dans les échanges gazeux et nutritionnels, et dans la diapédese leucocytaire. (2)

Une dysfonction microcirculatoire généralisée est retrouvée dans de nombreuses pathologies
cardio-vasculaires, notamment dans le diabéte et I’hypertension artérielle mais aussi dans les
chocs septiques, elle est également retrouvée physiologiquement au cours du vieillissement.
(2-4) Cependant, plusieurs pathologies sont induites par une atteinte structurelle et/ou
fonctionnelle primaire de cette microcirculation : le phénomene de Raynaud, les troubles

trophiques vasculaires et I’hypertension artérielle pulmonaire.

Le Phénomene de Raynaud

Le phénomene de Raynaud a été décrit pour la premicre fois en 1862 par Maurice Raynaud
comme une asphyxie locale des extrémités. (5) Ce phénoméne correspond en fait a
vasoconstriction paroxystique, anormale, des extrémités, en réponse a un stress
environnemental (généralement le froid, plus rarement I’humidité) ou émotionnel. (6) Il se
manifeste typiquement par un changement de couleur des doigts, qui passent du blanc (phase
de vasoconstriction excessive), au bleu (phase de cyanose tissulaire), puis au rouge (phase de
reperfusion). Cette phase rouge est généralement douloureuse. Les trois phases ne sont pas
systématiquement observées chez un méme patient et ne sont pas indispensables au
diagnostic. Chaque épisode peut durer de quelques minutes a plusieurs heures, la durée
moyenne ¢étant de I’ordre de 30 minutes. (7,8)

Le phénomene de Raynaud peut étre idiopathique, €galement appelé¢ primaire; il est
généralement bénin, c.a.d. n’entrainant pas de troubles trophiques, mais est a 1’origine d’une
géne fonctionnelle parfois importante. Il touche 3 a 5 % de la population générale, avec une
large prédominance féminine et des variations géographiques importantes. (9) Le phénomene

de Raynaud peut également étre secondaire a des pathologies auto-immunes comme des
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connectivites (notamment la sclérodermie systémique (SSc) ou le lupus érythémateux
disséminé), a une compression vasculaire, une artériopathie, une hyperviscosité sanguine ou a
certains médicaments. (10) Beaucoup plus rare, le phénomeéne de Raynaud secondaire expose
a des complications parfois graves, notamment chez les patients atteints de SSc, chez qui
I’apparition d’ulceres digitaux est associée a une morbidité importante et représente la
principale géne fonctionnelle. (11)

La physiopathologie du phénoméene de Raynaud est complexe et multifactorielle, mélant une

dysfonction de !’endothélium vasculaire, une altération des mécanismes de controles

neuronaux du tonus vasculaire et de facteurs intravasculaires (Figure 1).

{ Vasodilatation

* Reactivity of smooth muscle VVasodilatatory neuropeptides
ay-adrenoceptors (via (e.g. CGRP) from sensory
Rho/Rho kinase activation) afferents

Nerve fibres
(sympathetic
and sensory)
W Smooth muscle cell N
ﬂfﬁ% Endothelial cell \N
| Fibrinolysis

* Endothelin-1 {NO
from endothelial cells from endothelial cells
1 Platelet activation/
Oxidative stress aggregation
Q * Thrombin W
{ Red blood cell
& deformability /
& < t Viscosity > j
Reduced blood flow,
ndothelial damage procoagulant tenden
Figurel. Représentation schématique des principaux éléments et mécanismes contribuant a la

pathogenese du phénomene de Raynaud. Extrait de (Herrick et al, Nat Rev Rheumatol. 2012)
(10)
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Les troubles trophiques cutanés

Sous le terme de troubles trophiques sont regroupées diverses atteintes engendrées par une
insuffisance vasculaire artérielle ou veineuse, provoquant une diminution de la perfusion
cutanée et a terme 1’apparition d’ulcéres. Les ulcéres cutanés sont définis comme une lésion
de la peau qui peut s'étendre jusqu'au tissu sous-cutané ou méme jusqu'au niveau du muscle
ou de l'os. En fonction de leur mécanisme physiopathologique les ulcéres cutanés peuvent étre
classés en 3 groupes principaux : les ulceres de pression, les ulcéres vasculaires (veineux ou
artériels) et les ulceéres neuropathiques ou diabétiques. (12) La prévalence des ulcéres varie de
fagcon importante en fonction de la population et du type d’ulcére. Les ulcéres de pieds
diabétiques, par exemple, affectent approximativement 25% de la population diabétique au
cours de leur vie et représentaient 11% des ulceres en France en 2012. (13) La prévalence des
ulceres de pression, quant a elle, est estimée entre 7.3 et 20% chez les personnes agées. (14)
Actuellement, 25 a 50% des ulcéres cutanés ne sont pas cicatrisés aprés 6 moins de traitement
optimal. Cette chronicisation affecte de facon importante la qualit¢ de vie des patients et

représente des cots significatifs pour les systémes de soins. (15)

L’hypertension artérielle pulmonaire

L’hypertension artérielle pulmonaire (HTAP) correspond au premier sous-groupe des
hypertensions pulmonaires. Cette pathologie affecte la circulation artérielle, les artérioles pré-
capillaires et veineuse pulmonaire, ainsi que le ventricule droit. (16) L’HTAP est définie par
une pression artérielle pulmonaire moyenne au repos supérieure a 20mmHg et une résistance
vasculaire pulmonaire supérieure a 3 unités Wood. (17) Plusieurs étiologies peuvent
I’engendrer, notamment des causes génétiques (mutation du gene BMPR?2), des pathologies
systémiques (connectivites, VIH, hypertension portale...), des causes iatrogenes
(amphétamines, benfluorex, interférons...) ou idiopathiques. (17) L’HTAP est une pathologie
rare avec une prévalence estimée dans la population générale entre 11 et 26 cas par millions
d’habitants, avec une large prédominance féminine. Le pronostic de patients atteint d’HTAP
s’est largement amélioré ces derniéres années mais cela reste une pathologie séveére, la
médiane de survie étant actuellement de 6 ans. (16)

La physiopathologie, illustrée Figure 2, est également tres complexe et multifactorielle.
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Figure 2. Mécanismes impliqués dans la pathogenese de |’HTAP. Extrait de (Thenappan et
al, BMJ.2018) (16)

La dysfonction endothéliale point commun entre ces 3 pathologies

Chacune de ces maladies possede une pathogenese qui lui est propre (10,16,18-28). On
retrouve cependant des similarités, avec une atteinte plus ou moins marquée des différents
¢léments suivants :
- une composante génétique notamment dans I’HTAP et le phénomeéne de Raynaud
associ¢ a la sclérodermie.
- une altération des ¢léments figurés du sang notamment plaquettaires et macrophagiques
dans I’HTAP et le phénomene de Raynaud associé a la sclérodermie.
- Une dysfonction de I’endothélium vasculaire retrouvée de maniere systématique dans
toutes ces pathologies. Cette dysfonction endothéliale aboutit & une modification de la

balance vasodilatation-vasoconstriction, a une augmentation de la perméabilité
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vasculaire, a un phénotype pro-inflammatoire, pro-thrombotique et a une perte de
communication avec les cellules musculaires lisses.

- Une réponse neurovasculaire anormale notamment dans le phénomene de Raynaud,
voire une neuropathie dans les ulcéres diabétiques.

- Un remodelage vasculaire notamment dans la sclérodermie systémique et ’HTAP.

Dans le tableau 1 sont résumés les principaux mécanismes physiopathologiques actuellement
décrits dans le phénoméne de Raynaud primaire, secondaire, dans I’HTAP et dans les troubles

trophiques cutanés.
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Ulcére vasculaire

PR primaire SSc-PR HTAP Ulcére diabétique Ulcére de pression
CMH 2, altération facteurs | BMPR2, altération facteurs
Génétique de transcriptions, | de transcriptions,
dérégulation épigénétique dérégulation épigénétique
f activation et agrégation f activation et agrégation f activation et agrégation f macrophages
) plaquettaire, macrophages, | plaquettaire et relargage de | plaquettaire, PAI-1,
Intra-vasculaire
LB, LT 5-HT, macrophages, LT, | Fibrinogéne, facteur Von
cellules NK Willebrand
Endothelium vasculaire
Balance WNO ? X NO (selon stade SSc). WVIP, NO, PGI, canaux K | ¥ NO, BH4 ¢ NO, BH4, PGI2 ¢ NO
o M ET-1, ADMA, Ag2 (TASK1) M ET-1, ADMA M Angll, ET-1, PDE-1, PGH2,
vasoconstriction- _
] ) fADMA, ET-1, Rho kinase, TxA2, PGF2 a
vasodilatation TRP-C, PDE-5, Ag2, PPAR
Phénotype pro f cytokines (TGF-B , IL-13, f cytokines (IL-1a, IL-6, IL- f CRP, cytokines (IL-6, IL- f cytokines (IL-6, TNF a, TGF- f cytokines (IL-1, TNF q,
) . IL-6, IFN1 y), chimiokines | 8, IL-12), chimiokines | 1B, TNFa), chimiokines ), chimiokines TGF-B1)
inflammatoire
(CCL2, CCL3, PF4) (CCL2, MCP-1)
A PDGF, CTGF A FGF2, VEGF, PDGF, 4 HIF/VEGF 4 HIF/VEGF, PDGF A PDGF, VEGF
Facteurs de
) EGF, NGF
croissances
Dysfonction de la A VCAM-1, ICAM-1, E- [ A VCAM-1, ICAM-1, E- A VCAM-1, ICAM-1 AVCAM-1, E-selectin, L-
barriere endothéliale selectin selectin selectin
Stress oxydatif A ROS A ROS A ROS A ROS
CGRP N CGRP \ SP, NPY, CGRP
Atteinte neuronale A alpha- 2C-adrenergic b alpha-2C-adrenergic A CRF, a-MSH, NT
receptor (Rho kinase) receptor (Rho kinase)
f prolifération f prolifération fibroblastique [A MMP-2, MMP-9, synthése [A MMP-2, synthése de collagéne f MMP, synthése de
de collagéne \ Prolifération fibroblastique collagene

Autre

fibroblastique

Dysfonction mitochondriale

\ Prolifération fibroblastique

Dysfonction mitochondriale

N Prolifération fibroblastique

Tableau 1. Principaux mécanismes physiopathologiques actuellement décrits dans le PR primaire, secondaire, dans ’HTAP et dans les troubles

trophiques cutanés. HTAP : hypertension artérielle pulmonaire ; PR : phénoméne de Raynaud ; SSc-PR : phénoméne de Raynaud associé a la

sclérodermi
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Des stratégies thérapeutiques communes

La pierre angulaire de la prise en charge pharmacologique des pathologies microvasculaires
repose sur 'utilisation de traitements vasodilatateurs. En sus des antagonistes calciques, ces
traitements vasodilatateurs agissent sur 3 grandes voies de signalisation : la voie du monoxyde

d’azote (NO), la voie de la prostacycline et la voie de I’endothéline.

- les antagonistes calciques : Ils bloquent les canaux calciques de type L dans cellules
musculaires lisses vasculaires et diminuent ainsi le flux calcique entrant. Ils possédent donc
une activité vasodilatatrice périphérique puissante. Ils sont indiqués en premiére intention
dans le phénoméne de Raynaud et dans ’'HTAP chez les patients répondeurs aux tests de

vasoréactivité. (29,30)

- la voie du NO : Le NO est produit par la NO-synthase endothéliale a partir d’un acide
aminé, la L-arginine. Une fois libéré par les cellules endothéliales le NO pénétre dans la
cellule musculaire lisse et active une enzyme cytoplasmique, la guanylate cyclase soluble
(GCs). Cette enzyme est impliquée dans la production de guanosine monophosphate cyclique
(GMPc) a partir de GMP, entrainant une relaxation des fibres musculaires lisses et ainsi une

vasodilatation. Trois grandes classes pharmacologiques agissent sur cette voie.

- les donneurs de NO : peu utilisés par voie systémique en raison d’une importante
tachyphylaxie (31), leur utilisation par voie locale, en hydrogel a été testée dans le phénomene
de Raynaud (32). De plus la découverte récente d’une voie entero-salivaire de production de
NO a partir de nitrates alimentaires ouvre la voie a I’étude de I’impact d’une supplémentation

nutritionnelle chez les patients atteints d’une dysfonction vasculaire (33).

- les inhibiteurs de la phosphodiesterase-5 : L’inhibition de la phosphodiesterase-
5 bloque la dégradation de GMPc dans les cellules musculaires lisses et conduit ainsi au
maintien de la relaxation vasculaire induite par la voie du NO. Ils sont actuellement
recommandés en premicre ligne dans le phénomeéne de Raynaud, au méme titre que les

antagonistes calciques, et dans ’HTAP. (29,30)

- les activateurs/stimulateurs de la GCs: La GCs est une enzyme héme-dépendante qui
catalyse la production de GMPc sous I’effet du NO. Les stimulateurs de la GCs potentialisent

donc I’effet du NO mais peuvent également activer cette enzyme de facon NO-indépendante.
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Le riociguat, chef de file de cette classe pharmacologique récente, est recommandé en
premicre ligne dans I’HTAP et en cours de d’évaluation dans la sclérodermie et dans les

ulcéres digitaux (NCT02915835).

- la voie de la prostacycline: La prostacycline et ses dérivés sont de puissants
vasodilatateurs qui agissent en se liant aux récepteurs IP et augmentent la production

d’adénosine monophosphate cyclique (AMPc) dans la cellule musculaire lisse vasculaire.

- les analogues de la prostacycline : 1’iloprost est un analogue stable de la
prostacycline. Il est utilis¢ en premicre intention dans les troubles trophique des patients
atteints de sclérodermie. (29) L’epoprostenol et le treprostinil sont en plus utilisés et

recommandés dans les HTAP séveres. (30)

- les agonistes des récepteurs IP de structure chimique non prostanoide: plus
récemment ont été développés des analogues du récepteur a la prostacycline IP, le selexipag.
Ce dernier a été testé récemment dans le phénomeéne de Raynaud, sans démontrer son

efficacité, mais il est indiqué dans I’HTAP. (29,34)

- la voie de I’endothéline : I’endothéline-1 est vasoconstricteur endogeéne puissant dont
I’implication dans la physiopathologie de la SSc et de ’'HTAP est clairement établi.
L’endothéline-1 exerce son effet vasoconstricteur en activant deux sous-types de récepteurs

(ETA et ETB) présents au niveau des cellules musculaires lisses.

- les antagonistes des récepteurs a l’endothéline : le bosentan a démontré une activité
dans la prévention de la survenue des ulceres digitaux des patients atteint de sclérodermie
mais n’a pas d’action curative. Le bosentan, I’ambrisentan, et le macitentan sont indiqués

dans I’HTAP, les deux premiers étant commercialisés en France. (29,35)
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Figure 3. Cibles moléculaires des différentes classes thérapeutiques approuvées dans

I’HTAP. Extrait de (Lau et al, Nat Rev Cardiol. 2017) (36)

L’un des objectifs principaux de ce travail de thése est de d’identifier puis d’évaluer de
nouvelles étiologies médicamenteuses impliquées dans I’apparition ou I’aggravation de ces

pathologies microvasculaires.

2. Méthodes en Pharmacovigilance

Au-dela de la démonstration d’efficacité, la définition du profil d’effets indésirables est un
enjeu majeur du développement d’un médicament et de son évaluation apres
commercialisation. Avant sa premicre introduction chez I’homme ce profil peut étre prédit a
partir de la structure de la molécule, de son appartenance a une classe thérapeutique connue et
a partir des données de toxicologie animales. Les essais cliniques apportent ensuite une
grande quantit¢ d’informations permettant d’appréhender les effets indésirables fréquents,
dose dépendants (effets indésirables de type A) mais sont souvent incapables d’identifier des
effets indésirables inattendus et plus rares (type B) ou retardés (type C). Apres
commercialisation des informations provenant d’une multitude grandissante de sources (bases
de pharmacovigilance, bases de données de santé, réseaux sociaux...) sont utilisées pour
approfondir les connaissances sur profil de sécurité d’un médicament (apprécier I’incidence
des effets indésirables connus en population réelle et en identifier de nouveaux).

Nous pouvons définir deux étapes distinctes de 1’identification de nouveaux effets

indésirables médicamenteux :
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- la détection, qui consiste a identifier de potentiel nouveaux effets indésirables qu’on
appellera signaux de pharmacovigilance.
- I’évaluation qui consiste a confirmer ou infirmer ces signaux, a quantifier le risque et

son impact dans la population.

A cette fin de nombreuses méthodes ont été développées, elles sont adaptées au type de

données disponibles et a I’objectif de détection ou d’évaluation de I’effet indésirable d’intérét.

Littérature/Essais cliniques

Les essais cliniques sont avant tout congus pour évaluer I’efficacité d’un nouveau médicament
par rapport a un traitement de référence ou un placebo; la détection et I’évaluation du profil
d’effets indésirables, méme si elle est obligatoire, reste un objectif secondaire. De plus, ils
n’incluent au mieux que quelques milliers de patients sélectionnés, suivis et surveillés de
manicre optimale (posologie, dosage, observance) afin de maximiser 1’efficacité du nouveau
traitement. Les populations particulieres (enfants, femmes enceintes, personnes agées ou
polypathologiques) sont généralement exclues de sorte que 1’échantillon de patients inclus
dans un essai clinique est rarement représentatif de la population utilisatrice du médicament
en vie réelle. (37,38) Méme les plus grands essais cliniques ne permettent pas de garantir,
avec une puissance suffisante, la détection d’un effet indésirable dont la probabilité de
survenue est faible (Tableau 2). (39) Dernier aspect, la durée des essais cliniques, souvent

courte, est inadéquate pour évaluer la sécurité d’un médicament utilisé a long terme. (4)
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Tableau 2. Probabilité d’observer au moins 1 cas d’un effet indésirable en fonction de la
taille de I’échantillon et la probabilité de survenue de |’évenement. Extrait de (Bouvenot et

al. Lavoisier 2006) (39)

obabilité de enue de
Nombre
de sujets 1/100 2/1 000 1/1 000 2/10000 1/10 000 2/100 000 1/100 000
inclus
100 63 % 39% 9,5% 5% 1% 0,5% 0%
500 99 % 63% 39% 9,5% 5% 1% 0,5%
1 000 1 99% 63% 39% 9,5% 5% 1%
5000 1 1 99% 63% 39% 9,5% 5%
10 000 1 1 1 99% 63% 39% 9,5%
50 000 1 1 1 1 99% 63% 39%
100 000 1 1 1 1 1 99% 63%

Des méthodes méta-analytiques sont couramment utilisées pour combiner plusieurs essais
cliniques et en augmenter la puissance statistique. (41,42) L’utilisation de méta-analyses a
notamment un intérét pour détecter des effets indésirables trop rares pour étre mis en évidence
dans les études originelles, ou pour lesquels la fréquence n’augmente que légérement par
rapport a la fréquence basale et dont les étiologies sont multiples (cancer, événements cardio-
vasculaires...). (43-45) Elles sont donc principalement utilisées confirmer un signal de
pharmacovigilance et en quantifier le sur-risque. Cependant leur utilit¢ est actuellement
débattue compte tenu du grand nombre de biais pouvant affecter ce type de méta-analyse en
raison de la faible qualit¢ méthodologique et du manque de transparence des études publiées.
(46,47) Voici par exemple dans cette figure (Figure 4) représenté le nombre d’effets
indésirables de deux essais cliniques rapportés dans des sources publiques (publications,
résumés de conférences, bases d’enregistrement d’essais cliniques...) et non publiques
(données individuelles des essais, rapport d’essai clinique...) pour lesquels suffisamment de
données sont présentes pour pouvoir réaliser une méta-analyse. (48) Il apparait clairement que
le nombre d’effets indésirables rapportés dans les sources publiquement accessibles est

nettement inférieur au nombre réel d’effets indésirables survenus dans un essai clinique.
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Figure 4. Comparaison du nombre d’effets indésirables méta-analysables (classés par type)
entre les sources publiques (publications, résumés de conférences, bases d’enregistrement
d’essais cliniques...) et non publiques (données individuelles des essais, rapport d’essai
clinique...) pour deux essais cliniques. Extrait de (Mayo-Wilson et al., J Clin Epidemiol.

2019) (48)

Des recommandation du Council for International Organizations of Medical Sciences
(CIOMS) et de la FDA sur la conduite de méta-analyses d’effets indésirables a partir d’essais
cliniques ont récemment été publiées. (34,37) Voici une synthese des différents biais pouvant
affecter la conduite de méta-analyses d’effets indésirables et des recommandations actuelles

afin de prendre en compte ces biais. (45,49-52)
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Tableau 4. Synthese des différents biais pouvant affecter la

actuelles afin de prendre en compte ces biais.

Biais

conduite de méta-analyses d’effets indésirables (EI) et des recommandations

Recommandations

Essais cliniques

Design

Effets
indésirables

- durée des essais non adéquate pour certains EI

- population sélectionnée

- sortie prématurée de 1’essai, censure « informative » et déplétion
des susceptibles

- effets indésirables entrainant un biais dans 1’aveugle

- définition des sorties d’essais variable en fonction des essais

- schémas de doses flexibles parfois utilisées

- pas de définition a priori des EL ni de comité d’adjudication

- modification de la fagon de rapporter un EI au cours de 1’essai

- données sur les facteurs de risque d’EI non disponibles

- report sélectif des EI et exprimés en nombre de patients ou en
nombre d’évenements

- reports uniquement des EI suspects ou de tous les EI (distinction
difficile a faire dans les publications)

- données de sécurité en per protocole

- pas d’informations sur la fréquence, gravité et temps de survenue
- des EI peuvent €tre présents dans plusieurs catégories (EI graves+
EI de type particulier)

- définir une période a risque d’EI

- examiner des durées de suivi, temps d’exposition, raison
d’exclusions entre les groupes (peut constituer une raison de non-
inclusion dans la méta-analyse si non équilibré), a partir des données
individuelles idéalement.

- multiplier les sources de données (registres d’essais cliniques/
rapport d’essai sponsors/protocoles) pour identifier/sélectionner les
EI d’intérét

- contacter le sponsor pour s’assurer que I’événement n’a pas eu lieu
s’il n’est pas rapporté dans un essai

- utilisation des données individuelles pour harmoniser 1’adjudication
des EI par un comité indépendant

- utilisation d’EI « dur » pour minimiser les biais de mesure ; exclure
les EI peu spécifiques et difficile a vérifier objectivement

- préférer I'utilisation de tous les EI car non biaisé par I’interprétation
de I’investigateur

Meta-analyses
Sélection
des essais

- biais de publication

- biais de sélection

- pas d’harmonisation de la terminologie des EI

- double comptage des volontaires

- probléme de I’inclusion de I’essai qui a généré le signal de sécurité

- utiliser des méthodes de recherches bibliographiques spécifiques
aux EI (voir (52))

- sélection des études sur la qualité et criteres d’inclusions en aveugle
des résultats. Criteres d’inclusion a définir a priori en prenant en
compte la qualité méthodologique de I’étude, la qualité de la
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Pertinence
des essais
inclus
Analyses
statistiques

- différence de design, protocoles, indication, critéres
d’inclusion/exclusions, dose et durée de traitement, et de
définition/vérification des EI

- difficultés de calcul engendrées par les O et par les faibles taux
d’éveénements

- si exclusion des études avec 0 événements surestimation a tort de la
fréquence de I’El

-multiplicité des tests statistiques

-probable hétérogénéité importante
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« vérification » des EI, I’exposition, la durée de suivi, la population,
le comparateur, 1’équilibre entre les groupes (durée de suivi et
d’exposition) et la disponibilité des données individuelles

- analyses de sensibilité en excluant I’essai a I’origine du signal.

- privilégier la qualité et I’homogénéité des essais inclus sur la
quantité

- pré-spécification du plan d’analyse et de ses hypothéses

- utilisation de méthodes adaptées aux éveénements rares et aux 0
(méthodes bayésiennes ou méthode de Mantel-Haenszel par
exemple) plutot que d’introduire une correction de continuité

- utilisation d’effet aléatoire recommandé

- choix du modele en fonction du type d’EI (patients vs événements)
- évaluer la dose-réponse

- vérification de la réplicabilité des résultats prospectivement dans un
essal

- analyses de sensibilité pour évaluer la robustesse des résultats
(variation de la définition de I’événement, de la fenétre temporelle,
population et méthodes d’analyse)



A partir de ces constats, la FDA défini 3 niveaux de preuves associées a ces méta-analyses

d’effets indésirables, que 1’on peut résumer ainsi :

- les plus fiables sont les méta-analyses dont le protocole est publié avant 1’inclusion des
¢tudes, et dont le design des études incluses prend en compte ces objectifs de « safety ». Les
données individuelles sont disponibles avec des critéres de jugements et des périodes

d’exposition bien définies et adéquates.

- le niveau suivant regroupe les méta-analyses dont le protocole a été pré-spécifié utilisant des
données d’essais cliniques designés pour d’autres objectifs mais dont 1’exposition et les
critéres de jugements sont fiables et adaptés a la question. Le protocole et I’inclusion des

¢tudes sont réalisées en aveugle des résultats.
- le reste des méta-analyses est considéré de faible niveau de preuve.

La trés grande majorité des méta-analyses d’effets indésirables publiées ne suivent pas ces
recommandations et sont clairement identifiées comme problématiques dans une démarche de
prise de décision par la FDA. Elles peuvent néanmoins servir de premicre étape a la
planification d’une méta-analyse de meilleure qualité, a partir des données individuelles par
exemple, ou a compléter I’étude d’un effet indésirable qui est généralement réalis¢ a partir de

multiples sources (bases de pharmacovigilances, études sur bases de données médicales...).

Au-dela de I’évaluation de signaux par des méta-analyses, des méthodes de détection de
signaux ont ¢été¢ développées en utilisant les données de la littérature. (53,54) Elles sont
utilisées seules ou en combinaison avec des méthodes de disproportionnalité sur base de
données de notification spontanée pour en augmenter les performances. Le challenge
principal de ce type d’analyse est d’identifier le nombre de cas rapportés de maniere fiable
avec un médicament d’intérét. Pour ce faire certains auteurs ont développé des algorithmes de
machine learning afin de trier les références de la littérature ; la complexité de ces analyses

limitent encore I’utilisation large de ce type d’approches (53).

Bases de pharmacovigilance

Les bases de pharmacovigilances ont été créés dans 1’objectif de générer des signaux de
disproportionnalit¢ (SDR) a partir de la notification spontanée d’effets indésirables. Trois
bases internationales sont actuellement largement utilisées par les autorités de santés et pour

la recherche, la base de la Food and Drug Administration (FAERS), la base de I’Agence
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Européenne du Médicament (EudraVigilance), et la base de 'OMS (Vigibase®™) gérée par
I’Uppsala Monitoring Center. Différentes méthodes ont été développées afin de quantifier ces
SDR et de prioriser leur évaluation. Plusieurs mesures de disproportionnalité sont utilisées en
pharmacovigilance mais il n’existe pas de gold standard en termes de performance,
d’efficacité et de fiabilité. (55-58) Quatre types de méthodes de disproportionnalité se
distinguent :

- les méthodes fréquentistes ou classiques

Elles mesurent 1’association entre un meédicament et un effet indésirable basée sur une
augmentation relative de la proportion de cas rapportés de I’effet indésirable d’intérét par
rapport aux autres médicaments et aux autres effets indésirables. Ces méthodes sont basées
sur le méme principe de calcul en utilisant un tableau de contingence 2x2 (Figure 5). (59,60)
Le Reporting Odds Ratio (ROR) et le Proportional Reporting Ratio (PRR) sont deux mesures
classiques de disproportionnalité largement utilisées, le PRR est notamment utilisé en routine
par EudraVigilance Data Analysis System (EVDAS) pour la détection de SDR. (61-63) Bien
que ces différentes approches présentent des propriétés différentes, elles donnent des résultats

similaires lorsque le nombre de cas observés est supérieur ou égal a 3. (56,58)

Adverse event of All other adverse Total
interest event of interest
Drug of interest a b atb
All other drug of c d ctd
interest
Total atc b+d atb+c+d
al/c ad

Reporting Odds Ratio (ROR)
b/d bc

In(ROR) £1.96
95% confidence interval (CI) e MROR)=

a/atb

Proportional Reporting Ratio (PRR) = ———
b/ ctd

Figure 5. Formules de calculs des Proportional Reporting Ratio et Reporting Odds Ratio a

partir d’un tableau de contingence. Extrait de (Hasegawa et al. PLOS ONE. 2017) (64)
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- les méthodes bayésiennes
Le Multi-Item Gamma Poisson Shrinker (GPS) utilisé par la FDA (65) et le Bayesian
Confidence Propagation Neural network (BCPN) (66) utilisé par ’OMS sont deux exemples
d’analyses bayésiennes. Ces mesures permettent d’estimer la probabilité (probabilité¢ a
posteriori) qu'un effet indésirable survienne avec 1’utilisation d’un médicament (55). Elles

sont notamment intéressantes lorsque le nombre de cas rapportés est faible.

- les méthodes multivariées
Afin de prendre en compte les co-prescriptions et interaction médicamenteuses dans
I’estimation des SDR, I’utilisation de régressions logistiques a été proposée en 2008 sur la
base FAERS. (67) Puis des méthodes multivariées a partir d‘estimateurs bayésiens ont été
plus récemment développés comme le regression-adjusted GPS (mixe entre une régression
logistique et le GPS) ou I’algorithme Monte Carlo expectation-maximization (modification du

GPS) afin de prendre en compte les co-prescriptions. (68,69)

- les méthodes d’intelligence artificielle

Récemment plusieurs méthodes de machine learning ont été testées pour détecter des SDR
dans les bases de pharmacovigilances : les régles d’association, les forets aléatoires et la
régression logistique de Monte Carlo. Ces méthodes sont dérivées des études de « genome-
wide association » visant a déterminer une association entre un phénotype et un variant
génétique a partir de tres larges données.

Une étude récente a comparé la valeur pronostique positive et négative de toutes ces méthodes
a partir de la base FAERS et d’un jeu de données comprenant des paires effets indésirables -

médicaments vrais positifs et vrais négatifs (Figure 6). (70)
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Figure 6. Courbes ROC des différentes méthodes de détection de signaux. Extrait de (Pham
et al., Drug Saf. 2019). (70)

AR: association rules; BCPNN: Bayesian confidence propagation neural network; GPS:
gamma Poisson shrinkage; LR: logistic regression; MCEM: Monte Carlo expectation
maximization;, MCLR: Monte Carlo logic regression; PRR: proportional reporting ratio; RF':

random forests; RGPS: regression-adjusted GPS; ROR: reporting odds ratio.

Au total, les résultats sont relativement comparables, mais suggérent une supériorité
des méthodes bayésiennes dans la détection des SDR par rapport aux méthodes fréquentistes

et de machine learning.

L’une des principales problématiques de ces analyses est la prise en compte des biais
inhérents a la notification spontanée des effets indésirables. La notification d’effets
indésirables aux systemes de pharmacovigilance est en effet conditionnée par de nombreux
facteurs comme la nature de Dl’effet indésirable, sa gravité, sa nouveauté ainsi que la
nouveaut¢ du médicament en cause, sa médiatisation, son temps de survenue apres
I’instauration du traitement mais €galement par le type de déclarant (patient/ professionnel de
santé). (71-73) Ainsi, seule une faible proportion des EI présentés par les patients est notifice,
de plus, la qualité et I’exhaustivité des informations sont trés hétérogeénes selon le rapporteur.
Les bases de notification spontanée sont donc soumises a une sous-notification et a une

notification sélective importante. (59,74—77) De nombreuses méthodes ont ét¢ développées
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afin d’identifier et de prendre en compte cas biais. (73,78) Cependant, leur impact sur les
performances des analyses de disproportionnalité en fonction du type de médicament-effet
indésirable étudié, est encore mal défini. En dépit de ces limites, la notification spontanée a
réussi a démontrer sa capacité a identifier de nouveaux EI, particulierement s’ils sont rares,

mais permet difficilement 1’identification EI retardés de type C. (59)

Au-dela de la détection des signaux de disproportionnalit¢ les bases de
pharmacovigilances ont ¢été¢ utilisées pour d’autres objectifs. La détection d’interaction
médicamenteuse est une des applications classiques de ces bases de données. Les méthodes
appliquées pour la détection de ces interactions font appel a des méthodes variées,
fréquentistes (modele additif ou multiplicatif des PRR-ROR) (79,80), des comparaison de
temps d’apparition des EI (81) ou des méthodes plus complexe de machine learning. (82)
L’¢tude de tendance de notification aprés une alerte dans les médias ou le retrait du marché de
certains substance est également possible. (83,84) Un des développements récents est la
corrélation de SDR a des données de pharmacodynamie afin de générer des hypothéses
mécanistiques. (85-89) Ces méthodes nécessitent néanmoins un travail méthodologique afin
d’évaluer la pertinence de 1’approximation d’un risque d’effet indésirable par une métrique de
disproportionnalité. Enfin, de nombreux travaux ont été réalisés afin d’identifier des
syndromes et des effets de classes et non pas des EI isolés dans les bases de
pharmacovigilances. (90-93) Les méthodes utilisées font appel aux méthodes de clustering,
analyse en classe latente, analyses en réseaux... Ces méthodes intéressantes sont encore peu
utilisées en pharmacovigilance et peuvent permettre, en association notamment a des
méthodes intelligence artificielle, de faire du repositionnement de drogues ou de prédire le
profil d’effets indésirables d’un nouveau médicament a partir de ses caractéristiques

chimiques ou pharmacologiques.

Bases de données de santé

Les bases de données en santé ont classiquement été utilisées en pharmacovigilance pour
confirmer/évaluer des signaux a [’aide de méthodes basées sur les designs de
I’épidémiologie : cas témoins, cohortes, études transversales... (91,94)

L’un des enjeux actuels est le développement de méthodes permettant la détection de signaux
en routine sur ces bases de données. (95) De nombreux travaux ont récemment ét€ publiés
notamment dans le cadre de projets comme Observational Medical Outcomes Partnership

(OMOP), (96) Innovative Medicines Initiative’s (IMI) PROTECT, (97) Exploring and
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Understanding Adverse Drug Reactions (EU-ADR), (98) ou Asian Pharmacoepidemiology
Network (AsPEN). (99) Les méthodes utilisées sont basées sur plusieurs schémas différents :
des analyses de disproportionnalité, des designs dérivés des méthodes classiques de
pharmaco-épidémiologie (designs auto contrdlés ou cohortes), des analyses en symétrie de
séquence, des méthodes bayésiennes, des arbres de décision ou sur des méthodes de machine
learning et d’intelligence artificielle. (95,100) Trés peu d’études ont comparé les
performances de ces approches pour la détection de signaux ; cela dit les méthodes paraissant
les plus intéressantes actuellement en termes de faisabilit¢ et de performances sont les
analyses en symétrie de séquence et les designs autocontrolés. (95,100) Le développement de
ces méthodes pourra a terme compléter efficacement la détection de signaux sur les bases de
pharmacovigilance avec ’avantage de pouvoir calculer I’incidence de ces EI, et pourrait étre

plus efficace notamment pour la détection d’EI retardés de type C.

Autres types de données

La diversité¢ des données utilisées en pharmacovigilance est de plus en plus importante a
mesure que les méthodes et les puissances de calcul augmentent. L’utilisation des forums,
média sociaux, données chimiques et biologiques, données de la littérature a 1’aide
d’algorithmes d’intelligence artificielle est maintenant possible. (101-108) Cette
multiplication des sources de données permet d’étudier différents types d’El, de corroborer

des signaux entre les sources et d’en augmenter les performances.

3. Objectifs de la these

Les objectifs de ce travail sont 1-d’étudier, de comprendre et d’identifier de nouvelles
étiologies iatrogeénes a ces pathologies microvasculaires : phénoméne de Raynaud, troubles
trophiques et HTAP et 2-d’évaluer et de comparer 1’efficacité et la sécurité des traitements

utilisés dans ces pathologies.

L’organisation des différentes études de cette thése est représenté Figure 7. Ce travail sera
divisé en quatre parties. Dans la premiere partie de ce travail nous nous intéresseront aux
travaux portant sur le phénoméne de Raynaud ; puis dans une seconde partie sur ’HTAP et
ensuite sur les troubles trophiques ; enfin nous aborderons les travaux méthodologiques et

perspectives de ce travail de these.
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Figure 7. Organisation des études dans la these. NMA: network meta-analysis; NO: nitric oxide; PAH: pulmonary arterial hypertension;, PH:

pulmonary hypertension; RP: Raynaud’s phenomenon.
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PARTIE 2. LE PHENOMENE DE RAYNAUD
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1. Drug-induced Raynaud’s phenomenon: beyond f-adrenoceptor

blockers: Drug-induced Raynaud’s phenomenon.

Quelques mois apres la mise sur le marché des béta-bloquants 1’apparition de phénomenes de
Raynaud ont ¢été observés chez certains patients (109). Depuis, d’autres classes
médicamenteuses ont été identifiées comme pouvant provoquer ou aggraver un phénomene de
Raynaud préexistant ; notamment les chimiothérapies alkylantes, la clonidine ou les dérivés
de l’ergot. (6,9,10) Cependant de nombreux cas ont été rapportés dans la littérature avec
d’autres médicaments et aucune revue systématique n’avait été réalisée sur le sujet. L objectif
de ce travail était donc de faire un état des lieux des étiologies iatrogénes induisant ou
aggravant un phénoméne de Raynaud. Ce travail a été réalis¢ a partir d’une revue
systématique des données de la littérature. Nous avons, de plus, tenté de synthétiser ces
données via une approche mécanistique et d’apprécier le niveau de preuve associé a chacune

des classes médicamenteuses identifiées.
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AIM

Drug-induced Raynaud’s phenomenon (RP) has long been associated with the use of different drugs, including cancer
chemotherapy or p-adrenoceptor blockers. However, sources report extremely variable prevalence and the level of evidence for
each class is heterogeneous. Moreover, new signals are emerging from case reports and small series. Our objective was therefore
to review available evidence about this adverse drug effect and to propose a mechanistic approach of drug-induced RP.

METHODS
A systematic review of English and French language articles was performed through Medline (1946-2015) and Embase (1974-
2015). Further relevant papers were identified from the reference lists of retrieved articles.

RESULTS

We identified 12 classes of drugs responsible for RP, with a variety of underlying mechanisms such as increased sympathetic
activation, endothelial dysfunction, neurotoxicity or decreased red blood cell deformability. Cisplatin and bleomycin were
associated with the highest risk, followed by p-adrenoceptor blockers. Recent data suggest a possible involvement of tyrosine
kinase inhibitors (TKI), through an unknown mechanism.

CONCLUSION

Drug-induced RP is a probably underestimated adverse drug event, with limited available evidence regarding its prevalence.
Although rare, serious complications like critical digital ischaemia have been reported. When these treatments are started in
patients with a history of RP, careful monitoring must be made and, if possible, alternative therapies that do not alter peripheral
blood flow should be considered.

Introduction flow), cyanosis (deoxygenation of the static venous blood)
and rubor (reperfusion), often accompanied by pain. RP

Raynaud’s phenomenon (RP) is characterized by transient can be primary (i.e. idiopathic) or secondary to an

ischaemia of the extremities in response to environmental underlying cause. In both cases, abnormalities of the cuta-

stress or emotions [1]. It typically manifests as changes to neous microcirculation are primarily involved in the patho-

the fingers, with pallor (vasospasm and decreased blood physiology of RP [2].

DOI:10.1111/bcp.12912 © 2016 The British Pharmacological Society
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The prevalence of RP in the general population varies be-
tween 0.5 and 19%, with major geographic variability [3-6].
While primary RP is the most frequent form (80-90%) [7],
RP may also be secondary to various auto-immune diseases
(such as systemic sclerosis (SSc), systemic lupus erythemato-
sus, vasculitis, etc.), or other systemic diseases [1].
Several drugs with peripheral vascular effects leading to
decreased microvascular perfusion may induce or aggravate
RP. Drug-induced RP probably goes unrecognized because of
the limited knowledge of this side effect.

Literature reviews and textbooks usually have compre-
hensively reviewed drugs that have long been known to be re-
sponsible for RP [8]. However, new signals are emerging from
numerous case reports. Yet, to our knowledge, no systematic
review has been performed and little is known about the
prevalence and the level of evidence of drug-induced RP.
Our objective in the present work was therefore to summarize
available evidence and to propose a mechanistic approach of
drug-induced RP.

Methods

The MEDLINE database was searched for English or French
language articles published between January 1946 and May

Drug-induced R d’s ph
rug-induced Raynaud’s phenomenon BICP

2015 wusing the following search terms: ‘Raynaud
disease/chemically induced’ [MESH] and ‘raynaud’ AND
‘clonidine’, ‘betablocker’, ‘ergot alkaloid’, ‘dopaminergic ago-
nist’, ‘selective serotonin re-uptake inhibitors’, ‘sympathomi-
metic drugs’, ‘chemotherapy’, ‘tyrosine kinase inhibitors’,
‘interferon’ and ‘ciclosporin’. Further relevant papers were
identified from the reference lists of retrieved articles. We
used the Oxford Centre for Evidence-based Medicine - Levels
of Evidence to graduate the strength of the link between RP
and drug classes [9]. Among 253 records screened, 131
full texts were assessed for eligibility and included is the
review (Figure 1).

Results

Drugs enhancing vasoconstriction

p-adrenoceptor blockers. B-adrenoceptor blockers have long
been known as causing drug-induced RP, but data about its
prevalence are scarce. Analysis of the Framingham Heart
study data identified B-adrenoceptor blocker use as the most
common cause of secondary RP (34.2% of secondary RP). A
meta-analysis published in 2012 that included 13 studies
(1012 patients) found a prevalence of 14.7% in patients
receiving p-adrenoceptor blockers [4]. However, the studies

Records excluded by title and abstract
because in vitro studies, RP secondary
s| to other diseases (lupus syndrome,

cutaneous scleroderma), drug used to
treat RP, review studies
n=122

Records identified through Additional records identified
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Figure 1

Flow diagram of studies included in the review
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were old (1971 to 1984) and of varying quality. A network
meta-analysis of prospective randomized controlled trials
revealed a prevalence of peripheral vasoconstriction among
patients treated with B-adrenoceptor blockers of 7% (1966/
28072), whereas 4.6% (555/12060) and 1.7% (305/17492) of
patients treated with placebo or active control experienced
this adverse effect, respectively (P<0.001) (Khouri et al.,
submitted).

The pathophysiology of this side effect remains unclear.
Studies exploring the effect of B-adrenoceptor blockers on
patients with primary RP failed to show any worsening of
their symptoms [10-13]. There is no evident explanation for
this discrepancy, but the studies have small sample size.

The influence of the ancillary properties of p-adreno-
ceptor blockers (e.g. intrinsic sympathomimetic activity, p;-
selectivity, vasodilator activity) should theoretically influ-
ence their propensity to induce peripheral vasoconstriction,
although studies report conflicting results [13-16]. The re-
cent network meta-analysis conducted by our group suggests
that B-adrenoceptor blockers are a heterogeneous class. High
affinity for p;-adrenoceptors does not protect from RP while
ancillary properties such as intrinsic sympathomimetic activ-
ity and vasodilator properties seem to be protective (Khouri
et al., submitted to British Journal of Clinical Pharmacology).

Clonidine. RP induced by clonidine is a well-known adverse
reaction, described since many years although its frequency
is not known [17]. In patients with RP, cold-amplified
apc-adrenoceptors mediated vasoconstriction is increased
[18, 19]. It has been identified that skin vasoconstriction in
response to local cooling is mediated by the translocation of
azc-adrenoceptors to the vascular smooth muscle cells
surface, through a pathway involving RhoA-Rho kinase
[20]. In cold situations, clonidine direct ay-vascular
agonism may become pre-eminent on the usually desired
central reduction of the adrenergic tone.

Ergot alkaloids. Ergotamine and its derivatives are used to
treat migraine disorders and cluster headache [21]. They
display affinity for a wide variety of receptors including
those for 5-HT (serotonin), dopamine and norepinephrine
[22]. They are partial agonists of various serotoninergic
receptors and the usual response of blood vessels to 5-HT is
contraction [23]. More precisely, they exert a central
vasoconstrictor effect through serotoninergic 5-HT;p/1p
receptors, which are mostly in the cranial vessels and at
therapeutic dose exert only a weak constricting effect on
peripheral blood vessels [24]. However 5-HT, agonism
seems to be the main effector of their peripheral
serotoninergic vasoconstrictor effect. Moreover, they are a;-,
az-adrenergic and dopaminergic D,-receptor agonists.
Numerous case reports illustrating this effect are found in
the literature [25, 26]. However, the accountability of ergot
alkaloids in RP is difficult to assess because of a significantly
higher prevalence of RP in the migraine population [27, 28].
Furthermore, the peripheral vasoconstriction caused by
ergot alkaloids is sometimes interpreted as RP. ‘Ergotism’ is
rarely observed (estimated incidence is 0.1%), but the
prolonged vasoconstriction can lead to gangrene.
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In contrast, other drugs targeting serotonin receptors
such as triptans, selective agonists of 5-HT;3,;p, do not in-
duce vasoconstriction of extremities and RP.

Dopaminergic agonists. RP cases have been reported following
the use of bromocriptine, another ergot alkaloid [29-32]. One
report describes severe RP with vascular morphological injury
(presence of megacapillary on nailfold capillaroscopy)
attributed to 6 years of treatment with bromocriptine [31].
Bromocriptine is mainly a dopaminergic agonist. At low doses
it has vasodilatative properties resulting from D;-receptor
activation and leading to the well-identified orthostatic
hypotensive state. At high doses it exhibits a;-adrenoceptor
properties [33] and peripheral release of catecholamines both
resulting in vasoconstriction. Moreover, direct activation of
az-adrenoceptors by bromocriptine has been described and
could explain increased sensitivity to cold [34], like clonidine.
Microvascular injury with long term use of bromocriptine has
also been suspected. [31] Nevertheless, a large case—control
study (542 cases and 2155 controls) did not support
the association between dopamine agonists and an
increased risk of ischaemic events requiring hospitalization
[35]. Unfortunately this study did not provide detailed
information on RP.

Surprisingly, two cases of erythromelalgia have been de-
scribed with bromocriptine, in association with calcium
channel blockers [36, 37]

Selective serotonin re-uptake inhibitors (SSRIs). Contradictory
effects of SSRIs on peripheral vasoreactivity have been
reported. On the one hand, SSRIs have been proposed as a
treatment for RP, following the observation of the relief of
patients with erythromelalgia or RP with fluoxetine and
sertraline [38], or paroxetine and escitalopram [39]. Indeed,
fluoxetine blocks the uptake of serotonin by platelets and
decreases the amount of serotonin that is released during
platelet activation/aggregation, which may explain the
favourable outcome in patients with primary or secondary
RP participating in an open randomized clinical trial [40].
On the other hand, other authors have described a
deleterious association between RP and the SSRIs, fluoxetine
[41, 42], fluvoxamine [43], citalopram [44] and milnacipran
[45], together with the relief of erythromelalgia symptoms
[46]. A case of emerging RP 2 days after beginning
tergaserod treatment, a partial 5-HT, serotonin receptor
agonist, has also been described [47].

Currently this discrepancy between vasoconstriction and
vasodilatation remains unexplained. Some authors suggested
that endothelial damage is necessary for the development of a
vasoconstrictive effect during SSRI treatment [48]. In a
healthy vascular bed it has been proposed that blocking
serotonin re-uptake could increase free plasma serotonin
concentrations and produce, in stasis conditions, a local ac-
cumulation of serotonin, exacerbating wvasoconstriction
through 5-HT, receptors that may worsen RP [44]. In con-
trast, SSRIs decrease the amount of serotonin that is released
during platelet activation/aggregation. For example fluoxe-
tine is known to deplete platelet serotonin by 95% [49].
Individual variability in metabolism or in signalling seroto-
nin pathways could explain this variability in response to
SSRIs [40].



Stimulants. Central stimulation of the dopaminergic and
noradrenergic system is responsible for the peripheral
release of catecholamines leading to vasoconstriction. Cases
of RP induced by central nervous system stimulants have
been reported [50]. A retrospective case-control study
investigated whether medications used for the treatment of
attention deficit hyperactivity disorder (ADHD) were
associated with the development of RP. Sixty-four children
were enrolled in the study (32 cases with RP and 32 age and
gender matched control patients) and a significant
association between the presence of RP and past or
current use of ADHD stimulants (methylphenidate and
dextroamphetamine) was found [51]. Atomoxetin, a
selective norepinephrine re-uptake inhibitor, was excluded
from this study because it was not considered as a central
nervous system stimulant. However the case of dose
dependent RP following the use of atomoxetin on a girl has
recently been described [52]. Two cases of RP induced by
reboxetin, an inhibitor of norepinephrine re-uptake, have
been described [47]. Amphetamine-like drugs have also
been associated with the emergence of RP and vasculopathy,
as has phentermine, a weak sympathomimetic agent, used
most commonly as an appetite suppressant in the treatment
of obesity [53].

Ciclosporin. A study assessing the prevalence of RP in 100
renal transplant patients treated with ciclosporin
monotherapy who were then transferred to prednisolone
and azathioprine observed the development of de novo
symptoms in 39% of patients on the introduction of
ciclosporin. After withdrawal of ciclosporin, symptoms
improved in 89% [54]. Moreover four case studies of RP
induced by ciclosporin use have been described. Three of
them appeared a few days after ciclosporin introduction and
totally disappeared after cessation [55, 56]. The second case
was dose related but persistent RP symptoms were observed
after cessation of ciclosporin [57]. The mechanism for
ciclosporin induced RP remains unclear. A vasospastic effect
of ciclosporin on both the macro and microcirculation has
been shown [58] leading to systematic monitoring of
hypertension or acute renal failure in the early treatment
phase. Furthermore, changes in the viscosity of the blood, a
decrease in the deformability of red blood cells and an
increase in the aggregation of platelets can also be induced
by ciclosporin use and contribute to RP [55].

It is worth noting that drugs increasing blood viscosity
such as erythropoietins or intravenous immunoglobulins
are not a known cause of RP. Much about the physiopathol-
ogy of drug-induced RP remains to be learnt.

Sympathomimetics. Digital necrosis was described following
the localized use of lidocaine/epinephrine in a patient with
primary RP [59]. Data concerning sympathomimetic nasal
decongestants (pseudoephedrine, phenylephrine) are scarce.
Thus, pharmacologic properties of these drugs and their
poor clinical benefit suggest that they should be
contraindicated in patients with scleroderma-related RP [60].

Toxic substances. Among recreational drugs, RP with
ischaemic finger necrosis was attributed to cocaine abuse in
the case of in a 37-year-old man [61]. Cocaine has a potent
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vasoconstrictor effect through its ay-adrenoceptor activity.
In animal studies it has also been shown to alter
prostaglandin production with disproportionate increases in
thromboxane in rabbit endothelium resulting in vasospasm,
platelet activation and thrombus formation [62, 63],
although in some cases cocaine vasculopathy is more likely
to be related to a Buerger-like syndrome [64-66] as described
with cannabis use or arsenic exposure [67-69].

Endothelium damage and/or neurotoxicity
Cancer chemotherapies. The link between RP and
chemotherapies has long been clearly identified. First
descriptions of chemotherapy-induced RP were related to
treatments for testicular cancer [70-72]. A study in 1995
that included 90 patients treated with cisplatin-based
chemotherapy for more than 1 year after testicular cancer
found that 37% of them had developed RP after four cycles
of chemotherapy combining cisplatin, bleomycin and
vinblastine [73]. RP typically appeared 3 to 6 months after
the start of chemotherapy and often persisted for several
years [74]. The risk factors identified for the development of
RP were high cumulative doses of bleomycin and a
combination of bleomycin with vinblastine rather than
etoposide.

Furthermore, a trend towards the increased prevalence of
RP was observed in patients who received bleomycin as a
bolus compared with continuous infusion. No significant
correlation was seen with the cumulative or single doses of
cisplatin, etoposide or vinblastine, serum magnesium
concentrations during or after chemotherapy or a history of
smoking [73].

These results were confirmed by the follow-up of a cohort
study that included 739 patients treated for testicular cancer
between 1982 and 1992. Patients were divided between che-
motherapy (n = 384) and non-chemotherapy (n = 355)
groups. The prevalence of RP was significantly higher among
patients who received chemotherapy (20.7% vs. 1.7%,
P<0.001) [75]. Once again, a significant relationship between
the cumulative dose of bleomycin and the prevalence of RP
was found (OR 2.98, 95% CI, 2.286, 3.388, P<0.001);
P<0.001). Thirteen percent of patients still suffered from RP
10 years after having received a cumulative bleomycin dose
of <180000 IU (corresponding approximately to three cycles
of cisplatin-etoposide-bleomycin), 24.6% after a cumulative
dose of 180 000 IU to 360 000 IU, and 29% after a cumulative
dose >360 000 IU. A large observational study [76] includ-
ing 1409 testicular cancer survivors found a prevalence of
RP among the chemotherapy group of 39%. The cancer che-
motherapy associated Vinca alkaloids, cisplatin and
bleomycin. The odds ratios for Raynaud-like phenomena
in those who received one to four cycles of chemotherapy
compared with those who received no chemotherapy were
2.9 [95% CI, 2.2, 3.9] and 8.0 [95% CI, 4.4, 14.7] if they
received more than five cycles of chemotherapy. When these
drugs have been used to treat Kaposi's sarcoma RP has also
been described [77-81]. Nevertheless, emergence of severe
RP with digital necrosis after a single cycle of doxorubicin,
bleomycin, vincristine and dacarbazine chemotherapy, with
a cumulative dose of only 40 000 IU of bleomycin has also
been described [82]. Cases describing the occurrence of RP
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after the local injection of bleomycin to treat warts have also
been reported [83-87].

While RP has been associated with cisplatin-based chemo-
therapies the immutability of cisplatin itself remains unclear
[73, 88]. Arecent meta-analysis of cisplatin-based chemother-
apies included 24 studies (n = 2479 patients) and found a
prevalence of RP of 24% (95% CI, 17.5, 31.3) [72]. However,
cisplatin was almost always associated with bleomycin and
Vinca alkaloids making imputability difficult. Agents
targeting the VEGF-VEGEFR axis are associated with hyperten-
sion, thromboembolic events and induce microvascular rare-
faction [89], but their use is not associated with RP and
peripheral vasoconstriction.

Among other cancer chemotherapies that could be re-
sponsible for RP, there is limited evidence for gemcitabine
[90-92], vincristine [93], S-fluorouracil [94], oxaliplatin [95],
tegafur and uracil [96] and cyclophosphamide-methotrex-
ate-S-fluorouracil adjuvant therapy [97].

The pathophysiology of RP induced by cancer chemother-
apies is not well understood and is probably multifactorial.
Some studies showed an exaggerated response to cold not
only in patients with RP but also in patients without finger
symptoms before testicular chemotherapy [74, 98]. An in-
creased central sympathetic vasoconstrictor reflex and an im-
paired non-neurogenic vasomuscular, auto-regulation was
highlighted in patients suffering from RP syndrome after che-
motherapy when compared with the control group (patients
without RP after chemotherapy) [99]. Currently, one of the
main mechanisms proposed is through the vascular damage
induced by chemotherapy, i.e. endothelial dysfunction that
persists after chemotherapy [75]. Indeed, some authors
[100] showed that microalbuminuria, considered to be a sign
of endothelial damage, was significantly higher in patients
who received testicular cancer chemotherapy [83]. Another
possible mechanism is the neurotoxicity of chemotherapies
toward arteriolar tone regulation, particularly through
hypomagnesia related to cisplatin administration leading to
dysregulation of vascular smooth muscle tone [101]. RP
would appear at the same time as the tubular damage. It is in-
teresting to note that bleomycin is used to induce a
sclerodermic phenotype in animals [102], scleroderma being
the main aetiology of secondary RP.

Occupational and/or environmental exposure. For some time
vinyl chloride exposure has been linked to RP [103]. The
vascular endothelial toxicity of vinyl chloride has been
shown by angiographic studies of arteries in the hand and
by capillaroscopy [104, 105]. The prevalence of RP in vinyl
chloride workers ranges from 6 to 33% [106]. In 1980 a
prospective exposed/non-exposed cohort study showed a
strong association between vinyl chloride exposure and RP
(P<0.006) [107].

Drugs increasing blood viscosity and enhancing
vasoconstriction

Interferons (IFN). RP is a known side effect of treatment with
interferon supported by numerous cases reports [41, 108-116].
On direct questioning of patients taking IFN [117], symptoms
of RP were reported by more than half. Analysis of 24 case
reports of RP associated with interferon [118] highlighted that
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IFNa is the most common substance implicated (n = 14),
followed by IFN vy (n = 5) and IFN B (n = 3). The treatment
period was variable and lasted from 2 weeks to 49 months
(mean 15.5 months). Clinical findings varied from mild and
transient vasospasm (1 h after injection) to digital necrosis in
14 cases. Outcomes were known for 15 patients. Spontaneous
recovery occurred for 50% of them after withdrawal of the
drug. The remaining patients needed specific medication and
six amputations were necessary, underlining the severity of this
adverse reaction. A recent meta-analysis [119] with six eligible
studies and 183 patients estimated the prevalence of RP in
patients taking interferon to be 13.6% (95% CI 0.026, 0.313).

Currently, the pathophysiology of this reaction is not
fully understood. However numerous hypotheses have been
proposed: a direct vasospastic effect [113, 120], increasing
levels of intracellular fibroblast growth factor in endothelial
cells leading to proliferation of these cells and increasing an-
giogenesis [121] and induction or exacerbation of a dormant
collagen disease [109]. Although some case reports of RP
induced by interferons are described without any immune
deficiency [122] it is known that interferon therapy can be
related to an autoimmune disease [123, 124]. Increasing
blood viscosity by induction of serum cryoprecipitation
[125], deposition of immune complexes [126] and arterial
occlusion by thrombi due to the procoagulant activity of
interferon [112, 113] have been proposed. A study of 108
patients with SSc found a higher level of IFN-y in
patients with associated RP and suggested a pathogenic role
of INF-y in SSc patients with RP, but this role still remains
unclear [127].

Unknown mechanisms

Tyrosine kinase inhibitors. The relationship between tyrosine
kinase inhibitors (TKI) and RP is complex. Experimental
studies have shown that receptors with a tyrosine kinase
activity may play a role in the exaggerated vasoconstriction
in response to cold [128]. On one hand, a pilot study [129]
that included three SSc patients treated with 100 mg day™
of imatinib for 6 months showed improvement of their RP
[86]. Indeed in each patient, RP was attenuated at around 3
months and had completely disappeared at 6 months. On
the other hand, exactly the opposite reaction has been
described with other TKIs. Emergence of RP during the first
week of treatment with nilotinib has been described in two
patients [130]. One of them experienced improvement after
the treatment was switched to imatinib, with recurrence of
RP on the reintroduction of nilotinib. Another patient
experienced recurrent RP with nilotinib [131]. Erlotinib had
also been implicated in the case of a 72-year-old patient
suffering from scleroderma and secondary RP who
experienced digital necrosis 20 days after starting daily oral
treatment of 150 mg [132]. Erlotinib was promptly
discontinued and treatment with calcium channel blockers,
nitrates and anti-platelet drugs was initiated. After 3 weeks
of therapy, the digital lesion was completely healed.
Erlotininib was scored as producing a probable adverse drug
reaction (7/10 on the Naranjo scale).

Other. In the literature sporadic case reports of RP
potentially induced by drugs can be found, such as the two
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Table 1

Most relevant prevalence and level of evidence (defined by the Oxford Centre for Evidence-based Medicine - Levels of Evidence) of the association
between each drug and RP

Mechanism Drug Prevalence Level of evidence

Endothelial damage Chemotherapy 20.7-37%

Vinyl chloride 6-33%

Unknown mechanism Tyrosine kinase inhibitors Unknown D

A: systematic review (with homogeneity) of RCTs or individual RCT (with narrow confidence interval); B: cohort or case control studies ;C: Case series;
D: Expert opinion or troublingly inconsistent or inconclusive studies of any level; RCT: randomized controlled trial.

[ Direct a,-AR agonism
Unknown Clonidine

mechanism Sympathomimetics

Indirect a,-AR agonism
B-adrenoceptor blockers
Stimulants

Direct a,-AR and 5-HT, and DA, agonism
Ergot alkaloids (except bromocriptine)

Direct DA, and indirect a,-AR agonism

Ciclosporin Dopaminergic agonists

Bromocriptine

Indirect 5-HT agonism

Selective serotonin re-uptake inhibitors
Interferons
Ciclosporin Chemotherapy

Increased blood Increased
viscosity vascular tone

Chemotherapy

Interferons Vinyl chloride

Figure 2

Schematic representation of some of the key mechanisms contributing to the pathogenesis of iatrogenic Raynaud’s phenomenon

cases of fluorescein induced RP [133, 134], sulfasalazine [135, Conclusion

136], propofol [137] and amphotericin B [138] without being

able to determine the pathophysiological mechanism. Some RP is complex, multifactorial and not fully understood yet.

paradoxical reactions following the repeated administration This present review summarises the prevalence and level of

of iloprost [139] or yohimbine [140], a selective oy evidence of the association between drugs and RP (Table 1).

adrenergic antagonist, have even been described. Microvascular impairment is a key feature of its pathophysi-
To our knowledge, no pathophysiologic mechanism has ology. Only symptomatic treatment with vasodilators such

been identified yet. as calcium channel blockers or phosphodiesterase-5

40 Br ] Clin Pharmacol (2016) 82 6-16 11
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inhibitors has been proposed as a treatment for RP. Logically,
vasoconstrictors have long been known to induce or aggra-
vate RP. Increased vascular tone may be related to increased
sympathetic activation, but also to endothelial dysfunction
or neurotoxicity. Other mechanisms include decreased red
blood cell deformability and increased platelet aggregation,
both leading to increased blood viscosity (Figure 2). The need
for future high quality research including prospective and
vascular physiology studies to clarify these mechanisms is obvi-
ous. Indeed, this review highlights the lack of available evidence
regarding the prevalence of drug-induced RP, as well as the
heterogeneity of its clinical presentation. This probably
contributes to the underestimation of drug-induced RP, as well
as the fact that RP is a usually benign condition. However, such
an adverse event may rarely lead to serious complications like
critical digital ischaemia. Therefore, when these treatments are
started in patients with a history of RP, careful monitoring must
be made and, if possible, alternative therapies that do not alter
peripheral blood flow should be considered.
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2. Peripheral vasoconstriction induced by -adrenoceptor blockers: a

systematic review and a network meta-analysis

Lors de la revue de la littérature présentée précédemment, nous avons remarqué que plusieurs
questions restaient en suspens a propos d’une des classes médicamenteuses la plus connue
pour provoquer/aggraver des phénomenes de Raynaud, les béta-bloquants :

- s’agit-il d’un effet de classe ou spécifique a certaines caractéristiques
pharmacodynamiques ?

- quel est le mécanisme d’action exact des phénoménes de Raynaud induits par les béta-
bloquants ?

- quel est ’amplitude du sur-risque de phénoméne de Raynaud en fonction du type de béta-

bloquants ?
Afin de tenter de répondre a ces questions nous avons réalisé une méta-analyse en réseau a

partir d’une revue systématique de tous les essais cliniques qui ont été publiés avec des béta-

bloquants.
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AIM

Peripheral vasoconstriction has long been described as a vascular adverse effect of p-adrenoceptor blockers. Whether
B-adrenoceptor blockers should be avoided in patients with peripheral vascular disease depends on pharmacological properties
(e.g. preferential binding to B;-adrenoreceptors or intrinsic sympathomimetic activity). However, this has not been confirmed in
experimental studies. We performed a network meta-analysis in order to assess the comparative risk of peripheral vasoconstriction
of different B-adrenoceptor blockers.

METHOD

We searched for randomized controlled trials (RCTs) including p-adrenoceptor blockers that were published in core clinical
journals in the Pubmed database. All RCTs reporting peripheral vasoconstriction as an adverse effect of f-adrenoceptor blockers
and controls were included. Sensitivity analyses were conducted including possibly confounding covariates (latitude, properties
of the B-adrenoceptor blockers, e.g. intrinsic sympathomimetic activity, vasodilation, drug indication, drug doses). The protocol
and the detailed search strategy are available online (PROSPERO registry CRD42014014374).

RESULTS

Among 2238 records screened, 38 studies including 57 026 patients were selected. Overall, peripheral vasoconstriction was
reported in 7% of patients with B-adrenoceptor blockers and 4.6% in the control groups (P < 0.001), with heterogeneity among
drugs. Atenolol and propranolol had a significantly higher risk than placebo, whereas pindolol, acebutolol and oxprenolol had
not.

CONCLUSION

Our results suggest that B-adrenoceptor blockers have variable propensity to enhance peripheral vasoconstriction and that it is
not related to preferential binding to f;-adrenoceptors. These findings challenge FDA and European recommendations regarding
precautions and contra-indications of use of B-adrenoceptor blockers and suggest that f-adrenoceptor blockers with intrinsic
sympathomimetic activity could be safely used in patients with peripheral vascular disease.

© 2016 The British Pharmacological Society 47 DOI:10.1111/bcp.12980
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

e B-adrenoceptor blockers are known to induce peripheral vasoconstriction, probably according to their pharmacological
properties (e.g. preferential binding to f1-adrenoreceptors, intrinsic sympathomimetic activity or vasodilator effect). However,

this has never been confirmed in experimental studies.

WHAT THIS STUDY ADDS

e Our results suggest that p-adrenoceptor blockers have variable propensity to enhance peripheral vasoconstriction. Moreover,
ancillary properties of B-adrenoceptor blockers widely influence this peripheral vasoconstriction: ISA and vasodilator effect are
protective, whereas preferential binding to f1-adrenoreceptors does not protect from peripheral vasoconstriction.

e These findings challenge FDA and French recommendations regarding precautions and contra-indications of use of
B-adrenoceptor blockers, and suggest that B-adrenoceptor blockers with intrinsic sympathomimetic activity could be safely

used in patients with Raynaud’s phenomenon.

Introduction

B-adrenoceptor blockers have long been known to cause drug-
induced peripheral vasoconstriction, especially Raynaud’s
phenomenon (RP), which was described as an adverse effect
of B-adrenoceptor blockers 40 years ago [1]. Among the aetiol-
ogies of the syndrome, B-adrenoceptor blockers have usually
appeared as the primary cause of drug-induced RP in recent
state-of-the-art reviews and textbooks [2-6]. However, little
is known about the exact prevalence of B-adrenoceptor
blocker induced peripheral vasoconstriction. Analysis of
the Framingham heart study identified B-adrenoceptor
blocker use as the most common cause of secondary RP
(34.2% of secondary RPs) [7]. More recently, a meta-analysis
including 13 studies found a prevalence of RP of 14.7% in pa-
tients receiving B-adrenoceptor blockers [8]. However, the
number of included studies was low and this simple meta-
analysis did not permit to hierarchizing the vasoconstrictor
effect of the different p-adrenoceptor blockers. The exact
mechanism leading to peripheral vasoconstriction induced
by B-adrenoceptor blockers remains incompletely under-
stood. Antagonism of pj-adrenoceptors, which are
responsible for peripheral arteriolar vasodilatation, has
long been thought to be the main mechanism. This led to
the contra-indication of non-selective B-adrenoceptor
blockers in patients with RP. However, this hypothesis is
challenged by clinical observations of RP occurring in
patients taking p-adrenoceptor blockers with higher
affinity for B;-adrenoceptors [1, 9]. In addition, in patients
with primary RP, no differences in skin or muscular blood
flow could be detected between propranolol, a non-selective
B,-adrenoceptor blocker and metoprolol, a B;-adrenoceptor
blocker [10]. Moreover, the involvement of p,-adrenoceptors
in the pathogenesis of RP is not currently upheld [11].

Another hypothesis to explain peripheral vasoconstric-
tion due to B-adrenoceptor blockers would involve the
vasoconstrictor sympathetic reflex mediated by barorecep-
tors in response to the decrease in cardiac output following
B-adrenoceptor blocker intake [12]. In accordance with this
hypothesis, B-adrenoceptor blockers with intrinsic sympa-
thomimetic activity (ISA) have a less pronounced effect on
cardiac output, and may even decrease peripheral resistance
during chronic treatment, therefore inducing less peripheral
vasoconstriction [12]. However, limited evidence supports
this hypothesis in patients with Raynaud’s phenomenon,
and available data are conflicting [13-135].
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The paradox is that a considerable number of large, random-
ized, controlled trials have been conducted in the past decades
that should provide sufficient evidence to clarify the implica-
tion of B-adrenoceptor blockers in induced peripheral vasocon-
striction, such as RP. In the past few years, the development of
sophisticated methods such as the combination of direct and in-
direct comparisons in network meta-analyses has been success-
fully applied to identify class adverse drug events [16].

Our objective in the present work was therefore to perform a
systematic review and a network meta-analysis of randomized
clinical trials to assess the effect of B-adrenoceptor blockers
on peripheral vascular disease. We aimed at comparing
the risk of peripheral vasoconstriction induced by the different
B-adrenoceptor blockers according to their pharmacological
properties (ISA, B;-selectivity, vasodilators and non-selective).

Methods

This systematic review complies with the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-analysis)
statement guideline [17]. The protocol and systematic search
strategy of the review has been documented online before
starting the study (PROSPERO registry, CRD42014014374).

Objectives and outcomes

The primary objective of our study was to assess and compare
the effect of B-adrenoceptor blockers on peripheral vascular
disease.

Secondary objectives were to compare the risk of peripheral
vasoconstriction induced by the different p-adrenoceptor
blockers according to their pharmacological properties (ISA,
B1-selectivity, vasodilators and non-selective), assess the influ-
ence of the year of study publication, the latitude, the way of
reporting RP, the dosage and indication for B-adrenoceptor
blockers on the risk of peripheral vasoconstriction.

Study identification, selection and data
extraction

We searched for randomized controlled trials (RCTs) including
B-adrenoceptor blockers that were published in core clinical
journals in the Pubmed database. The following terms were
sought: acebutolol, atenolol, betaxolol, bisoprolol, carvedilol,
celiprolol, labetalol, metoprolol, nadolol, nebivolol, oxprenolol,
pindolol, propranolol, sotalol and p-adrenoceptor blockers.
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Applied filters were (Comparative Study [ptyp] OR Clinical
Trial[ptyp]) AND jsubsetaim[text]. We also searched Google
Scholar, the reference lists of relevant Cochrane reviews
[18-20] and the reference list of the Trial Result-centre
(http://www.trialresultscenter.org). There was no restriction
on language or publication date. One reviewer (CK) screened
titles and abstracts for inclusion. Then two authors (MR and
CK) independently reviewed the full text of potentially rele-
vant articles to check inclusion criteria using a standardized
form. Eligibility criteria included parallel or crossover RCTs
comparing the previously listed B-adrenoceptor blockers to
control groups (placebo or any active comparator), for at least
4 weeks and reporting RP or any relevant symptom related to
peripheral vasoconstriction. Despite the high prevalence of
RP, standardized diagnostic criteria have not been used in
these trials. Therefore, we used the term ‘peripheral vasocon-
striction’ rather than ‘Raynaud’s phenomenon’.

Independent assessment of risk of bias was made by the
same reviewers according to the Cochrane Handbook for Sys-
temic Reviews of Interventions [21]. The risk of bias was rated
as low, unclear or high for the following items: randomiza-
tion, blinding, incomplete outcome data, selective reporting.
The overall risk of bias for each trial was defined as high risk if
more than three high risk criteria were met, moderate risk if
two to three high risk criteria were met and low risk if one
or less high risk criterion was met.

Then, the same two reviewers independently extracted
data and appraised the quality and content of included
studies using the Grading of Recommendation Assessment,
Development and Evaluation (GRADE) recommendations
for network meta-analysis [22]. These recommendations per-
mit to appraise the quality of each direct and indirect pairwise
comparisons of the network meta-analysis considering the
average risk of bias [23], inconsistency [24], indirectness
[25], imprecision [26] and publication bias [27]. Finally we
rated their quality as very low, low, moderate or high. Special
attention was paid to the way used to record the side effects
(spontaneous reporting, medical visit or questionnaire).

The following data were extracted: year, country(ies) and
latitude where the study was conducted, sample size, meth-
odology, Raynaud’ phenomenon as a non-inclusion criteria
in the trial, indication of the p-adrenoceptor blocker, follow-
up period, B-adrenoceptor blocker dosage and treatment
duration, nature of the peripheral vascular effect reported
and frequency of outcomes (prevalence and/or withdrawals).

Statistical analysis

The primary objective was to compare the number of events
in the different treatment arms with a frequentist approach.
We used an arcsine transformation as it enables one to
include empty cells in the analysis (i.e. taking into account
study arms without any event), without continuity correc-
tions [28]. We also provided odds ratios (OR) for easier
interpretation, with a + 1 continuity correction for empty
cells. Meta-regressions were performed to take into account
covariates of interest, i.e. the year of study publication, the
latitude, the way of reporting RP, as well as the dosage and
indication for p-adrenoceptor blockers. A Bayesian approach
was used to compute the rankograms as well as indirect
effects (using the node-splitting algorithm). The rankograms
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represent the probability of each B-adrenoceptor blocker to
be the greatest inducer of peripheral vasoconstriction.

Statistical analysis was performed with R statistical soft-
ware (version 3.2.0). The metafor package (v1.9-4, www.
metafor-project.org) was used for frequentist analyses and
the gemtc package (with the rjags Gibbs sampler) [29] for
the Bayesian approach. We used a Mantel-Haenszel method
with a random effect model to provide pooled OR of the risk
of peripheral vasoconstriction according to the pharmacolog-
ical properties of B-adrenoceptor blockers vs. placebo, using
RevMan (Version 5.1, The Cochrane Collaboration, 2011).
Confidence or credibility intervals are given for all measures
and represented in forest plots. We used t-test to compare fre-
quencies between groups when necessary. All tests and confi-
dence or credibility intervals were two-sided. P values <0.05
were considered as significant.

Results

Characteristics of studies and patients

The literature search yielded a total of 2238 references. The
main reasons for excluding records were that studies were
in vitro studies, or were not randomized clinical trials, or were
RCTs that did not report the incidence of peripheral vasocon-
striction. Thirty-eight studies finally fulfilled the eligibility
criteria [30-67]. (Figure 1).

All studies were RCTs with study duration ranging from 4
to 468 weeks and included a total of 57 026 patients. Most of
the trials were multicentre and parallel, conducted in Europe
or North America, examined a pB-adrenoceptor blocker as an
antihypertensive treatment and included an active compara-
tor (27/38). For more than half of them, the presence of RP
was a non-inclusion criterion (20/38). The characteristics of
included studies are presented in Table 1.

The risk of bias is reported in supplementary on-line
Figure S1. Eight studies were considered as having a high risk
of bias.

Overall prevalence of peripheral
vasoconstriction

The prevalence of peripheral vasoconstriction was highly
dependent on the way in which adverse events were reported:
13.47% with a questionnaire (systematic approach) and
6.02% for spontaneous reports. In the placebo group, the
prevalence was 8.1% with a questionnaire and 4.84% with
spontaneous reporting.

Network and methodological quality of
available comparisons
Thirty-four direct comparisons between -adrenoceptor
blockers and controls were available. Controls mostly included
placebo, angiotensin-converting enzyme blockers/angiotensin
receptor blocker, a-adrenoceptor blockers and thiazide diuretics.
The network of available comparisons is represented in Figure 2.
The quality of evidence according to GRADE re-
commendations are presented in Supplementary Table S1.
Discrepancies between the mean qualities of evidence for
each B-adrenoceptor blocker were obvious and are presented
in Table S2. When combining p-adrenoceptor blockers
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Records identified through database
searching

n=2142

Identification

Records identified through reference of
relevant Cochrane review, Google scholar
and Trial result centre

n=96

2238 of records screened

Screening

Records excluded by title and abstract
because patients were under 18,
treated less than 4 weeks, in vitro

study, not relevant comparator

n=1409

Eligibility

Full text assessed to eligibility

n=829

Studies excluded because they did not
report undesirable effect of interest
or not in each group

n=791

Included

Studies included in the meta-analysis

n=38

Figure 1
PRISMA flow diagram

depending of their pharmacologic properties overall mean
qualities of each group were moderate for B-adrenoceptor
blockers owning ISA and B;-selectivity, just below the moder-
ate threshold for non-selective p-adrenoceptor blockers and
low for vasodilator B-adrenoceptor blockers. Moreover, the
percentages of high qualities studies included in each group
were comparable, except for the vasodilator group (Table S3).

Peripheral vasoconstriction induced by
p-adrenoceptor blockers

The prevalence of peripheral vasoconstriction among patients
treated with B-adrenoceptor blockers was 7% (1966/28 072),
whereas 4.6% (555/12060) and 1.7% (305/17 492) of patients
treated with placebo or active control experienced peripheral
vasoconstriction, respectively (P < 0.001).

The network meta-analysis of direct and indirect com-
parisons between the different B-adrenoceptor blockers
revealed differences between drugs (Figure 3, supplementary
Figure S2). Propranolol (moderate quality evidence) and
atenolol (moderate quality evidence) significantly increased
the risk of peripheral vasoconstriction. Continuity correction
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for empty cells allowed calculating ORs of 3.0 (1.4-6.6) and
2.0 (0.9-4.7) for propranolol and atenolol, respectively.

Influence of pharmacologic properties of
p-adrenoceptor blockers on peripheral
vasoconstriction

We categorized p-adrenoceptor blockers into four non-exclusive
groups (non-selective, Bi-selective, ISA and vasodilators),
depending on their secondary properties (presented in Table 2).
The OR of peripheral vasoconstriction in each group was 2.53
(1.39-4.61),1.67 (1.29-2.17), 1.24 (0.7-2.19), respectively. Only
B1-selective and non-selective p-adrenoceptor blockers were as-
sociated with an increased risk of peripheral vasoconstriction
when compared with placebo (Figure 4).

Sensitivity analyses

Univariate meta-regressions did not show any significant
effect of study latitude (P = 0.18), drug indication [hyperten-
sion (P = 0.24), ischaemia (P = 0.27), other (P = 0.71)], drug
doses [low (P = 0.67), normal (P = 0.86), high (P = 0.82)],
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Figure 2

Network of available comparisons between the different p-
adrenoceptor blockers and controls. Size of node is proportional to
number of trials participants and thickness of the lines is proportional
to number of trials that included the direct comparisons. CCB cal-
cium channel blockers; ACE/ARB angiotensin converting enzyme in-
hibitors/angiotensin Il receptor blockers

duration (P = 0.06), year of publication (P = 0.19), way of
reporting adverse effect (P = 0.39) and RP as a non-inclusion
criterion for the trial (P =0.21).

Discussion

In our study 7% of the 28 072 patients taking p-adrenoceptor
blockers suffered from RP or cold extremities, whereas only
4.6% did so when on placebo. We showed that p-adrenoceptor
blockers represent a highly heterogeneous family regarding
their propensity to induce RP, and some ancillary properties
such as a vasodilator effect or ISA are somewhat protective,
while B;-selectivity is not.

The present work brings additional information to what
was known about the prevalence of peripheral vasoconstric-
tion induced by B-adrenoceptor blockers. The prevalence of
7% found in our study is lower than in the studies assessing
it in the general population. A general practice based study
in the UK found that 14.5% of patients responding to a
postal survey and 19% of patients attending surgeries have
RP-related symptoms. [68]. A community based study from
the US reported RP in 11% of women and 8% of men [69].
In a recent meta-analysis, the prevalence of RP in patients re-
ceiving B-adrenoceptor blockers was 14.7% [8]. Included
studies were clinical cohort, or case-control studies and for
most of them RP symptoms were also reported using a ques-
tionnaire. This is close to what we found in studies reporting
adverse effects with a questionnaire (prevalence of 13.5%)
[38, 39, 53, 54, 56, 59, 65]. In this meta-analysis the influence
of the way to report symptoms on the prevalence of
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Forest plot, effect size estimated through the arcsin difference. CCB calcium channel blockers; ACE/ARB angiotensin converting enzyme inhibitors

/angiotensin Il receptor blockers

peripheral vasoconstriction was obvious (13.47% with a
questionnaire vs. 6.02% for spontaneous reports), although
non-significant, and should certainly be assessed in every
meta-analysis focusing on side effects. Another explanation
of the low prevalence observed in the present work was that
RP was a non-inclusion criterion in 20 out of the 38 studies
included. Although including or not patients with RP in trials
obviously changes prevalence, it does not affect the general
conclusion of the network meta-analysis. Finally, one should
admit that there was considerable heterogeneity between
studies [49, 56]. This variability probably reflects differences in
the definition of RP or cold extremities and, in most cases, the
lack of objective criteria to assess peripheral vasoconstriction.
Cold hands and RP were rapidly linked to the use of the
first B-adrenoceptor blocker, propranolol [70]. Propranolol is
a non-selective B;- and B,-adrenoceptor antagonist devoid of
ISA and vasodilator activity. Activity on p,-adrenoceptors
was first incriminated in the pathophysiology of peripheral
vasoconstriction related to f-adrenoceptor blocker intake. In-
deed, B,-adrenoceptors are involved in the vasodilator tone of
blood vessels in skeletal muscle. However, studies did not
show any difference in the frequency of the feeling of cold
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hands according to B;-selectivity of p-adrenoceptor blockers
[71-73]. Based on a large basis of available evidence, our study
further shows that drugs with higher affinity for f;- than for
B,-adrenoceptors, such as atenolol, also induce significantly
more peripheral vasoconstriction than placebo.

There is also a rationale for a link between ISA and the re-
duction of peripheral vasoconstriction. Indeed, B-adreno-
ceptor blockers with ISA induce smaller falls in cardiac
output and do not lead to the same baroreceptor-dependent
reflex vasoconstriction as that observed with p-adrenoceptor
blockers devoid of ISA [12, 74]. Pindolol is the B-adrenoceptor
blocker with the highest ISA, followed by acebutolol,
celiprolol and oxprenolol. Yet, in our study these B-adreno-
ceptor blockers are among those inducing the least peripheral
vasoconstriction-related symptoms. This is consistent with
experimental data showing that brachial artery infusion of
pindolol leads to a dose-dependent increase of forearm blood
flow, that may be reduced by concomitant infusion of pro-
pranolol [75]. The ISA of pindolol is so large that stimulation
of B-adrenoceptors is produced, leading to vasodilatation
and the relaxation produced by pindolol or celiprolol can
partly be antagonized by pretreatment with propranolol or

Br ) Clin Pharmacol (2016) 82 549-560 555
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OR (95% CI)

Non-selective : + 2.53 (1.39, 4.61)

B,-adrenoceptor selective
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1.67 (1.29, 2.17)

1.24 (0.70, 2.19)

1 2 3 4
Risk of PV, compared with placebo

Figure 4

Comparison of the risk of peripheral vasoconstriction according to
the pharmacological properties of B-adrenoceptor blockers. Only di-
rect comparisons vs. placebo were included and a random effect
model was used. ISA intrinsic sympathomimetic activity

sotalol [76-78]. Several clinical studies have previously
reached similar conclusions. Direct comparison between
pindolol and propranolol showed a decreased risk of periph-
eral vasoconstriction with pindolol [79]. A UK study includ-
ing 7659 patients with hypertension in general practice
found that peripheral vasoconstriction-related symptoms
were more pronounced in patients taking B-adrenoceptor
blockers than other hypertensive treatment (4.1% vs. 0.2%),
but that patients taking p-adrenoceptor blockers with ISA
complained less frequently than those on other B-adreno-
ceptor blockers (3.1% vs. 5.2%) [72].

Interestingly, in our study bevantalol and labetalol, two
B-adrenoceptor blockers with vasodilator activity through
az-adrenoceptor antagonism, are among drugs inducing the
least peripheral vasoconstriction. In line with our results, ay
adrenoceptor-induced vasoconstriction is increased in patients
with Raynaud’s phenomenon and selective inhibition of o,-
adrenoceptors reduces digital artery vasospastic attacks [2, 11].
Furthermore, we did not find any study implicating nebivolol
and celiprolol, two B-adrenoceptor blockers with vasodilator
activity through nitric oxide release, suggesting that patients
taking these B-adrenoceptor blockers did not complain of pe-
ripheral vasoconstriction symptoms although large randomized
controlled trials including thousands of patients and assessing
the efficacy of nebivolol such as SENIORS study exist [80].

Overall, the results of this work challenge the relevance of
the contraindication of p-adrenoceptor blockers in patients
with peripheral vascular disease (Table 2). In the USA, pro-
pranolol, nadolol, sotalol, betaxolol, pindolol and labetalol
are not contraindicated. Metoprolol is contraindicated in
severe forms of peripheral circulatory disorder and precau-
tion is recommended for atenolol, nebivolol, bisoprolol,
acebutolol and carvedilol in patients with peripheral vascular
disease. In France, carvedilol, nadolol, oxprenolol, pindolol,
propranolol and sotalol are contraindicated in patients
with RP. Acebutolol, betaxolol, bisoprolol, metoprolol and
nebivolol are contraindicated only in severe forms, whereas
celiprolol and labetalol are not contraindicated. It appears
that contraindications vary between countries and that they
do not seem to be based on available evidence.

Network meta-analysis is a relevant approach in
pharmacovigilance, especially to test the homogeneity of a
class adverse effect. Although this methodological approach
is becoming more accessible thanks to the availability of ded-
icated statistics packages, its use remains limited in safety
studies. The development of approaches and recommenda-
tions to appraise the quality of a treatment effect estimated
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from a network meta-analysis participates toward standardizing
practices. To our knowledge, this is the first network meta-
analysis with a safety purpose that uses the GRADE recommen-
dation to assess the quality of direct and indirect comparisons.
This approach includes assessment of five items for each
pairwise comparison: risk of bias [23], inconsistency [24], indi-
rectness [25] and imprecision [26] and publication bias [27].
The risk of bias for each pairwise comparison was assessed in
the light of the weight of each study involved, as advised in
GRADE recommendations. In general, the risk of bias was rela-
tively low in the studies that we included and overall the qual-
ity of direct comparisons was reasonable. Heterogeneity was
>40% in only 2/34 pairwise comparisons reflecting consistency
of our results. However, many pairwise comparisons based on
indirect comparisons have a low level of evidence. The ex-
changeability property of the included studies in this network
meta-analysis was respected because no interaction between
the effect estimate and the factors known to modify the risk of
peripheral vasoconstriction (e.g. duration of treatment, drug
dose, drug indication, year of publication, way of reporting
adverse effect and RP as a non-inclusion criterion for the trial)
was highlighted in the sensivity analysis.

Another limitation is that we reduced our literature
searches in the PubMed database to ‘core clinical journals’
only, possibly leading to a publication bias. However this study
did not aim to assess an efficacy criterion of B-adrenoceptor
blockers for which exhaustivity would have been mandatory.
Indeed, we supposed that no clinical trial was unpublished or
stopped because of RP or cold extremities. This restriction was
imposed by the impressive amount of available data when con-
sidering B-adrenoceptor blockers. We were unable to consider
all pB-adrenoceptor blockers in our analysis, as well designed
RCTs were lacking for some drugs.

Finally, the number of studies that reported peripheral
vasoconstriction-related symptoms in the publication was
low. Indeed, as it is often considered as well-known and
benign, peripheral vasoconstriction-related symptoms may
be omitted in study reports and thus only <5% of eligible
studies were included in our analysis. This stresses the need
for making data from clinical trials widely available for
further analyses with safety purposes.

Conclusion

While peripheral vasoconstriction-related symptoms in-
duced by B-adrenoceptor blockers have long been known
to be side effects, this network meta-analysis provides
evidence that this should not be considered as a homoge-
neous class effect. Ancillary properties such ISA and vasodila-
tor effects are protective. On the other hand, a higher affinity
for By-adrenoceptors does not protect from RP, which chal-
lenges current recommendations and contraindications.
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3. Fluoxetine and Raynaud’s phenomenon: friend or foe?

En réalisant la revue systématique sur les étiologies iatrogénes du phénoméne de Raynaud
nous avons également remarqué que les inhibiteurs sélectifs de la recapture de la sérotonine
¢taient a la fois recommandés dans la prise en charge du phénomeéne de Raynaud alors qu’ils
¢taient décrits chez certains patients comme pouvant étre a 1’origine de 1’apparition ou de
I’aggravation de leur phénoméne de Raynaud. (29,110) Nous avons tenté dans ce court article

d’émettre des hypothéses afin d’expliquer ce phénoméne paradoxal.
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Tables of Links

TARGETS LIGANDS

5-HT 4 receptor Adenylate cyclase Nifedipine

5-HT;g receptor Nitric oxide (NO)-sensitive
(soluble) guanylyl cyclase

CGRP receptor
Calcium-activated potassium channels

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the [IUPHAR/BPS Guide to PHARMACOLOGY [1], and are permanently archived in the Concise Guide to PHARMACOLOGY
2015/16 [2-4].

Whether fluoxetine, a selective serotonin reuptake evidence, the lack of a homogeneous effect of fluoxetine in RP
inhibitor, is an effective treatment for Raynaud’s patients is obvious.
phenomenon (RP) has been debated for about 20 years. Based The crossover study comparing the efficacy of nifedipine
on one positive efficacy trial [5] and some preliminary and fluoxetine in 56 patients with primary or secondary RP
observations [6], fluoxetine is recommended in RP secondary showed a significant improvement in the Raynaud’s
to systemic sclerosis (SSc), after failure of calcium channel condition score (RCS) [4.35 (0.39) vs. 2.3 (0.35); P = 0.0002]
blockers [7]. However, when one looks closely at the available and daily frequency of attacks [2.98 (0.31) vs. 1.7 (0.25);
© 2017 The British Pharmacological Society DOI:10.1111/bcp.13314
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Figure 1
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Co-existing vasodilator—vasoconstrictor pharmacodynamic effects of fluoxetine. AC, adenylyl cyclase; AMP, adenosine monophosphate; cAMP,
cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; CGRP, calcitonin gene-related peptide; eNOS, endothelial NO
synthase; GMP, guanosine monophosphate; Kca, calcium-sensitive potassium channel; NO, nitric oxide; PLCB, phospholipase C beta; R-CGRP,
calcitonin gene-related peptide receptor; sGC, soluble guanylate cyclase; VGCC, voltage-gated calcium channels

P = 0.003] [4]. However, when looked at more carefully,
subgroup analysis showed a significant benefit for RCS and
the frequency of attacks in primary RP, while only RCS was
significantly improved in patients with secondary RP.
Likewise, the secondary criterion of percentage of rewarming
after cold challenge was positive in primary RP [33.4%
(£7.5%) vs. 58.8% (£8.7%); P = 0.03] but negative in
secondary RP [31.6% (+6.4%) vs. 31.2% (+8.2%); P = 0.97].
Furthermore, we could hypothesize that the antidepressant
activity of fluoxetine may have a significant impact on a
subjective measurement of self-reported outcomes such as
RCS. Owing to the discovery of thrombocyte dysfunction
correlated with an increase in intraplatelet serotonin in RP,
the antiaggregant effect of fluoxetine was hypothesized to
be the main mechanism [8]. However, later studies using
antithrombotic drugs were disappointing and evidence of
their benefit in RP is now limited [9].

The involvement of the serotoninergic pathway in
vascular tone is complex; serotonin causes direct
vasoconstriction through SHT,,, SHT,5 and SHT, 5 receptors
[10]. Experimental data also suggest that serotonin released
from adrenergic nerves inhibits calcitonin gene-related
peptide-containing nerve-dependent vasodilation [11]. By
contrast, vasodilation is mediated through SHT; and SHT,p
receptors, located on smooth muscle cells and on the
endothelium, respectively [10]. Endothelium-dependent
vasodilation would be secondary to increased nitric oxide
(NO) bioavailability, through enhanced endothelial NO
synthase activity [11, 12]. Mechanisms underlying direct
activity on smooth muscle cells may involve activation of
calcium-sensitive potassium channels [13] and inhibition of
voltage-gated calcium channels [12] (Figure 1).

Whether fluoxetine increases, through the reduction in
serotonin reuptake into platelets, or decreases, through the
sequestration of serotonin at the intestinal level, the plasma
serotonin concentration is still controversial [14]. However,
this probably has a limited impact, considering that
vasomodulation mediated by fluoxetine is not dependent
on plasma serotonin concentration [15].
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In light of the clinical discrepancies described above, we
raise the hypothesis that in SSc, endothelial dysfunction
could explain the reduced vasodilator effect of fluoxetine,
and could even switch the balance between vasoconstriction
and vasodilation.

We therefore believe that there is insufficient scientific
evidence to recommend fluoxetine as a treatment in SSc-
related RP. A well-designed, double-blinded clinical trial that
properly stratifies patients according to RP aetiology would
address this question.

Competing Interests

All authors have completed the Unified Competing Interest
form and declare no support from any organization for the
submitted work; no financial relationships with any
organizations that might have an interest in the submitted
work in the previous 3 years; no other relationships or
activities that could appear to have influenced the submitted
work.

References

1 Southan C, Sharman JL, Benson HE, Faccenda E, Pawson A]J,
Alexander SP, et al. The [IUPHAR/BPS Guide to PHARMACOLOGY
in 2016: towards curated quantitative interactions between 1300
protein targets and 6000 ligands. Nucl Acids Res 2016; 44
(Database Issue): D1054-68.

2 Alexander SPH, Davenport AP, Kelly E, Marrion N, Peters JA,
Benson HE, et al. The Concise Guide to PHARMACOLOGY
2015/16: G protein-coupled receptors. Br ] Pharmacol 2015; 172:
5744-869.

3 Alexander SPH, Catterall WA, Kelly E, Marrion N, Peters JA,
Benson HE, et al. The Concise Guide to PHARMACOLOGY
2015/16: Voltage-gated ion channels. Br J Pharmacol 2015; 172:
5904-41.



4 Alexander SPH, Fabbro D, Kelly E, Marrion N, Peters JA, Benson
HE, et al. The Concise Guide to PHARMACOLOGY 2015/16:
Enzymes. Br J Pharmacol 2015; 172: 6024-109.

5 Coleiro B, Marshall SE, Denton CP, Howell K, Blann A, Welsh KI,

et al. Treatment of Raynaud’s phenomenon with the selective

serotonin reuptake inhibitor fluoxetine. Rheumatology 2001; 40:

1038-43.

6 Jaffe IA. Serotonin reuptake inhibitors in Raynaud’s
phenomenon. Lancet 1995; 345: 1378.

7 Kowal-Bielecka O, Fransen J, Avouac J, Becker M, Kulak A,
Allanore Y, et al. Update of EULAR recommendations for the

treatment of systemic sclerosis. Ann Rheum Dis 2017;https://doi.

org/10.1136/annrheumdis-2016-209909.
8 Biondi ML, Marasini B, Bianchi E, Agostoni A. Plasma free and

intraplatelet serotonin in patients with Raynaud’s phenomenon.

Int J Cardiol 1988; 19: 335-9.

9 Pauling JD, O’Donnell VB, Mchugh NJ. The contribution of
platelets to the pathogenesis of Raynaud’s phenomenon and
systemic sclerosis. Platelets 2012; 24: 503-15.

10 Watts SW, Morrison SF, Davis RP, Barman SM. Serotonin and
blood pressure regulation. Pharmacol Rev 2012; 64: 359-88.

63

11

12

13

14

15

Letter to the Editor
BJCP

Gupta M, Neavin D, Liu D, Biernacka J, Hall-Flavin D, Bobo WV,
etal. TSPANS, ERICH3 and selective serotonin reuptake inhibitors
in major depressive disorder: pharmacometabolomics-informed
pharmacogenomics. Mol Psychiatry 2016; 21: 1717.

Ungvari Z, Pacher P, Kecskeméti V, Koller A. Fluoxetine dilates
isolated small cerebral arteries of rats and attenuates constrictions
to serotonin, norepinephrine, and a voltage-dependent ca™
channel opener. Stroke 1999; 30: 1949-54.

Pereira CA, Ferreira NS, Mestriner FL, Antunes-Rodrigues J, Evora
PRB, Resstel LBM, et al. Chronic fluoxetine treatment increases
NO bioavailability and calcium-sensitive potassium channels
activation in rat mesenteric resistance arteries. Eur ] Pharmacol
2015; 765: 375-83.

Fujii H, Takatori S, Zamami Y, Hashikawa-Hobara N, Miyake N,
Tangsucharit P, et al. Adrenergic stimulation-released 5-HT stored
in adrenergic nerves inhibits CGRPergic nerve-mediated
vasodilatation in rat mesenteric resistance arteries. Br ] Pharmacol
2012; 166: 2084.

Ofek K, Schoknecht K, Melamed-Book N, Heinemann U,
Friedman A, Soreq H. Fluoxetine induces vasodilatation of
cerebral arterioles by co-modulating NO/muscarinic signalling. J
Cell Mol Med 2012; 16: 2736-44.

Br | Clin Pharmacol (2017) 83 2307-2309 2309



4. Proton pump inhibitors and Raynaud’s phenomenon: is there a link

?

A la suite de la découverte récente d’une action potentialisatrice des inhibiteurs de la pompe a
proton sur une enzyme, 1’asymmetric dimethylarginine (ADMA), que ’on pense étre
impliquée dans la physiopathologie du phénomene de Raynaud, nous avons réalisé une étude
de disproportionnalité sur la base de pharmacovigilance de I’OMS afin d’identifier de
potentiels signaux de disproportionnalités de phénomene de Raynaud avec cette classe

médicamenteuse. (10,111)
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Proton pump inhibitors (PPI) are a worldwide used drug class
for the treatment of gastric reflux. Recent epidemiological
studies have raised concern about the increased cardiovascu-
lar risk of long-term PPI use [1, 2]. One of the hypothesized
pathophysiological mechanism is that PPI inhibit the degra-
dation of plasma asymmetric dimethylarginine
(ADMA) through inhibition of the dimethylarginine
dimethylaminohydrolases, which largely metabolize
ADMA [3]. ADMA is an endothelial nitric oxide synthase
(NOS) competitive inhibitor, which is a prognostic biomarker
of major cardiovascular events [4, 5]. Moreover, recent data
show that treatment with esomeprazole increased superoxide
anions production, decreased endothelial and inducible NOS
expression and accelerates human endothelial senescence by
reducing telomere length [S]. Such mechanisms are also in-
volved in the pathophysiology of Raynaud’s phenomenon
(RP) [6]. However, whether the use of PPI is associated with
an increased risk of developing or aggravating RP has never
been explored.

To further address this issue, we performed a
disproportionality analysis in the WHO pharmacovigilance
database VigiBase®. Our objective was to compare the Pro-
portional Risk Ratio (PRR) of RP associated with PPI and with
histamine H2 antagonists, used as control. PRR is the ratio be-
tween the rate of reporting of one effect among all reports for
a given drug and the rate of reporting of the same effect
among all reports for all drugs in the database [7]. We ex-
tracted all individual cases safety reports (ICSRs) of RP associ-
ated with PPI (ATC A02BC) and H2 antagonists (ATC AO2BA),
considered as either suspect or concomitant medication.
When a report was associated with both PPIs and H2 antago-
nists, it was counted in each drug class. The cut-off for signal
detection was defined as a lower boundary of the PRR 95%
confidence interval greater or equal to 1, and number of

© 2018 The British Pharmacological Society
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reports greater or equal to 3, according to the European Med-
icines Agency [8]. Frequencies of reports between drugs were
compared using the x* test, and a P value < 0.05 was consid-
ered significant.

Among the 16403 009 ICSRs reported in VigiBase® on
2018.02.01, 753 854 were related to PPI use and 269 663 to
H2 antagonists. We identified 253 reports of RP associated
with PPI and 48 with H2 antagonists. The PRR was above
signal detection for the PPI drug class and for each PPI,
whereas the cut-off for signal detection was not reached for
H2 antagonists (Figure 1). The difference in PRR between
the two groups was statistically significantly. Characteristics
of RP reports are presented in Supplementary Table 1. We
observed no difference in potential effect modifiers (age,
sex, concomitant medications or pathology known to in-
duce RP) between groups.

In conclusion, our results reveal a positive
disproportionality signal of RP for PPIs, with a significantly
higher reporting rate than for H2 antagonists. However, our
analysis relies on a limited number of reports and is exposed
to biases inherent to pharmacovigilance studies, such as se-
lective reporting, media bias and limited ability to control
for potential confounders. Further large and well-controlled
epidemiological studies are therefore needed to better charac-
terize the risk of RP with PPI.

Nomenclature of taigets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY [9], and are per-
manently archived in the Concise Guide to PHARMACOL-
OGY 2017/18 [10].

DOI:10.1111/bcp.13697


http://orcid.org/0000-0002-8427-8573
http://orcid.org/0000-0003-2931-2940
http://orcid.org/0000-0003-4475-1626
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5229
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5229
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=252
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=252
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org

BICP Letter to the Editor

4.5 H2 Antagonists Proton Pump Inhibitors
40 [ ! [ !
3.5
- 30 P=0.01
o
X 25 o
3 . | ! ¢
x 2
g " e T o
o 15
e i
0.5
O
0.0 g
N 36 10 2 48 253 17 60 106 34 66
W H2 Antagonists mPPI
@ Ranitidine (1999) O Rabeprazole (2002)

© Famotidine (1998)
Cimetidine (1999)

Figure 1

@ Lansoprazole (1995)

O Pantoprazole (2000)
@ Esomeprazole (2001)

© Omeprazole (2003)

Proportional Reporting Ratio (PRR) of Raynaud’s phenomenon associated with proton pump inhibitors and H2 antagonists drug classes and main
belonging drugs (with 95% confidence intervals). For each drug, the FDA approval date is provided. P value of the x” test comparing frequencies

of reports between drug classes. N, number of reports

Competing Interests

There are no competing interests to declare.

The authors would like to thank the Uppsala Monitoring Cen-
tre that provided and gave permission to use the data analysed in
the present study. Results and conclusions are those of the authors
and not necessarily those of the National Centers, UMC or WHO.

References

1 Shah NH, LePendu P, Bauer-Mehren A, Ghebremariam YT, Iyer SV
et al. Proton pump inhibitor usage and the risk of myocardial
infarction in the general population. PLoS One 2015; 10:
e0124653.

2 Shih C-J, Chen Y-T, Ou S$-M, Li S-Y, Chen T-J, Wang S-J.
Proton pump inhibitor use represents an independent risk
factor for myocardial infarction. Int ] Cardiol 2014 Nov 15;
177: 292-7.

3 Ghebremariam YT, LePendu P, Lee JC, Erlanson DA, Slaviero
A, Shah NH, et al. Unexpected effect of proton pump
inhibitors: elevation of the cardiovascular risk factor
asymmetric dimethylarginine. Circulation 2013 Aug 20; 128:
845-53.

4 LuT-M, Chung M-Y, Lin M-W, Hsu C-P, Lin S-J. Plasma
asymmetric dimethylarginine predicts death and major adverse
cardiovascular events in individuals referred for coronary
angiography. Int J Cardiol 2011 Dec 1; 153: 135-40.

§ Yepuri G, Sukhovershin R, Nazari-Shafti TZ, Petrascheck M,
Ghebre YT, Cooke JP. Proton pump inhibitors accelerate
endothelial senescence. Circ Res 2016 Jun 10; 118: e36-42.

2 Br ] Clin Pharmacol (2018) e ee_ee

66

6 Herrick AL. The pathogenesis, diagnosis and treatment of
Raynaud phenomenon. Nat Rev Rheumatol 2012 Aug; 8:
469-79.

7 Evans SJW, Waller PC, Davis S. Use of proportional reporting ratios
(PRRs) for signal generation from spontaneous adverse drug reaction
reports. Pharmacoepidemiol Drug Saf 2001 Oct 1; 10: 483-6.

8 European Medicines Agency, EudraVigilance Expert Working
Group. Guideline on the use of statistical signal detection
methods in the EudraVigilance data analysis system (EMEA/
106464/2006 rev. 1). Available at: http://www.ema.europa.eu/
docs/en_GB/document_library/Regulatory_and_procedural
guideline/2009/11/WC500011434.pdf (last accessed 27 April
2017).

9 Harding SD, Sharman JL, Faccenda E, Southan C, Pawson AJ,
Ireland S, et al. The TIUPHAR/BPS guide to PHARMACOLOGY in
2018: updates and expansion to encompass the new guide to
IMMUNOPHARMACOLOGY. Nucl Acids Res 2018; 46:
D1091-106.

10 Alexander SP, Fabbro D, Kelly E, Marrion NV, Peters JA, Faccenda
E, et al. The Concise Guide to PHARMACOLOGY 2017/18:
Enzymes. Br J Pharmacol 174: S272-359.

Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

http://onlinelibrary.wiley.com/doi/10.1111/bcp.13697/suppinfo
Table S1 Pooled data retrieved from Vigibase® reports of

Proton Pump Inhibitors associated with Raynaud’s phenom-
enon compared to H2 antagonists


http://www.ema.europa.eu/docs/en_GB/document_library/Regulatory_and_procedural_guideline/2009/11/WC500011434.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Regulatory_and_procedural_guideline/2009/11/WC500011434.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Regulatory_and_procedural_guideline/2009/11/WC500011434.pdf
http://onlinelibrary.wiley.com/doi/10.1111/bcp.13697/suppinfo

67



5. Comparative efficacy and safety of treatments for secondary
Raynaud’s phenomenon: systematic review and network meta-

analysis of randomized trials.

A la suite de la publication récente des dernieéres recommandations de la société européenne
de rhumatologie dans la prise en charge du phénoméne de Raynaud secondaire a la
sclérodermie systémique, 1’absence de données comparatives sur 1’efficacité et la sécurité des
différentes classes pharmacologiques utilisées dans le traitement du phénoméne de Raynaud
nous a paru évidente. (29) Nous avons donc réalis¢ une méta-analyse en réseau afin de
comparer 1’efficacité et la sécurité de toutes les classes médicamenteuses qui ont été testées

dans le phénomeéne de Raynaud associ¢ a la sclérodermie.
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Comparative efficacy and safety of treatments for secondary
Raynaud’s phenomenon: a systematic review and network
meta-analysis of randomised trials

Charles Khouri, Marion Lepelley, Sebastien Bailly, Sophie Blaise, Ariane L Herrick, Marco Matucci-Cerinic, Yannick Allanore, Ludovic Trinquart,
Jean-Luc Cracowski, Matthieu Roustit

Summary

Background Several pharmacological treatments are available for secondary Raynaud’s phenomenon, but there is
uncertainty regarding the best options. We aimed to assess and compare the benefits and harms of treatments available
for secondary Raynaud’'s phenomenon.

Method We did a systematic review and network meta-analysis of randomised controlled trials (RCTs) of pharmacological
treatments. We searched for systematic reviews published in MEDLINE and the Cochrane Database of Systematic
Reviews up to Jan 31, 2017, and for RCTs published from inception to Sept 24, 2019 in MEDLINE, Embase, and
ClinicalTrials.gov. We included double-blind RCTs (parallel or crossover) that compared two or more pharmacological
treatments or placebo in patients with secondary Raynaud’s phenomenon. Individual patient data were obtained for
one unpublished RCT. Three researchers independently screened the texts and extracted the data. Efficacy outcomes
included severity (on a ten-point scale), daily frequency, and mean duration of Raynaud’s phenomenon attacks. We
also examined tolerability and acceptability. Pairwise meta-analyses and Bayesian random-effects network meta-analyses
were used to synthesise data. This study is registered with PROSPERO (CRD42017057518).

Findings We included 58 RCTs in the analysis, comprising 3867 patients (3540 [91-5%] with secondary Raynaud’s
phenomenon) and 15 classes of drugs. Phosphodiesterase 5 (PDE5) inhibitors were more effective than placebo for
frequency (mean difference —0-36 [95% credibility interval —0-69 to —0-04]), severity (-0-34 [-0-66 to —0-03]), and
duration (-3-42 [-6- 62 to —0- 29]) of attacks (low to moderate level of evidence). Calcium channel blockers (CCBs) were
superior to placebo for frequency (-0-35 [-0-67 to —0-02]) and severity (—0-84 [-1-25 to —0-45]) of attacks (low level
of evidence). For severity of attacks, selective serotonin-reuptake inhibitors (-1-54 [-2-68 to —0-41]; very low level of
evidence) and oral prostacyclin receptor agonists (-0-48 [-0-80 to —0-16]; low level of evidence) were superior to
placebo. No other drug classes were significantly superior to placebo with regard to efficacy outcomes. Compared with
placebo, tolerability was lower for PDES inhibitors (incidence rate ratio for serious adverse events or early study exit due
to adverse events 3-30 [95% CrI 1-49 to 7-55]) and CCBs (3-13 [1-33 to 7-04]). For all outcomes, global heterogeneity
and between-study variance ranged from low (2=0% and t2=0-0 for attack severity and duration) to moderate (12=41%
and 12=0- 2 for tolerability). The overall risk of bias was judged to be low in 22 (38%), high in ten (17%), and unclear in
26 (45%) RCTs.

Interpretation PDES5 inhibitors and CCBs are the most effective pharmacological options, albeit with moderate efficacy
and a low level of evidence. Current evidence does not support the use of any other drug in secondary Raynaud’s
phenomenon.

Funding None.

Copyright © 2019 Elsevier Lid. All rights reserved.

Introduction

Raynaud’s phenomenon is the occurrence of paroxysmal
episodes of a localised deficiency in cutaneous perfus-
ion, most often in response to cold or emotional stress.!
It affects 3-5% of the general population, with substantial
geographical variations.? Raynaud’s phenomenon can be
primary (idiopathic) or secondary to a connective tissue
disease, especially systemic sclerosis. Raynaud’s phenom-
enon is present in up to 95% of patients with systemic
sclerosis,” and is the earliest sign of vasculopathy in
such patients. Systemic sclerosis-related microvascular
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impairment is associated with significant morbidity
(eg, ulcers and gangrene) and functional disability.’

The 2016 European League Against Rheumatism
(EULAR) recommendations advise oral calcium-channel
blockers (CCBs) as first-line therapy for systemic sclerosis-
related Raynaud’s phenomenon, and phosphodiesterase 5
(PDES5) inhibitors for patients with systemic sclerosis
with severe Raynaud’s phenomenon or those who do
not respond to CCBs.* CCBs and PDES inhibitors have
been shown to have moderate efficacy in reducing the
frequency and the severity of Raynaud’s phenomenon in
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Research in context

Evidence before this study

Raynaud’s phenomenon can be secondary to connective tissue
diseases, especially systemic sclerosis, where it represents the
most frequent and earliest sign of vasculopathy. The updated
European League Against Rheumatism guidelines recommend
oral calcium-channel blockers (CCBs) or phosphodiesterase 5
(PDES5) inhibitors as first-line therapy for systemic sclerosis-
related Raynaud’s phenomenon. However, whether one
treatment is superior over the other is unknown because of the
lack of direct or indirect comparisons. Other drugs (such as
endothelin receptor antagonists, prostacyclin analogues, or
non-prostanoid agonists of the prostacyclin receptor) have
been proposed, but the place of these options within the
treatment strategy remains unclear. We searched PubMed for
meta-analyses on the treatment of secondary Raynaud's
phenomenon published between database inception and

Aug 8, 2019. Using the search terms “Raynaud’s phenomenon”
AND (“meta-analysis” or “network meta-analysis”), we found
several meta-analyses that have assessed the efficacy of the
different treatments used in systemic sclerosis-related
Raynaud’s phenomenon, especially CCBs and PDE5 inhibitors.
However, to our knowledge, none has combined direct and
indirect comparisons through a network meta-analysis
approach to assess and compare the efficacy and tolerability of
all available treatments for secondary Raynaud’s phenomenon.

patients with systemic sclerosis.*® Intravenous iloprost
also reduces the frequency and severity of attacks, and
is recommended for severe Raynaud’s phenomenon
secondary to systemic sclerosis when oral therapies
(including CCBs and PDES5 inhibitors) have failed.*’
Other treatments such as fluoxetine have been tested in
patients with systemic sclerosis-related Raynaud’s phen-
omenon. However, whether any treatment is superior to
another remains unknown as few randomised controlled
trials (RCTs) have directly compared these different
treatments. In addition, the place of newer agents, such
as endothelin receptor antagonists and oral prostacyc-
lin receptor agonists (including prostacyclin analogues
and non-prostanoid agonists), among treatment options
remains unclear.®

To compare the efficacy and safety of all pharmacological
treatments that have been tested in systemic sclerosis-
related Raynaud’s phenomenon, we did a systematic
review of RCTs with network meta-analyses.

Methods

Overview

We did a systematic review and network meta-analysis
in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-analysis statement guide-
lines.®" The study is registered with PROSPERO
(CRD42017057518) and the protocol and systematic search
strategy are available online.
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Added value of this study

We did a network meta-analysis combining direct and indirect
comparisons to assess and compare the efficacy and tolerability
of all available treatments for secondary Raynaud’s
phenomenon. We included 58 RCTs (3867 patients) and

15 classes of drugs. We also had access to the full dataset of the
largest, unpublished trial on a PDES inhibitors in Raynaud’s
phenomenon (NCT01090492), which we reanalysed and
included in our meta-analysis. Our results show that CCBs and
PDES5 inhibitors are superior to placebo for most efficacy
outcomes, with similar but moderate treatment effects, and
with a low to moderate level of evidence. For all other oral
treatments, the efficacy is not consistent across outcomes, or
the level of evidence is low to very low.

Implications of all the available evidence

The two treatments recommended as first-line therapy

(CCBs and PDES5 inhibitors) are both superior to placebo but the
treatment effect is below the minimal clinically important
difference. For all other drugs, our results highlight that the
available evidence is too weak to support any recommendation.
Our results thus challenge the clinical relevance of these
treatments, emphasising the pressing need for the
development of new therapeutic strategies, including
non-pharmacological interventions.

Literature searches

We searched for narrative or expert reviews, systematic
reviews, and meta-analyses indexed in MEDLINE or the
Cochrane Database of Systematic Reviews on treatments
for secondary Raynaud’s phenomenon or for systemic
sclerosis-related digital ulcers, published from inception
to Jan 31, 2017 We screened all trials included in the
reviews we found. In addition, we searched for RCTs
published from database inception to Sept 24, 2019 in
MEDLINE, Embase, the ClinicalTrials.gov registry, and
the Addis Insight database. Finally, we asked key opinion
leaders in the field. No language restriction was applied.
Details of the search strategy are available in the
appendix (pp 3-4).

Study selection and data extraction

Double-blind RCTs were eligible if they met the following
criteria: had a parallel or crossover design; included
patients with secondary Raynaud's phenomenon; com-
pared two or more pharmacological treatments or a treat-
ment versus placebo; and reported at least one outcome of
interest. A crossover trial was eligible only if there was a
washout period of 1 week or more. Trials that included
patients with primary or secondary Raynaud’s phenom-
enon were eligible if outcome data were reported separately
for those with secondary Raynaud’s phenomenon, or
if more than 50% of patients had secondary Raynaud’s
phenomenon.
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All reviews were screened independently by two investi-
gators for relevance and all RCTs identified. Titles,
abstracts, and subsequently the full texts of all RCTs
(identified from reviews or our de novo search) were evalu-
ated independently for eligibility by three investigators.
Disagreements were resolved by consensus.

The following data were extracted for each selected
RCT: study characteristics (year of publication, country
or countries, latitude [for single-country studies only],
funding source, follow-up duration, study design, and
primary outcome); participant characteristics (age, sex
ratio, aetiology of Raynaud’s phenomenon, proportion of
smokers, disease duration, baseline frequency, severity
and mean duration of Raynaud’'s phenomenon attacks);
and details of the intervention (add-on therapy, dosage,
treatment duration, and therapeutic class).

We found unpublished results for two RCIs in
ClinicalTrials.gov. For one RCT (NCT01090492) of a PDE5
inhibitor, for which posted results pertained to the per-
protocol population, we obtained access to the individual
patient data through the sponsor and reanalysed the
intention-to-treat population (appendix p 5).

Outcomes

We prespecified three efficacy outcomes: mean daily
frequency of Raynaud’s phenomenon attacks; mean sever-
ity of Raynaud’s phenomenon attacks measured using the
Raynaud’s Condition Score (RCS), a visual analogue scale,
or any other severity score; and mean duration of each
attack. For mean severity of attacks, when several meas-
ures were used, we prioritised RCS because it is a more
comprehensive measure of Raynaud’s phenomenon sev-
erity, taking into account disability and impact on quality
of life." If RCS was not reported, other severity scores
were extracted and converted into the ten-point scale used
for the RCS. Tolerability was defined by the proportion of
patients who reported a serious adverse event or dropped
out of the study early because of adverse events. Finally,
we assessed acceptability, defined as all-cause discontinu-
ation, which encompasses both efficacy and tolerability.

Data synthesis
All pharmacological treatments were grouped into 15 thera-
peutic classes: o-adrenoceptor antagonists, antioxidants,
anti-interleukin 6, angiotensin-converting enzyme (ACE)
inhibitors and angiotensin receptor blockers, botulinum
toxin type A, CCBs, endothelin receptor antagonists, PDE5
inhibitors, phosphodiesterase 3 inhibitors, intravenous
prostacyclin analogues, oral prostacyclin receptor agon-
ists (prostacyclin analogues or non-prostanoid agonists),
selective serotonin-reuptake inhibitors (SSRIs), soluble
guanylate-cyclase stimulators, topical nitric oxide donors,
and thromboxane synthase inhibitors. When a study
reported several groups with different doses of the same
drug, these groups were merged.

We measured treatment effect using the mean differ-
ence for efficacy outcomes and incidence rate ratios (IRR)
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352 systematic reviews identified and screened after
search of MEDLINE and Cochrane databases

v

78 systematic reviews selected

1352 RCTs identified from additional database
searches (MEDLINE, Embase, ClinicalTrials.gov,
and Addis Insight)

v

| 2179 references extracted |

v

| 1133 references after duplicates removed |

4>| 962 studies did not meet inclusion criteria

A4

| 171 studies selected on title and abstract |

113 studies excluded*
63 no outcome of interest
27 notan RCT

6 not double-blind
4 duplicated studies or results

2 discontinuation study
2iloprost versus iloprost
1drug unknown

1 methodology unclear

16 more than 50% of participants with primary Raynaud’s
phenomenon and no subgroup data available

3 not a pharmacological intervention

A 4

58 studies included in quantitative analysis

Figure 1: Study selection

RCT=randomised controlled trial. *Some studies had more than one reason for exclusion.

for safety outcomes. We first did pairwise meta-analyses
of placebo-controlled RCTs to estimate the effect of each
drug class versus placebo. We then did network meta-
analyses to summarise direct and indirect evidence. We
used a Bayesian approach using Markov Chain Monte
Carlo simulation with non-informative prior distributions.
A normal likelihood was used for continuous outcomes
and the Poisson distribution with a logarithm link func-
tion for safety outcomes. Given the heterogeneity in
RCTs and in-patient characteristics included in the meta-
analyses, we used random-effects models to draw results
(appendix p 6).

Publication bias was investigated by constructing funnel
plots in a pairwise meta-analysis when more than ten
studies were included in the meta-analysis, and by using
Egger’s regression test to assess for funnel plot asymm-
etry. In addition, the influence of a small-study effect was
investigated using a network meta-regression model
according to sample size.

Treatment classes were ranked according to the lower
boundary of the mean rank 95% credibility interval (Crl),
as previously described.*

We did a trial sequential network meta-analysis to
assess if the amount of information to date was sufficient
to support the conclusions.”
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Trials,n  Patients,n Mean age, Women, Mean disease  Secondary Mean Mean daily Mean duration of
years (SD)  n (%) duration, years Raynaud’s severityof  frequency of attacks, min (SD)
(SD) phenomenon, attacks (SD)* attacks (SD)
n (%)
a-adrenoceptor antagonists 4 280 47-8(19:7) 203 (72%) 102 (9-5) 169 (60%) 179 (0-46) 1.96 (1-88) 15-60 (10-81)
Antioxidants 4 195 49:6 (10-0) 130 (66%) 9-4 (6-0) 195 (100%) 611 (2-88) 176 (1.97) NR
Anti-interleukin 6 1 87 495 (12:3) 67 (77%) NR 87 (100%) NR NR NR
Angiotensin-converting enzyme inhibitors 1 210 54-5(12:0) 178 (85%) 45 (5'5) 210 (100%) NR NR NR
or angiotensin receptor blockers
Botulinum toxin type A 1 40 51.9(123)  31(78%) 156 (9-3) 40 (100%) NR NR NR
Calcium-channel blockers 14 342 452(115) 283(83%)  10:5(85) 249 (73%) 458(219)  3-05(6-26) 13-46 (8:57)
Endothelin receptor antagonists 6 901 50-5(127) 742 (82%) 123(9:8) 901 (100%) 3-84(274) NR NR
Phosphodiesterase 3 inhibitors 1 21 420 (13-0) 16 (75%) 120 (8-0) 21(100%) NR NR NR
Phosphodiesterase 5 inhibitors 12 556 47-8 (11:7) 479 (86%) -6 (7-1) 536 (96%) 3-92 (2:50) 3.01(2:16) 15:94 (17-42)
Intravenous prostacyclin analogues 7 295 48.5(131)  232(79%) 11-4.(9-6) 263 (89%) 4-69 (2-15) 3.62(2:39) NR
Oral prostacyclin analogues or 693 49-4(11.0) 640 (84%) 13-6 (10-3) 764 (100%) 339 (1-73) 3.53 (2:09) 2116 (21-70)
non-prostanoid prostacyclin receptor
agonists
Selective serotonin-reuptake inhibitors 1 53 NR 42 (79%) NR 27 (51%) 435 (2-84) 2.98 (2:26) NR
Soluble guanylate-cyclase stimulators 1 17 51.0(18:0) 13 (76%) 11-0 (7-9) 17 (100%) 5-40 (1-60) 4-30 (1.70) NR
Topical nitric oxide donors 1 219 459 (11-4) 203 (93%) NR 150 (68%) 3-34(2:07) 2-80(1-81) NR
Thromboxane synthase inhibitors 2 35 37:9(117) 27 (77%) 9-9 (11:7) 23 (66%) NR NR NR
NR=not reported. *Rated from 0 to 10.
Table: Baseline characteristics of study participants by drug class
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All statistical analyses were done with R version 3.3.4
(With packages gemtc, sequentialnma, meta, netmeta, and
rjags) and JAGS version 3.4.0.°% More details on statisti-
cal analysis are available on supplementary material
(appendix p 6).

Quality of evidence assessment

Quality assessment was done by two reviewers inde-
pendently. Discrepancies were discussed to reach a con-
sensus. We judged the quality of each study using the
Cochrane Collaboration’s tool for assessing risk of bias in
RCTs (version 1).” RCTs were classified as having low risk
of bias if none of the Cochrane domain-specific biases
were rated as high risk of bias and three or fewer were
rated as unclear risk; moderate if only one or none were
rated as high risk of bias but four or more were rated
as having an unclear risk; and high risk in all other
situations.” We assessed the quality of the comparison
between each therapeutic class and placebo in the net-
work using the Grading of Recommendation Assessment,
Development and Evaluation (GRADE) recommenda-
tions for network meta-analysis (appendix p 7), and the
Confidence in Network Meta-Analysis Software (CINeMA)
for network risk of bias.” Finally, we rated the quality
of evidence for each therapeutic class as very low, low,
moderate, or high (appendix p 7).

Heterogeneity and network consistency

The I2 statistic was used to assess heterogeneity between
trials in the pairwise meta-analysis using the Higgins-
Thompson categorisations (low heterogeneity <25%,

72

moderate 25% to <50%, high 50% to <75%).* To assess
the consistency of the five network meta-analyses, we
compared the model fitting statistics between consist-
ent and inconsistent models. A consistent model was
adopted for all outcomes (appendix p 7). We also did
a node-splitting analysis to test for inconsistency and
heterogeneity (appendix pp 8-11).”

Sensitivity analyses and subgroup meta-regressions
We did three pre-planned sensitivity analyses: studies
including only patients with secondary Raynaud’s phen-
omenon; studies assessing severity only with the RCS;
and exclusion of studies with a high risk of bias.
Meta-regressions were done to assess the potential
influence of pre-determined variables of interest: latitude
(given the strong influence of climate on Raynaud’s phen-
omenon prevalence and severity), age, sex, duration of the
disease, follow-up period, efficacy outcomes at baseline,
study sample size, and study design (parallel vs crossover).
Two unplanned additional meta-regressions were done to
assess the influence of add-on status and smoking.

Role of the funding source
There was no funding source for this study.

Results

Our search yielded 58 double-blind RCTs,**** of which
33 were parallel and 25 were crossover studies (figure 1;
appendix pp 12-17). The studies had been published
between 1982 and 2019, and compared 15 classes of drugs,
often against placebo (appendix p 18). Two trials were
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unpublished: for one the results were available on
ClinicalTrials.gov (NCT00822354); and for the other, the
largest clinical trial testing the efficacy of a PDES inhibitor
in secondary Raynaud’s phenomenon (NCT01090492,
n=243 patients), we reanalysed the individual patient data
provided by the sponsor.

Study sample sizes ranged from eight to 308 patients.
The main characteristics of included studies are presented
in the appendix (pp 19-25). Overall, 3867 patients were
included, among whom 3540 (91-5%) had secondary
Raynaud’s phenomenon and 3162 (81-8%) were women.
The median study follow-up was 6 weeks (IQR 4-12).
Among efficacy outcomes, the frequency of Raynaud’s
phenomenon attacks was available for 41 (70-7%) RCTs
and 2193 (57-8%) patients, severity of attacks was available
for 45 (77-6%) RCTs and 3503 (92-3%) patients, and
duration of attacks was available for 23 (39-7%) RCTs
and 1416 (37-3%) patients. Tolerability was reported in
55 (94-8%) RCTs and 3535 (93-2%) patients and accept-
ability was reported 56 (96-6%) RCTs and 3698 (97-5%)
patients (appendix pp 25-28). The baseline characteristics
of patients included in trials by drug class are summarised
in the table.

Results of pairwise meta-analyses of each drug class
versus placebo are presented in the appendix (pp 29-31).
Most of the comparisons showed little or no heterogeneity.
Moderate heterogeneity was found for three out of the
51 comparisons versus placebo (a-adrenoceptor antag-
onists and oral prostacyclin receptor agonists for the fre-
quency outcome; and intravenous prostacyclin analogues
for severity).

Graphical representations of the network of comparisons
for each efficacy outcome are shown in figure 2 and the
appendix (pp 32-34). There was at least one placebo-
controlled trial for all drug classes except SSRIs. Global
heterogeneity and between-study variance were low
to moderate for all outcomes: I2 ranged from 0% (for
attack severity and duration) to 41% (for tolerability), and
12 ranged from 0-0 (for attack severity and duration) to
0-23 (for tolerability; appendix p 6). Direct and indirect
evidence was consistent for all outcomes.

PDES inhibitors were the only class statistically more
effective than placebo for all three efficacy outcomes
(figure 3), with a mean difference of -0-36 (95% Crl
-0-69 to —0-04) for frequency, —0-34 (-0-66 to —0-03) for
severity, and —3-42 (662 to —0-29) for duration of attacks
(low to moderate level of evidence). CCBs were also superior
to placebo for reducing the frequency (-0-35 [-0-67 to
—0-02]) and severity (-0-84 [-1-25 to —0-45]) of attacks,
with a low level of evidence. Besides CCBs and PDE5
inhibitors, two classes of drugs were superior to placebo
for reducing the severity of Raynaud’s phenomenon
(although with a low to very low level of evidence): SSRIs
(-1-54 [-2-68 to —0-41]) and oral prostacyclin receptor
agonists (—0-48 [-0-80 to —0-16]; figure 3).

PDES5 inhibitors ranked best in terms of reducing
the frequency and duration of attacks (on the basis of the

www.thelancet.com/rheumatology Vol1 December 2019

A Frequency of attacks
Topical NO donors
111 patients

SSRIs
Q 53 patients

TSls
29 patients

Oral IP agonists
337 patients

IV prostacyclin
analogues
100 patients

Placebo
1171 patients

PDES inhibitors
348 patients

a-adrenoceptor
antagonists
137 patients

PDE3 inhibitors
O 10 patients

sGC stimutators
9 patients

Antioxidants

34 patients 265 patients

B Tolerability of treatment
SSRIs

53 patients

Oral IP agonists
403 patients

IV prostacyclin analogues
150 patients
i 7 =
29 patients . g \(\,/b \: 0 PDES
~ « inhibitors
Y 2 tient
-~ T\) \<:6 77 patients
=329

Topical NO donors
111 patients

PDE3
inhibitors
(O 22 patients

Placebo ‘ \a 1ubl
1552 patients k=1 4'7 Soluble
‘ guanylate
n=17 O cyclase
E stimu_lators
9 patients

<~
)
™

2

o,vg\l

a-adrenoceptor
antagonists
30 patients

<le ACE inhibitors
L . or ARBs
104 patients

, Endothelin receptor

antagonists
569 patients
CCBs
222 patients

Anti-interleukin 6
43 patients

Antioxidants
34 patients .

Figure 2: Network of included trials for attack frequency and drug tolerability outcomes

The thickness of lines between nodes is proportional to the number of trials comparing the treatments. Nodes size
is proportional to the number of patients in each treatment group. k indicates the number of studies and

n indicates the number of patients in each comparison. ACE=angiotensin-converting enzyme. ARBs=angiotensin
receptor blockers. CCBs=calcium-channel blockers. IP=prostacyclin receptor. [V=intravenous. NO=nitric oxide.
PDE3=phosphodiesterase 3. PDE5=phosphodiesterase 5. sGC=soluble guanylate-cyclase. SSRIs=selective
serotonin-reuptake inhibitors. TSIs=thromboxane synthase inhibitors.
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A Daily frequency of attacks

Mean rank
(95% Cl)

Mean difference
(95% CI)

PDES5 inhibitors
CCBs

SSRIs
Antioxidants

PDE3 inhibitors

sGC stimulators

Intravenous prostacyclin analogues
Topical nitric oxide donors
a-adrenoceptor antagonists

Oral prostacyclin receptor agonists
Thromboxane synthase inhibitors

B Severity of attacks

-0 -036 (-0-69t0-0-04) 404 (1to 8)
-0 -035(-0-67t0-0:02) 420 (1t 8)
— -075(-178t0028)  2:65 (1t010)
—e -037(-1.02t0027) 439 (1to11)
—e -026 (08010 0-27) 529 (1to11)

— @

— -0-20 (-0-89t0 0-49)  5-90 (1to 11)

-012 (-0-61t00-25)  6-62 (2to11)
0-00 (-0-90t0 0-90)  7-46 (1to11)
010 (-0-24t0 0-45) 828 (1t012)
014 (-0-79t01:05)  9-07 (5to11)
——F— @—» 182(015t0351)  11.82(10t012)

CCBs
SSRIs

PDES5 inhibitors

Antioxidants

Anti-interleukin 6
ACE inhibitors or ARBs

PDE3 inhibitors
sGC stimulators

Endothelin receptor antagonists

_._
—_—O—
Oral prostacyclin receptor agonists —O-
Intravenous prostacyclin analogues
@

Thromboxane synthase inhibitors

Topical nitric oxide donors
a-adrenoceptor antagonists

Botulinum toxin type A

C Duration of each attack

-0-84 (-125t0-0-45) 352 (2t0 6)
-1.54 (-2:68t0-0-41) 1-89 (1t07)
-0-48 (-0-80t0-0-16)  6-20 (3t0 10)
-034 (-0-66t0-0-03)  7-55 (4t012)

-052(-123t00-22) 637 (2t0o13)
-017(-038t0 0-05) 955 (6t013)
-074(-173t0034)  4:95(1to14)
-027(-0-88t00:32) 842 (3to14)

-0-09 (-0-40t00-23)  10-59 (6to 14)
-0-46 (-1-85t01.00)  7-45 (1t0 15)
-0-01(-1-03t01:05)  10-62 (3t0 15)

0-01(-0-66t00-68) 11-21 (4t0 15)
-037(-4-44t03-45)  8:32(1t016)
lo——— 043 (-139t0226)  12:09 (20 16)
4———@—» 163(-019t0348) 1524 (9to16)
3 2 4 0 1 2 é

v

PDES inhibitors
CCBs

Antioxidants

a-adrenoceptor antagonists
Oral prostacyclin receptor agonists
Intravenous prostacyclin analogues ¢——Q——F—— P -5:63 (-105-74 t0 97-01) 4-93 (1to0 8)
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Figure 3: Forest plots of network meta-analysis results for efficacy versus placebo

Drug classes are hierarchised according to the lower boundary of the mean rank 95% Crl. The colour depends

of the average level of evidence according to GRADE (red=very low; orange=low; green=moderate).
ACE=angiotensin-converting enzyme. ARBs=angiotensin receptor blockers. CCBs=calcium-channel blockers.
Crl=credibility interval. PDE3=phosphodiesterase 3. PDE5=phosphodiesterase 5. sGC=soluble guanylate-cyclase.
SSRIs=selective serotonin-reuptake inhibitors.
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upper limit of the 95% CrI for the mean rank), whereas
CCBs ranked best for reducing severity. However, con-
sidering the breadth of the mean rank 95% Crl, these
results do not seem to be clinically meaningful.

PDES5 inhibitors had lower acceptability (IRR 2-61
[95% Crl 1-48-4-78]) and tolerability (3-30 [1-49-7-55])
than did placebo, as did oral prostacyclin receptor agonists
(1-81 [1-08-3-15] for acceptability; 2-56 [1-27-5-25] for
tolerability). CCBs also showed significantly worse toler-
ability (3-13 [1-33-7-04]) than that of placebo (appendix
pp 35-30).

PDES inhibitors and oral prostacyclin receptor agonists
had lower acceptability and tolerability than did placebo,
and CCBs also showed significantly worse tolerability
than that of placebo.

League tables with all comparisons from the network
meta-analyses, for efficacy and safety outcomes, are pre-
sented in the appendix (pp 37-41).
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The risk-benefit profiles of the different drug classes
(along with the level of evidence) are summarised in
figure 4. PDES inhibitors and CCBs showed highly similar
profiles.

The overall risk of bias was judged to be low in 22 (38%),
high in ten (17%), and unclear in 26 (45%) RCTs. High or
unclear Cochrane domain-specific bias was lowest for
participant and personnel blinding (9%), and highest for
incomplete outcome data (50%; appendix p 42). The risk
of bias for each RCT is summarised in the appendix (p 43).
More than half of the studies were sponsored by one or
more pharmaceutical companies. Risk of bias for pairwise
comparisons with placebo for efficacy outcomes are shown
in the appendix (pp 44-46). Network plots for the three
efficacy outcomes show the risk of bias for all direct
comparisons (appendix pp 47-49). The highest levels of
evidence were found for PDES5 inhibitors, whereas studies
on SSRIs, antioxidants, a-adrenoceptor antagonists, and
ACE inhibitors or angiotensin receptor blockers provided
very low levels of evidence (appendix pp 50-58).

Meta-regressions were consistent for the effect magni-
tude and direction for all efficacy outcomes (appendix
pp 59-60). Older age was significantly correlated with a
reduction in drug efficacy for severity. Sponsorship of
studies by commercial companies, use of the treatment
as an add-on therapy, smoking, and sample size did
not significantly affect the results. Latitude, sex, disease
duration, and follow-up period were not significantly
associated with variations in effect size. Meta-regressions
on baseline frequency, severity, and duration of attacks
showed slight but non-significantly positive correlations
between higher baseline values and greater efficacy
(appendix pp 61-63). As post-hoc sensitivity analyses, we
adjusted the results on baseline values (appendix pp 61-63).
Notably, these analyses showed that PDES5 inhibitors
and CCBs did not significantly lower the frequency of
Raynaud’s phenomenon in patients with fewer than five
attacks per day.

Results of pre-planned subgroup and sensitivity analy-
ses are presented in the appendix (pp 64-65). The most
notable changes concern CCBs, for which the effect size
was smaller when analyses were restricted to only patients
with secondary Raynaud’s phenomenon, or to high-
quality trials. We added an unplanned sensitivity analysis
to consider intravenous iloprost and other intravenous
prostacyclin analogues separately (appendix p 66), but
this restriction did not modify the main results. Trial
sequential analyses revealed that the optimal information
size was reached only by CCB for severity; and the results
remained significant after a threshold adjustment for
frequency. Results for PDES inhibitors remained signifi-
cant after threshold adjustment for all three outcomes
(appendix p 67).

Discussion

This systematic review and network meta-analyses pro-
vide a comprehensive synthesis of currently available data
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from randomised studies of pharmacological treatments
for secondary Raynaud’s phenomenon. CCBs and PDE5
inhibitors both significantly decrease the frequency and
severity of attacks in secondary Raynaud’s phenomenon
patients, with similar but small effect sizes. Notably, PDE5
inhibitors were the only drugs to significantly decrease
the mean duration of Raynaud’s phenomenon attacks,
which is in line with previous observations.®* The level of
evidence is stronger for PDES inhibitors than for CCBs.
However, CCBs had greater acceptability than that of
PDES inhibitors.

Although these results support current recommenda-
tions about the use of CCBs or PDE5 inhibitors as first
line treatments for secondary Raynaud’s phenomenon,*
they challenge the clinical relevance of these interventions.
Indeed, the improvements in mean severity on a ten-point
scale were only —0-84 (95% CrI —1-25 to —0-45) for CCBs
and —0-34 (-0-66 to —0-03) for PDES5 inhibitors, both of
which are far below the minimal clinically important
difference for RCS in this population (about 1-5 points).”
In addition, results from our meta-regressions suggest
that patients with fewer than five attacks per day or with
severity below four on a ten-point scale are not expected to
have a significant benefit from these treatments. However,
Crls were large, indicating the need for more data.

There was no evidence that intravenous prostacyclin
analogues are superior to placebo, whether intravenous
iloprost is considered separately or with other analogues.
This result disagrees with a previous meta-analysis
that found, for iloprost versus placebo, a pooled mean
difference of —0-69 (95% CI -1-12 to —0- 26) for the severity
score and no significant effect on other outcomes.” As
the same studies were included in both meta-analyses,
this discrepancy could be explained by differences in the
methodological approach: we used post-treatment data
and used baseline measurements as a covariate, whereas
the meta-analysis by Pope and colleagues’ used changes
from baseline, which is no longer recommended.” The
network approach also provides additional information,
which might influence the final results.

Other drug classes, such as SSRIs, oral prostacyclin
receptor agonists, and antioxidants, showed superiority
over placebo in terms of reducing the severity of Raynaud’s
phenomenon, but the level of evidence was low or very low,
and this outcome was less robust. Heterogeneity in the
effects of these treatments on the different outcomes
raises concern about their actual efficacies. Current
evidence is insufficient to support the use of the SSRI
fluoxetine, which was added as a grade C recommendation
in the 2016 update from EULAR.* Overall, pharmacological
interventions had only a modest effect (in the case of PDE5
inhibitors and CCBs) or failed to show any efficacy. Several
trials have shown a strong placebo effect on frequency,
severity, and duration of Raynaud’s phenomenon attacks
that might mitigate active treatment efficacy.*** Whether
this placebo effect is related to a physiological improvement
in cold tolerance or to behavioural changes during the trial
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Figure 4: Risk-benefit profile of drug classes investigated

Network meta-analysis results showing the efficacy of each drug for reducing daily frequency of attacks of Raynaud's
phenomenon (mean difference summary relative to placebo) versus the incidence rate ratio for tolerability. Bars
indicate 95% credibility intervals. Node size is proportional to the number of patients in each drug class. The colour
depends of the average level of evidence according to GRADE (red=very low; orange=low; green=moderate).
CCBs=calcium-channel blockers. IP=prostacyclin receptor. IV=intravenous. NO=nitric oxide. PDE3=phosphodiesterase
3. PDE5=phosphodiesterase 5. SSRIs=selective serotonin-reuptake inhibitors. TSIs=thromboxane synthase inhibitors.

remains to be further explored.”” Moreover, several projects
are ongoing to develop more robust outcomes in the
field.** Some patient characteristics might also be import-
ant determinants of treatment efficacy. Surprisingly, age
was the only significant modifier of treatment effect in this
meta-analysis. Indeed, no significant effect of CCBs or
PDES inhibitors was found in patients older than 52 years
(appendix p 61). This difference might be related to disease
duration, with progressive structural vascular damage
occurring over time, although disease duration did not
significantly affect our results, probably because of a lack
of power in the analysis. This finding deserves to be further
explored through individual-patient meta-analyses.

Although several patient characteristics might influence
treatment effects, they are difficult to identify in the
context of a rare condition, and especially in secondary
Raynaud’s phenomenon considering the large within-
patient and between-patient variability. To address this
issue, we proposed the evaluation treatments in Raynaud’s
phenomenon using an individualised approach, by con-
ducting N-of-1 trials.” The strength of this approach is to
estimate the treatment efficacy and safety for each patient,
and to consider the individual patient’s preference.

Our systematic review has several limitations. Many
comparisons were judged as being of low or very low
quality according to the GRADE framework, which res-
tricts the validity of our results. Indeed, several small trials
with poor methodology were the unique representatives
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in the network of drug classes such as thromboxane
synthase inhibitors, SSRIs, or antioxidants.

Secondly, there was a large degree of uncertainty, with
only a small number of trials for many of the comparisons,
and the available evidence might be insufficient to
draw firm conclusions. In addition, our analyses combined
intention-to-treat and per-protocol data; in a few cases, we
were not able to clearly distinguish the number of patients
included in the final analysis from the number of patients
initially randomised, and we downgraded the quality
rating of these trials. Finally, our findings are limited by a
potential bias due to selective reporting. Indeed, 63 trials
were excluded because their outcomes of interest could
not be included in the final analysis (eg, when results were
expressed as dichotomous variables).

Our findings suggest that several trials should be
planned to explore areas of uncertainty in the field: SSRIs
versus placebo, endothelin receptor antagonists versus
placebo using frequency of attacks as the efficacy out-
come, or CCBs versus PDES inhibitors (eg, nifedipine vs
sildenafil). Although the impetus for conducting new
trials involving CCBs or PDES inhibitors versus placebo
might be weak given the information already available on
these drugs (meaning that pharmaceutical companies
are unlikely to sponsor such trials) and the difficulties
inherent in running clinical trials in Raynaud’s phenom-
enon, this research is needed for several reasons. First,
although PDES inhibitors rank as the best treatment for
two out of three outcomes and have the highest level of
evidence, they are not approved for use in Raynaud’s
phenomenon in several countries such as the USA,
France, or the UK. Second, around 25% of study popu-
lations in CCB trials comprise patients with primary
Raynaud’s phenomenon, and sensitivity analyses restrict-
ing data to trials including only patients with secondary
Raynaud’s phenomenon might substantially influence
the results. It is possible that CCBs are actually inferior to
PDES inhibitors, but this question needs to be addressed
in a head-to-head trial. This network meta-analysis could
serve as a basis for planning such trial in the future
through conditional trial design methods.*

A strong heterogeneity among the scales and scores
used to assess the severity of attacks (from a severity
score graded on a three-point scale to the RCS, and the
Scleroderma Health Assessment Questionnaire or visual
analogue scale for pain) limits the validity and extrapola-
tion of our results. Notably, in the subgroup meta-analysis
restricted to trials that used RCS as the efficacy outcome,
no drug class had proven efficacy over placebo.

Finally, clinical efficacy and safety were evaluated by
drug class, rather than by individual drugs. Although this
method substantially increased the power to detect treat-
ment effects, it could present a problem, particularly for
those classes in which data for different drugs were pooled,
such as antioxidants. However, between-study heterogeneity
within drug classes was low in the pairwise meta-analysis,
suggesting little variability of treatment effects.
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In conclusion, the findings of this network meta-analysis
provide no evidence for recommending any treatment
with certainty in secondary Raynaud’s phenomenon, and
the level of evidence is low. However, CCB and PDE5
inhibitors might still be relevant when a pharmacological
treatment is indicated, especially in patients with severe
Raynaud’s phenomenon. Our findings emphasise the
pressing need for the development of new therapeutic
strategies for secondary Raynaud’s phenomenon, includ-
ing non-pharmacological interventions.
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6. Drug repurposing in Raynaud's phenomenon through adverse

event profile in the WHO pharmacovigilance database

Les résultats de la méta-analyse en réseau, présentée précédemment, mettent en lumiére la
faible efficacité globale de toutes les classes pharmacologiques actuellement utilisées dans le
traitement du phénoméne de Raynaud. Le besoin de nouvelles approches thérapeutiques est
donc important. Le repositionnement de drogues est une méthode efficace pour identifier de
nouveaux traitements dans une pathologie (112). Une multitude de méthodes ont été utilisées
par le passé, une des plus populaires consiste a définir une « signature » de I’efficacité de
traitements dans une pathologie donnée a partir de leur caractéristiques pharmacologiques,
chimiques ou méme par leur profil d’effet indésirables. Nous avons donc dans 1’étude ci-
dessous essay¢ d’identifier de nouvelles pistes thérapeutiques dans le phénoméne de Raynaud

a partir du profil d’effet indésirables des différentes drogues qui ont démontré leur efficacité.
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Abstract (250 words)

Objective. Several pharmacological treatments are actually recommended for secondary
Raynaud’s phenomenon (RP) treatment. However, such treatments have modest efficacy and the
extent to which this reduction is clinically meaningful is still uncertain. Thus, we aimed at
generating repositioning hypotheses through adverse event signature matching in the WHO

pharmacovigilance database.

Methods. We first defined an adverse event signature of the drugs recommended in secondary RP
in the WHO pharmacovigilance database and we selected 14 adverse drug reaction (ADR) of
interest. Then we selected all drugs associated with at least one case of erythromelalgia and data
on the 14 ADR of interest were extracted. Lastly, we performed a hierarchical cluster analysis to

identify unknown drugs with ADR similarities with vasodilatory drugs.

Results. A total of 179 drugs associated with 860,334 adverse events were extracted from the WHO
pharmacovigilance database. After the hierarchical cluster analysis, we selected 6 clusters. The
cluster 3 contained 7 drugs whose 5 are recommended in secondary RP or pertain to the same drug
class: epoprostenol, nifedipine, nicardipine, lacidipine, israpidine and 2 others_alemtuzumab and

fumaric acid potentially of interest.

Conclusion. Our study suggests that fumaric acid could be tested in the treatment of secondary RP.

Experimental studies and clinical trials are further needed to evaluate this efficacy.

Keywords : Raynaud's phenomenon; drug repurposing.
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INTRODUCTION

Raynaud’s phenomenon (RP) is an exaggerated vascular response to cold, humidity or emotional
stress, which typically manifest by an abrupt color changes of the finger’s skin extremety.(1) While
primary RP is the most frequent form (80-90%), RP may also be secondary to various connective
tissue diseases (such as systemic sclerosis (SSc), systemic lupus erythematosus, vasculitis, etc.),
vascular diseases or drugs.(2) Usually benign when primairy, RP can provoke digital ischemia and
digital ulcers when secondary. (1) Treatment includes patient education and general measures (such
as cold exposure prevention) to prevent crises onset and includes pharmacological interventions
such as calcium channel blockers or phosphodiestaerase inhibitors 1.(1) Intravenous iloprost can be
considered in RP secondary to SSc when oral therapies have failed. (3) However, such treatments
have modest efficacy and the extent to which this reduction is clinically meaningful is still
uncertain.(4,5) Moreover, all recently tested pharmacological treatments such as endothelin
receptor antagonists, oral prostacyclin analogs / non-prostanoid IP-receptor agonists failed to

demonstrate an efficacy, leaving place for improvement (6,7)

A way to efficiently identify new drugs, targets and pathways potentially of interest for a given
disease is drug repurposing.(8) This strategy is an attractive option to lower overall development
costs and shorter development timelines compared to a new drug development. Several strategies
have been tested and developed for this purpose such as computational or experimental approaches.
(8) One of the most popular one, signature matching, is based on the comparison of the unique
characteristics or ‘signature’ of a drug against that of another drug. The signature could be derived
from chemical structures, pharmacological affinity profile or adverse event profile. Indeed, every

drug has a relatively unique adverse effect profile that could be used as a proxy for its therapeutic
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properties through related mechanisms of action.(9) Several studies used this approach to generate
drug repurposing hypothesis through multiple databases PharmGKB, DrugBank, Pubmed...(9-11)
One of the largest databases of adverse event spontaneously reported worldwide is the WHO
pharmacovigilance database which contains several millions of reports associated with suspected
drugs. Using this database, our objective was to define an adverse events signature of efficient

drugs in RP, and to generate repositioning hypotheses through hierarchical cluster analysis.

PATIENTS AND METHODS
The WHO pharmacovigilance database, VigiBase®.

At the time of the data extraction, VigiBase contained more than 19 million of reports of suspected
adverse drug reactions (ADRs), submitted, since 1968, by a network of 134 countries, members of
the WHO Programme for International Drug Monitoring.(12) VigiBase provides safety reports
with patient information such as gender, age, medical history, country; suspected and concomitant
drugs taken with chronological information, as well as drug indication and dosage; a description
of the adverse effect with its severity and outcomes. The Uppsala Monitoring Centre research team
developped a method (the Bayesian neural network) to identify pharmacovigilance
disproportionality signals, i.e. an unexpected disproportionate association between a drug and an
adverse event.(13) A pharmacovigilance disproportionality signal is deemed significant if the lower
boundary of the 95% credibility interval of the Information Component (the disproportionality

metric from the Bayesian neural network method) was superior to 0.(13)
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Identification of an adverse event signature related to an efficacy in Raynaud's phenomenon.

We extracted all adverse events associated with a significant pharmacovigilance disproportionality
signals related to nifedipine, sildenafil and iloprost in the WHO pharmacovigilance database. Then
based on the pharmacological mechanism of action of nifedipine, sildenafil and iloprost, we
selected all significant pharmacovigilance disproportionality signals related to their beneficial
vasodilator and antiaggregant action in RP; through discussion among senior expert in vascular

pharmacology, mircocirculation and Raynaud’s phenomenon (JLC,CK,MR).

We retained 14 variables: erythromelalgia, blood pressure decreased, blood pressure systolic
decreased, dizziness, epistaxis, headache, hot flush, hypotension, nasal congestion, orthostatic

hypotension, feeling hot, flushing, syncope and vasodilatation.

Redundant adverse events procuring analogous information were merged : blood pressure
decreased-blood pressure systolic decreased-orthostatic hypotension-hypotension and feeling hot-

flushing-hot flush.

Drug candidates selection.

When induced by a vasodilator drug erythromelalgia could be considered as a syndrome produced
by the opposite vascular pathophysiological mecanism of RP, through digital skin vasorelaxation
and blood flow increase. Indeed, erythromelalgia has been associated with pivotal drugs used in
Raynaud’s phenomeneon.(14,15) We thereof considered erythromelalghia as a mandatory ADR

and extracted all drugs with at least one erythromelalgia report in the WHO pharmacovigilance
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database. We then excluded all vaccines, drug indicated in erythromelalgia treatment
(Acetylsalicylic acid, venlafaxine, amitryptiline, gabapentin, pregabalin, glucocorticoids,
lidocaine, mexiletine) and drugs known to induce Raynaud’s phenomenon such as beta-
adrenoreceptor blockers, sympathomimetics, stimulants, ergots alkaloids, dopaminergic agonists,
bromocriptine, interferons, alkylating agents and ciclosporin. (16) For each drug, we extracted the

number and proportion of each selected adverse event.

Cluster analysis

We performed a hierarchical cluster analysis to identify signature matching with other drugs
potentially usable in RP. Cluster analysis was carried out from ascendant hierarchical clustering on
the 14 selected variables using Ward’ minimum variance method. Results were graphically
represented in a dendrogram. We visually estimated the number of clusters. We assessed the
stability and reproducibility of the clusters through calculation of the Jaccard coefficient. We
conducted 500 iterations of the clustering process in randomly selected subsets to 50% of the
original dataset, and estimated the cluster-wise stability with the Jaccard coefficient. A Jaccard

similarity index > 0.5 indicates a stable and reproducible cluster(17).

The protocol of this study was pre-registered in Open Science Framework (Khouri, C. (2019) June
17). Drug repurposing in Raynaud's phenomenon in the WHO pharmacovigilance database.
Retrieved from osf.io/prmak) and the data set of this study will be make freely available alongside

to the publication of the results.
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RESULTS

A total of 179 drugs associated with 860,334 adverse events were extracted from the WHO
pharmacovigilance database. We excluded vaccines, drugs used to treat erythromelalgia and
associated with induction of Raynaud’s phenomenon resulting in 148 drugs (Supplementary Table
1). Drug clustering dendrogram is represented in Figure 1. We visually selected 6 clusters for
analysis. Jaccard index pointed out a high cluster-wise stability for cluster 3 (0.90) and 6 (0.75)
and a moderate stability for clusters 1 (0.66), 2 (0.52), 4 (0.59) and 5 (0.64). Three clusters

contained drugs used in Raynaud’s phenomenon, cluster 3, 4 and 5.

87



> £
) £
3 8 oo
rx =28 Taogm
<% 985508888 5505550800
,«’539}3 F{CO’Q’BO:‘::C-:Q’ONXEQB
7 928355529883 8005 Sgaldg S
020 555858533508 00GGeEv 0P LSS,
o .. N
G R A
R AR INOIONC %@ ° ﬁ!_ﬂﬁ_’ » LELOS \(O&‘b.bQ
K p/%o@@% 50 V’C o *L‘&‘, O$$0§6® fb&\&&fb‘o
Vo, Yo U752 \ NG .
< QY ) S e o
) Z ; V2 \ e 200 \0_ @ &
i I P LD X
0L ¥ s PN
ﬁ /bp’o'g’// > o C5 (0.59) . ?81:\‘0,619?\(\6 o
7@/7%’9%?5%/ ’ 'I’ . \/go@\oéo(\(\
S ’ ’ - (e
9, S 4 . . *\‘ ‘“\
sy Dupcrils/ €6 (0.52) . N\§ QRO e
; b 3~ hde
Epopiafd/pﬁ,lse? (N - C4 (064) \ %‘\)ec.a‘(ggac\“
Niedprdl \ Moo ide
Lacigjpine \ndaPe e
| ad,ﬁlgs ’ 1,ﬂﬁfce:)gt%zo\am'\
Aemtuzumap & * idrofury!
c a0d e Naftidrotu
S Fuma'rclic aCig | Nortriptyline
ennoside a+
Bortezomib .‘ Amikacin
ituximab m
G | ™ b
jtoxantroie @ oricox
N Lovsmcr
Dap‘%%d\% Amja’gﬁ't n
com .
\ a‘{“i\'\z%‘\‘é\:(\a » £ %’,’f, t/'nad”? o
2V o0 i
RN Mo ez,

?‘“ ?\\)ose'«\b.\ c1 0 66 d/-o 4\"0/0//7 O/e
\“\0&3‘% o 7.0
G<\O\é®06 C‘e:){//? 6/77/01

'\000&
S
o

pa

Etanerce

gewnuiije
ouo}3

1U1JOIIN

g
13
fxospaN

jonsd
d

sob0)

2u019)

Figure 1. Dendogram representing the results of the hierarchical cluster analysis. For each cluster

the corresponding Jaccard index id reported. Drugs used in RP or pertaining to the same drug

class are in green. Drugs potentially of interest are in blue.
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The cluster 3 contained 7 drugs whose 5 are used in RP or pertain to the same drug class:
epoprostenol, nifedipine, nicardipine, lacidipine, israpidine and 2 other alemtuzumab and fumaric
acid potentially of interest. Alemtuzumab displayed significant disproportionality signals of
hypotension, flushing, epistaxis, headache and nasal congestion. Safety profile of fumaric acid was

characterized by strong signals of flushing and headache.

The cluster 4 contained 20 drugs whom 16 are used in RP or pertain to the same drug classes and

the cluster 5 contained only 2 drugs used in RP on 21.

DISCUSSION

To our knowledge this is the first repurposing study through signature matching in the WHO
pharmacovigilance database and RP. We identified 2 drugs potentially of interest in secondary RP:
alemtuzumab and fumaric acid. Indeed, those drugs pertain to a highly stable cluster alongside with

5 vasodilator drugs used in RP.

Fumaric acid esters, in particular dimethyl fumarate already approved for the treatment of multiple
sclerosis, exert anti-inflammatory effects via targeting NF- B pathway and blocking Y AP nuclear
translocation and fibrotic responses in SSc fibroblasts.(18) Moreover, flushing is one of the most
frequently described ADR of dimethyl fumarate. The adverse event is thought to be mediated by
an activation of the G-protein-coupled receptor hydroxy-carboxylic acid receptor 2 inducing the
synthesis of prostaglandins D, and E, by COX-1 in Langerhans cells and COX-2 in

keratinocytes(19). A phase 1 randomized controlled trial comparison the efficacy of dimethyl
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fumarate versus placebo is ongoing in SSc-PAH (NCT02981082). However, our results suggest

that this drug could also have an interest in RP.

Alemtuzumab is a selective humanized monoclonal antibody directed against the CD52 antigen
on T- and B-lymphocytes. Treatment with alemtuzumab produces a depletion of circulating B- and
T-lymphocytes which have been implicated in the pathogenesis of systemic scleroderma(18).
Indeed, accumulating evidence suggest that B cells are implicated in inflammation and skin fibrosis
and T cells are linked to increased severity of skin and lung disease in SSc (18). A pilot phase 1/2
RCT clinical trial in SSc with alemtuzumab was withdrawn due to no patient enrollment
(NCT01639573), moreover recent safety signals of autoimmune hepatitis, haemophagocytic
lymphohistiocytosis, cardiovascular adverse events and neutropenia leaded to a restricted use of
alemtuzumab in multiple sclerosis and an EMA benefit-risk review is ongoing. Moreover, the
disproportionality signals of flushing and headache found with alemtuzumab seems to be related
to infusion-associated reactions and not to pharmacological vasodilatory properties(20). An

acceptable benefit-risk profile of alemtuzumab in secondary SSc seems therefore unlikely.

Beyond vasodilatory drugs, the potential efficacy of statins in SSc vascular dysfunction and RP has
been highlighted (21) and is still under investigation (NCT02370784). However, in our study,
atorvastatin was not associated with any of our selected ADR of interest. Thus, there is a risk that

the expected benefit with statin may not be clinically significant.

The limitations of this study are firstly inherent to the nature of the database. Indeed, cases are
spontaneously reported by physicians, pharmacist or event patients. Underreporting and selective

reporting (e.g. due to medial alert, drug novelty, reporter qualification, ADR severity...) are well
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described in pharmacovigilance, therefore distorting the known drug safety profiles. Moreover,
ADR time to onset was not taken in account in this study. Although, almost all vasodilatory drugs
were classified in two clusters underlying the safety profile similarity of such drugs in the WHO
pharmacovigilance database. Lastly, in selecting only drugs for which at least 1 case of

erythromelalgia was reported we probably excluded drugs potentially of interest.

CONCLUSION
To our knowledge this is the first repurposing study in the WHO pharmacovigilance database. Our
study suggest that fumaric acid could be tested in the treatment of secondary RP. Experimental

studies and clinical trials are further needed to evaluate this efficacy.
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7. Impact of global warming on Raynaud’s phenomenon: an

underestimated benefit

Si D’efficacité des traitements pharmacologiques reste modeste et si les nouvelles pistes
thérapeutiques actuellement en cours d’évaluation échouent a apporter un bénéfice important
aux patients atteints de phénoméne de Raynaud, le réchauffement climatique apportera sans

doute une réponse d’ici la fin du siecle...
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Abstract

Objectives: The objective of the present study is to evaluate the impact of global warming
on the worldwide prevalence and severity of Raynaud’s phenomenon over the 21* century.
Design: We first estimated the correlation between average temperature and prevalence
and severity of Raynaud’s phenomenon. Then, we mapped the prevalence and the severity
of Raynaud’s phenomenon worldwide at Christmas 1999 using historical data and, using
climate projections from the Inter-Sectoral Impact Model Intercomparison Project, we
predicted the prevalence and severity of Raynaud’s phenomenon at Christmas 2099
according to four greenhouse-gas emission scenarios.

Main outcome measures: Prevalence and daily frequency of Raynaud’s phenomenon
Results: Our study shows that global warming may have a significant impact on the
prevalence and the severity of Raynaud’s phenomenon over the 21* century. However, as
expected, this will greatly depend on the level of greenhouse-gas emissions.

Conclusions: We advise patients affected by Raynaud’s phenomenon to welcome climate
change. The solution will not come from industrial or academic pharmacologists. Instead,
global warming will provide a significant therapeutic advance towards eradicating their
disease.

WHAT IS ALREADY KNOWN ON THIS TOPIC
Prevalence and severity of Raynaud’s phenomenon are known to be correlated with
temperature.

WHAT THIS STUDY ADDS

Global warming may have a significant impact on the prevalence and the severity of
Raynaud’s phenomenon over the 21 century.

The most optimistic greenhouse gas scenario will only have a limited impact on the global
prevalence and severity of Raynaud’s phenomenon. However scenarios without greenhouse-
gas emission reductions may largely improve the condition of patients suffering from
Raynaud’s phenomenon worldwide.
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The projected impact of climate change on human health promises to be devastating.
Large increases in morbidity and mortality are expected in association with a range of health
outcomes, including heat-related illnesses, illnesses caused by poor air quality,
undernutrition and selected vector-borne diseases in some locations [1]. However, studies

are scarce regarding the benefits of global warming on health outcomes.

Raynaud’s phenomenon is induced by excessive vasoconstriction of the peripheral
microcirculation in response to environmental factors, essentially cold, but also stress or
emotions [2]. Primary, or idiopathic, Raynaud’s phenomenon is the most frequent form (80-
90%), while in some cases Raynaud’s phenomenon can be secondary to various auto-
immune diseases (such as systemic scleroderma or systemic lupus erythematous) or drugs
[2]. The prevalence of Raynaud’s phenomenon is estimated to be approximatively 3 to 5% in
the general population, with substantial variability according to climate and sex [3]. Most
vasodilators currently used in Raynaud’s, such as nifedipine or sildenafil, only have limited
efficacy, below the minimal clinically important difference [4,5]. Moreover, most recent

trials have failed to succeed, due to high heterogeneity and a significant placebo effect [6].

We hypothesize that global warming should not leave Raynaud’s phenomenon as an
unmet clinical need for too long. The objective of the present study is to evaluate the impact
of global warming on the worldwide prevalence and severity of Raynaud’s phenomenon

over the 21* century.

Method

We first estimated the correlation between average temperature and the prevalence
of Raynaud’s phenomenon. The prevalence data were extracted from a systematic review of
observational studies [7]. For each study we calculated the mean temperature during the
winter preceding the publication of the study (from 1* November to 31 March) using
historical climate data from the database developed by the Inter-Sectoral Impact Model

Intercomparison Project (ISIMIP, https://www.isimip.org/).

We further predicted the impact of global warming on the severity of Raynaud’s
phenomenon, expressed as the average daily frequency of attacks, by using a model based
on a Poisson regression including temperature (and other covariates), recently published by
our team [8] (this model is available online, at

https://datadryad.org/bitstream/handle/10255/dryad.196852/model 1.txt?sequence=1).
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This model is derived from a series of n-of-1 trials containing more than 2000 days of
exposition, with daily temperature measurements collected at the nearest weather station
to the patient’s home.

Finally, we mapped the prevalence and the severity of Raynaud’s phenomenon worldwide at
Christmas 1999 and, using climate projections from the ISIMIP, we predicted the prevalence
and severity of Raynaud’s phenomenon at Christmas 2099, according to four greenhouse-
gas emission scenarios (Representative Concentration Pathway (RCP) 2.6, RCP4.5, RCP6.0,
and RCP8.5) described in the Fifth Assessment Report of the United Nations
Intergovernmental Panel on Climate Change [9]. The HadGEM2-ES model was used for the
modelling scenario [10].

The RCPs represent the range of greenhouse-gas emission scenarios consistent with
projections described in literature; they include a mitigation scenario (RCP2.6), two
intermediate scenarios (RCP4.5 and RCP6.0), and one scenario with high greenhouse-gas
emissions (RCP8.5).

Data analysis were performed with R version 3.3.0 [11] and map visualization with
Panoply version 4.10.4 software [12].

No patients or members of the public were directly involved in this study. There are

no plans to involve patients or the public in the dissemination of results.

Results

We found a high correlation between average temperature and the prevalence and
severity of Raynaud’s phenomenon (p<0.001). According to these data, no Raynaud’s
phenomenon attack is expected to occur above an average temperature of 13°C, which is
consistent with individual data collected in our series of N-of-1 trials [8]. Consequently, the
prevalence of Raynaud’s phenomenon in the general population is expected to decrease by
0.5% per degree Celsius increase. Furthermore, patients are expected to suffer from one less
attack per week for each increase of 2.5 degrees Celsius.

The worldwide prevalence and severity of Raynaud’s phenomenon at Christmas
1999 and the range of predictions based on four greenhouse-gas emission scenarios at

Christmas 2099 are shown in Figure 1.
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Figure 1. Prevalence and daily frequency of Raynaud’s phenomenon during Christmas 1999
and Christmas 2099 according to four greenhouse gas emission scenarios (Representative

Concentration Pathway (RCP) 2.6, RCP4.5, RCP6.0, and RCP8.5).

Discussion

Our study shows that global warming may have a significant impact on the
prevalence and the severity of Raynaud’s phenomenon over the 21% century. However, as
expected, this will greatly depend on the level of greenhouse-gas emissions. The most
optimistic greenhouse gas scenario (RCP 2.6), which aims at keeping global warming below
2°C above pre-industrial temperatures, only has a limited impact on the global prevalence
and severity of Raynaud’s phenomenon. Luckily, this scenario is becoming more and more
unrealistic [13]. On the other hand, scenarios without greenhouse-gas emission reductions
(predictions ranging between RCP6.0 and RCP8.5) may largely improve the condition of
patients suffering from Raynaud’s phenomenon. For example, people in western European
countries could expect to be totally free of this painful and disabling condition in the event
of the two higher gas-emission scenarios. Finally, patients in North America, Western Europe
and Asia still suffering from Raynaud’s phenomenon are not expected to suffer more than
one or two crises over the Christmas period in 2099.

In this study we only used one modelling scenario, the HadGEM2-ES model, which is
widely used for climate research [14,15], therefore uncertainty of our projections has not
been evaluated but exist undoubtedly. The findings should thus be interpreted as potential
impacts of climate change on Raynaud’s phenomenon according to one hypothetical

scenario and not as projections.

Conclusion
We advise patients affected by Raynaud’s phenomenon to welcome climate change.
The solution will not come from industrial or academic pharmacologists. Instead, global

warming will provide a significant therapeutic advance towards eradicating their disease.
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8. Conclusion et perspectives

Les travaux que nous avons menés sur ce sujet nous ont permis d’identifier de nouvelles
classes pharmacologiques a I’origine d’une induction ou aggravation du phénoméne de
Raynaud. Afin de compléter nos travaux et d’identifier de potentiels nouveaux signaux de
pharmacovigilance nous sommes en train de réaliser une étude de disproportionnalité sur la
base de pharmacovigilance de I’OMS. Celle-ci permettra de faire un état des lieux des
notifications de phénomeéne de Raynaud potentiellement iatrogeénes et de compléter la revue
systématique de la littérature précédemment réalisée.

Les sources de données utilisables en pharmacovigilance pour I’étude des étiologies
iatrogénes du phénoméne de Raynaud sont malheureusement limitées. En effet, cet effet
indésirable est trés peu rapporté dans les essais cliniques et constitue trés rarement un motif de
consultation a I’hopital en raison de son caractere fréquemment bénin. La réalisation d’études
de pharmaco épidémiologies a partir de bases de données médico-administratives parait donc
peu adaptée. L’utilisation de données innovantes comme les réseaux sociaux ou forums

pourrait €tre une piste intéressante a I’avenir.

Nous avons également mis en évidence dans ce travail le besoin important de nouvelles
approches thérapeutiques dans le traitement du phénomeéne de Raynaud. Les thérapeutiques
disponibles possedent une efficacité médiocre et tous les essais cliniques récent ont échoué a
démontrer une supériorité par rapport au placebo (8,34,113). L une des raisons fréquemment
évoquées pour expliquer I’échec des essais cliniques dans cette pathologie est 1’important
effet placebo. (34,113,114) L’¢étude des déterminants de 1’effet placebo chez les patients
atteints de phénomene de Raynaud parait donc primordiale et fait I’objet d’un travail que nous
réalisons actuellement. Au-dela de I’effet placebo, I’hétérogénéité dans la réponse aux
traitements est également importante et des travaux afin d’identifier les caractéristiques des
patients répondeurs et non répondeurs sont a mener. L’utilisation de méthode d’essais
cliniques innovantes comme les essais de taille 1 (ou N-of-1) peut permettre d’identifier des
patients répondeurs et son incrémentation en routine pourrait étre une solution. Nous avons
développé une application mobile, afin initialement de recueillir les critéres de jugements
dans les essais cliniques, qui pourrait a terme é&tre utile dans le soin afin de quantifier la
fréquence et sévérité des crises avant et aprés la mise en place d’un traitement

pharmacologique (Figure 8).
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Figure 8. Captures d’écrans de [’application mobile Raynaud monitoring. Cette application permettra aux patients de noter [’heure de début et
de fin de chaque crise ou de prendre des photos, de remplir [’échelle de géne associée au Raynaud (RCS), de noter les effets indésirables
éventuels ou la prise de traitements associés. Elle permettra également, a l’aide d’une caméra, d’enregistrer des données thermographiques

pendant les crises. Toutes ces données sont transférées sur un serveur sécurisé du CHU de Grenoble.
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L’¢échec des traitements pharmacologiques ouvre également la porte a 1’exploration d’autres
approches comme des approches nutritionnelles. Nous avons obtenu un financement afin de
conduire un essai clinique comparant deux stratégies pharmaco-nutritionnelles dans le
phénomeéne de Raynaud : le jus de betterave et la I-citrulline (NCT03749577). Le jus de
betterave posséde une forte concentration en nitrates qui seront, via un cycle entero-salivaire,
biotransformés en NO. La citrulline est métabolisée en l-arginine, le précurseur de la NOS
endothéliale. Ces supplémentations vont donc provoquer une augmentation des concentrations
de NO via des mécanismes différents. Cette étude de type N-of-1 débutera cet hiver. Afin
d’étudier les déterminants de I’effet thérapeutique (et 1’effet placebo), nous étudierons
I’impact de la préférence des volontaires et du type de placebo (jus versus gélule). De plus, les
patients hiérarchiseront les critéres de jugements en fonction de ce qui leur parait étre le plus
pertinent (sévérité, durée ou fréquence) ainsi que le seuil d’efficacité a partir duquel ils
seraient préts a prendre le traitement. A la fin de 1’essai la probabilité d’efficacité individuelle
pourra étre calculée pour chaque patient selon ses propres critéres. Le design de I’essai est

schématisé Figure 9.
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Figure 9. Flow chart de 1’¢tude NIVOSE (NCT03749577). Chaque hiver les volontaires
seront randomisés dans un des 2 bras de 1’étude (jus de betterave vs placebo ou l-citrulline vs

placebo). Chaque bras comprend 3 cycles de deux périodes (traitement actif ou placebo)

randomisées séparées d’une semaine de wash out.
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PARTIE 3. ETUDES SUR L’HYPERTENSION ARTERIELLE
PULMONAIRE
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1. Comparative safety of drugs targeting the nitric oxide pathway in
pulmonary hypertension: a mixed approach combining a meta-
analysis of clinical trials and a disproportionality analysis from the

WHO pharmacovigilance database.

Dans ce travail nous avons comparé¢ le profil d’effets indésirables des différents médicaments
qui agissent sur la voie du monoxyde d’azote utilisés dans le traitement de ’HTAP. Ce travail
fait suite a I’autorisation de mise sur le marché du riociguat (activateur de la guanylate cyclase
soluble) et a son positionnement récent en premicre ligne du traitement de 'HTAP et de
I’hypertension pulmonaire secondaire a une maladie thrombo-embolique (30). L’objectif de
ce travail était d’identifier des syndromes d’effets indésirables communs et, au contraire,
spécifiques a chacun de ces médicaments ; et donc des situations dans lesquelles un bénéfice
pourrait étre attendu par le switch entre ces classes en cas d’effets indésirables. Dans cette

¢tude nous avons utilisé a la fois des données d’essais cliniques et de notification spontanée.
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BACKGROUND: Recent guidelines recommend riociguat, a soluble guanylate cyclase (sGC)
stimulator, and the type 5 phosphodiesterase inhibitor (PDE5i) tadalafil or sildenafil as
treatments for pulmonary arterial hypertension. We compared the safety profiles of sildenafil,
tadalafil, and riociguat in pulmonary hypertension.

METHODS: We combined two approaches. First, we performed a meta-analysis of safety data
extracted from randomized controlled trials. Second, we conducted a disproportionality
analysis of data from VigiBase, the World Health Organization’s global database of individual
case safety reports, to compare the safety profiles with real-life data.

RESULTS: In the meta-analysis, a significant difference between the three drugs was only
detected for gastrointestinal disorders, in disfavor of riociguat (P < .01 for interaction). In the
disproportionality analysis, the use of riociguat was associated with fewer reports of visual
disorders but increased reporting of gastrointestinal, hemorrhagic, and musculoskeletal
disorders compared with sildenafil and tadalafil. Pharmacovigilance signals of hearing/
vestibular disorders were heterogeneous: vestibular disorders (dizziness) were reported more
frequently for riociguat, whereas hearing disorders (deafness) were reported less frequently
compared with PDE5is.

concLusions: The safety profiles of PDE5is and sGC stimulators significantly differ in
pulmonary hypertension. Accordingly, there is a safety rationale in switching between
PDE5is and sGC stimulators because of their different side effects.
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PH = pulmonary hypertension; PRR = proportional reporting ratio;
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Pulmonary hypertension (PH) refers to diseases
characterized by a mean pulmonary artery pressure

> 25 mm Hg.' Currently, three main pathophysiologic
pathways are targeted in the management of type 1 PH
(pulmonary arterial hypertension [PAH]): the
prostacyclin, endothelin, and nitric oxide (NO)
pathways."” In the latter, phosphodiesterase-5 inhibitors
(PDES5is) decrease the degradation of cyclic guanosine
monophosphate (cGMP), which is responsible for
vasodilation. PDE5is (sildenafil and tadalafil) have been
% More recently,
riociguat, a soluble guanylate cyclase (sGC) stimulator
which increases the production of cGMP, has been
approved to treat PAH and type 4 PH (chronic
thromboembolic PH). Currently, the European Society
of Cardiology/European Respiratory Society guidelines’

approved for over a decade for PAH.

recommend riociguat, tadalafil, or sildenafil for New
York Heart Association functional class II and III PAH.
Given that these drugs target the same pathway and
cannot be combined,"® thorough comparison of their
respective safety profiles may guide clinicians in
choosing the most appropriate one.’

Assessment of drug safety is complex and may require
mixing methods and approaches beyond clinical trials to
get a precise overview of the safety profile of a drug or a
therapeutic class. Meta-analyses of safety data from
randomized controlled trials (RCTs) provide precise
quantification of adverse drug events (ADEs) collected in a
standardized way but on limited and selected populations.
Contrariwise, pharmacovigilance databases are based on
spontaneous reporting of adverse drug reactions (ADRs) in
the general population, allowing detection of associations
between the reporting of an ADR and a drug (a
pharmacovigilance signal). The strength of this association
may be used as a proxy of the risk of an ADR.'"""?

Therefore, we compared the safety profile of sildenafil,
tadalafil, and riociguat in PH by combining these two
approaches. First, we performed a meta-analysis of
safety data extracted from RCTs. Second, we conducted
a disproportionality analysis using the World Health
Organization’s (WHO’s) global individual case safety
report (ICSR) database, VigiBase, to compare ADRs in
real life.

Methods
Study Design

Following a literature review to define the various categories of ADEs,
we performed a meta-analysis and a disproportionality analysis using
VigiBase (Fig 1).

Classification of ADEs

From the literature review we defined nine ADE categories from safety
profiles of drugs targeting the NO pathway”™'>'”: cardiac arrhythmias;
ischemic heart disease; visual, musculoskeletal, hearing/vestibular, and
gastrointestinal disorders; edema; hemorrhages; and vasodilatation-
related disorders. These categories were coded according to the

Medical Dictionary for Regulatory Activities classification as were
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ADEs extracted from studies included in the meta-analysis and
ADRs from VigiBase (e-Appendix 1).

Meta-Analysis

The meta-analysis was conducted following a predefined protocol
(registered on PROSPERO as CRD42016051986) and is reported
according to Preferred Reporting Items for Systematic Reviews and
Meta-Analyses recommendations.

Search Strategy: We searched MEDLINE, ClinicalTrials.gov, the
Cochrane Library, and the reference lists of all included studies, from
1966 to January 2016. See e-Appendix 2 for details of the search
strategy.

Eligibility Criteria: We included only RCTs assessing the efficacy of
sildenafil, tadalafil, or riociguat on PH. Details of inclusion and
exclusion criteria, the screening process, and data collection form are
available in e-Appendix 3.

Data Extraction: For each published study included, we searched
clinical trial registers for safety results. If not reported, we asked the
authors for complete safety data.

The following data were collected for each study: study
characteristics (author name, year of publication, total number of
patients randomized, length of follow-up, and number of study
sites), patient characteristics (age, sex, and PH etiology),
intervention (treatment, dosage, add-on or not, and duration of
treatment), and outcomes (the number of patients with at least
one ADE was extracted, classified, and pooled according to the
adverse event category).

Risk of Bias Assessment: Independent assessment of risk of bias was
made according to the Cochrane Handbook for Systematic Reviews of
Interventions'® and using the Grading of Recommendation
Assessment, Development and Evaluation (GRADE) (e-Appendix 4)."
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Definition of adverse event categories

Coding/standardization using MedDRA classification

Meta-analysis

Selection of studies

Extraction of ADEs and classification
according to categories

Subgroup meta-analysis with
sildenafil, tadalafil and riociguat

Disproportionality analysis

Selection of cases from the WHO
pharmacovigilance database

Extraction of ADRs and classification
according to categories

Disproportionality analysis with
sildenafil, tadalafil and riociguat

Figure 1 - Study design. ADE = adverse drug event; ADR = adverse drug reaction; MedDRA = Medical Dictionary for Regulatory Activities; WHO =

World Health Organization.

Synthesis of Results and Statistical Analysis: We performed a direct
meta-analysis using the DerSimonian-Laird random effect approach for
each adverse event category.” Then subgroup analysis was performed by
drug studied (riociguat, tadalafil, or sildenafil) in each adverse event
subgroup. Subgroup difference was tested through testing the
interaction among drug class subgroups, and P < .05 was considered
significant. We used Q and I statistics to assess heterogeneity, and a
random effect model in case of substantial heterogeneity (I* > 50%).
When several arms were present in a study, we divided the control
group population by the number of arms, as recommended by the
Cochrane handbook.'"® We computed the incidence rate of ADEs per
patient-year for each study. Patient-years were estimated from the
planned follow-up of each study. Incidence rate ratios and 95% CIs
were used to compare adverse event incidence rates per patient-year
for each drug vs their respective control groups. The number needed
to harm (NNH) was calculated by the inverse of risk difference. When
necessary for continuity correction, 0.5 was added to the numerator
and denominator. R statistical software (version 3.2.3; R Foundation
for Statistical Computing) was used for the meta-analysis.”'

Disproportionality Analysis of Data From VigiBase

For the disproportionality analysis, we used the WHO international
pharmacovigilance database (VigiBase), including all spontaneously
reported cases of ADRs recorded between January 1, 1967, and
August 25, 2016. This database contains > 13 million case reports
from national pharmacovigilance centers from 130 countries,
collected by the WHO Collaborating Centre for International Drug
Monitoring (Uppsala, Sweden).

We extracted all cases associated with riociguat contained in VigiBase.
Because sildenafil and tadalafil are also used as treatments of erectile
dysfunction, we restricted our search to PH. We first extracted all
cases associated with the brand names Revatio and Adcirca as
indicated for PH. For cases associated with other brand names and
with generic names, we restricted our search to a predefined list of
indications (e-Appendix 5).

Disproportionality analysis was performed using the proportional
reporting ratio (PRR) method that compares the rate of reporting of
one effect among all reports for a given drug with the rate of
reporting of the same effect among all reports for all drugs in the
database.”” This allows for detecting associations between the
reporting of an ADR and a drug (a pharmacovigilance signal).

The threshold for signal detection was defined as a PRR lower
boundary 95% CI = 1 and a number of cases = 3, according to the
European Medicines Agency and the Pharmacoepidemiological
Research on Outcomes of Therapeutics by a European Consortium
recommendations.””*> We considered that ADR categories differed
significantly when CIs did not intersect. To minimize competition
bias (bias affecting the disproportionality measure when an event of
interest is strongly associated with another drug or class of drugs, or
if an event is strongly associated with the drug of interest), we
removed from the database all cases of PH and cardiac failure.”®
Another known bias is that PRR can vary over time.”” To minimize
such bias, we performed the disproportionality analysis at 3 years
after drug marketing (2008 for sildenafil, 2012 for tadalafil, and 2016
for riociguat).

Results

Characteristics of Studies and Patients Included in
the Meta-Analysis

Among 780 references identified and after removal of
duplicates and screening of titles and abstracts, 165
reports had potential eligibility. After full-text screening,
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13 RCTs were included in the quantitative analysis
(Fig 2).

These studies enrolled 2,979 patients and reported 7,451
ADE:s of interest. Characteristics of the included studies
are summarized in Table 1.°*"*" Placebo groups included
1,036 patients (308 patient-years), sildenafil included

111 [ 154#1 CHEST JULY 2018 ]



Additional records identified
through other sources
n=>52

Records identified through
database searching
n=728

|

Records screened for title and abstract,
after duplicate were removed
n = 365

Records excluded by
title and abstract:
In vitro/animal studies,
observational,
no pulmonary
hypertension

n =200

A

Full text assessed for eligibility
n=165

Excluded reports:

Post-hoc analysis

Non randomized

_| Non controlled

Single dose

Chinese language

Pharmacokinetic study
n=152

Studies included in the
quantitative synthesis
n=13

Figure 2 — Flowchart of the meta-analysis.

529 patients (132 patient-years), tadalafil included 745
patients (271 patient-years), and riociguat included 622
patients (167 patient-years).

Quality of Studies Included in the Meta-Analysis

Overall, the risk of bias was low: all 13 studies were
double-blinded, eight (62%) provided sufficient
information to assess allocation concealment, and nine
(69%) reported adequate randomization. Incomplete
outcome data were not detected, but only three study
reported all ADEs”"*"; for other trials, the frequency
threshold for reporting ADEs varied from 2% to

5% (Table 1). Two trials reported most frequent ADEs
without specifying the threshold.””** Results from five
studies were available on ClinicalTrials.gov and these
were used in the meta-analysis.”””""*’ One trial was only
available on ClinicalTrials.gov"” and one author sent us
complete safety data.”’ Overall, six studies were
considered as having moderate risk of bias, and seven
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studies had low risk of bias. Results are summarized in
Table 2.

We used GRADE recommendations to appraise the
quality of the meta-analysis. Results are included in
Figure 2 and details are provided in e-Table 1.

Characteristics of ICSRs Recorded in VigiBase

From the 13,734,630 ICSRs available in VigiBase at the
time of extraction, we identified 6,642 safety reports for
sildenafil, 3,420 reports for tadalafil, and 1,539 reports
for riociguat. They accounted for 17,919 ADRs for
sildenafil, 10,047 ADRs for tadalafil, and 8,569 ADRs for
riociguat. Cumulative incidence of ADRs reported for
sildenafil, tadalafil, and riociguat over time is shown in
e-Table 2.

Comparison of the Meta-Analysis of RCTs and the
Pharmacovigilance Disproportionality Analysis

The main results are presented in Figure 3. In the meta-
analysis, considering the interaction tests, a significant
difference between the three drugs was only detected
for gastrointestinal disorders, in disfavor of riociguat
(P < .01 for the interaction). The high rate of
gastrointestinal disorders with riociguat (NNH = 0.7
patient-years), mostly nausea, diarrhea, and vomiting,
was confirmed by an elevated PRR in the
disproportionality analysis.

No association with cardiac arrhythmia and ischemic
heart diseases was observed for any of the three drugs,
and similarly no interaction was highlighted in the meta-
analysis or the disproportionality analysis.

In the meta-analysis, sildenafil was significantly
associated with an increased rate of visual disorders
(NNH = 6.0 patient-years), but the interaction test was
not significant. However, a higher signal for visual
disorders with both PDE5is compared with riociguat
was confirmed by the disproportionality analysis.
Importantly, no retinal disorder (chromatopsia) was
reported with riociguat in VigiBase.

No significant interaction between the three drugs was
observed in the meta-analysis for hearing/vestibular
disorders and hemorrhages. In contrast,
disproportionality analysis revealed a higher signal with
riociguat compared with PDE5is. Hemorrhages were
essentially epistaxis, hemoptysis, and gastrointestinal
bleeding. Hearing/vestibular disorder signals were
heterogeneous: vestibular disorders (dizziness) were
reported more frequently for riociguat, whereas
hearing disorders (deafness) were reported less
frequently compared with PDE5is. Considering
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TABLE 1 | Characteristics of Included Studies With Patient Baseline Characteristics and Treatments

Study Characteristics

Patients Characteristics

Treatment Characteristics

Source/Year

Design

No.

Mean
Age (¥)

Female
Sex (%)

Causes of Pulmonary
Hypertension (%)

Active Drug

Daily Dose

Follow-Up
(wk)

Comparator

ADEs Reporting

Galié et al*/2005

Lewis et al?>°/2007

Simonneau et al*%/
2008

Blanco et al®'/2013

Idiopathic Pulmonary
Fibrosis Clinical
Research Network
et al®?/2010

Pfizer®3/2013

RCT parallel

RCT parallel

RCT parallel

RCT parallel

RCT parallel

RCT parallel

278

34

267

63

180

103

48.7

58

47.7

65.5

69

56

75

15

80

17

76

Pulmonary arterial
hypertension
(type 1):

Idiopathic (63%)

Connective tissue
disease associated
(30%)

Other (7%)

Pulmonary
hypertension
because of left-
sided heart disease
(type 2):

Ischemic heart
disease (50%)

Nonischemic heart
disease (50%)

Pulmonary arterial
hypertension
(type 1):

Idiopathic (79%)

Connective tissue
disease associated
(21%)

Pulmonary
hypertension
because of lung
disease (type 3):
COPD (100%)

Pulmonary
hypertension
because of lung
disease (type 3):
Lung fibrosis
(100%)

Pulmonary arterial
hypertension
(type 1)

Sildenafil

Sildenafil

Sildenafil
(add on)

Sildenafil

Sildenafil

Sildenafil
(add on)

20, 40, or
80 mg tid

25 mag tid

80 mg tid

20 mg tid

20 mg tid

20 mg tid

12

12

16

12

12

12

Placebo

Placebo

Placebo and
epoprostenol

Placebo

Placebo

Placebo and
bosentan

> 3%

Most
frequent

All

All

All serious
ADEs
Other > 5%

All serious
ADEs
Other > 5%
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TABLE 1 | (Continued)

Study Characteristics

Patients Characteristics

Treatment Characteristics

Source/Year

Design

No.

Mean
Age (¥)

Female
Sex (%)

Causes of Pulmonary
Hypertension (%)

Active Drug

Daily Dose

Follow-Up
(wk)

Comparator

ADEs Reporting

Goudie et al**/2014

Galié et al®°/2009

Zhuang et al*/2014

Galié et al®’/2015

RCT parallel

RCT parallel

RCT parallel

RCT parallel

120

405

124

500

69

53.8

54.3

32

78

79

78

Pulmonary
hypertension
because of lung
disease (type 3):
COPD (100%)

Pulmonary arterial
hypertension
(type 1):

Idiopathic (61%)

Connective tissue
disease associated
(23%)

Atrial septal defect
(8%)

Drug induced (4%)

Other (4%)

Pulmonary arterial
hypertension
(type 1):

Idiopathic (63%)

Connective tissue
disease associated
(22%)

Atrial septal defect
(6%)

Drug induced (9%)

Pulmonary arterial
hypertension
(type 1):

Idiopathic (53%)

Heritable (3%)

Connective tissue
disease associated
(37%)

Drug induced (3%)

Congenital heart
disease (2%)

HIV associated (2%)

Tadalafil

Tadalafil

Tadalafil
(add on)

Tadalafil
(add on)

10 mg/d

2.5, 10, 20, or
40 mg/d

40 mg/d

40 mg/d

12

16

16

24

Placebo

Placebo

Placebo and
ambrisentan

Placebo and
ambrisentan

Most
frequent

> 3%

All

All serious
ADEs
Other > 5%
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TABLE 1 | (Continued)

Study Characteristics

Patients Characteristics

Treatment Characteristics

Source/Year

Design

No.

Mean
Age (y)

Female
Sex (%)

Causes of Pulmonary
Hypertension (%)

Active Drug

Daily Dose

Follow-Up
(wk)

Comparator

ADEs Reporting

Bonderman et al>%/
2013

Ghofrani et al*°/2013

Ghofrani et al*°/2013

RCT parallel

RCT parallel

RCT parallel

201

443

261

58.1

51

59

14

79

66

Pulmonary
hypertension
because of left-
sided heart disease
(type 2):

Ischemic
cardiomyopathy
(45%)

Nonischemic
cardiomyopathy
(54%)

Unknown (2%)

Pulmonary arterial
hypertension
(type 1):

Idiopathic (61%)

Heritable (2%)

Connective tissue
disease associated
(25%)

Congenital (8%)

Drug induced (1%)

Portopulmonary
hypertension
associated (3%)

Chronic
thromboembolic
pulmonary
hypertension (type
4):

Inoperable (72%)

Postoperative (28%)

Riociguat

Riociguat

Riociguat

0.5,1,0or2mg
tid

1.50r2.5mg

tid

2.5 mg tid

16

12

16

Placebo

Placebo

Placebo

All serious
ADEs
Other > 2%

All serious
ADEs
Other > 2%

All serious
ADEs
Other > 2%

ADE = adverse drug event; RCT = randomized controlled trial.
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TABLE 2 | Risk of Bias Summary

Random Blinding Blinding Incomplete
Sequence Allocation Participant/ Outcome Outcome Selective
Study/Year Generation Concealment Personnel Assessment Data Reporting Other Bias
Ghofrani et al/2013*° - = 5 - - - -
Ghofrani et al/2013*° - - - - - - -
Bonderman et al*%/2013 - - o - - - -
Galié et al/2015°7 - - - - - - ,
Zhuang et al®>¢/2014 ? ? = - - - -
Galié et al/2005® ? - - - - - i,
Lewis et al*°/2007 ? ? = - - + -
Simonneau et al*°/2008 - - - - - - i,
Blanco et al®'/2013 - - = - - - ;
Goudie et al®**/2014 - - - - - " }
Galié et al/2009°° ? ? - - = - -
Idiopathic Pulmonary - - - - - - -
Fibrosis Clinical
Research Network
et al®?/2010
Pfizer et al*?/2013 ? ? - = - - -

- = low risk; + = high risk; ? = unclear risk.

vasodilation-related disorders, we observed no
differences in the meta-analysis (NNH = 1.2 patient-
years, NNH = 1.0 patient-years, and NNH = 1.8 patient-
years for riociguat, sildenafil, and tadalafil, respectively)
and weak differences between sildenafil and riociguat in
the disproportionality analysis.

Among PDE5is a trend toward less hearing/vestibular
and gastrointestinal disorders with tadalafil compared
with sildenafil was observed in both analyses. A main
discrepancy between the two methods was observed
concerning musculoskeletal disorders: the meta-analysis
showed that tadalafil was significantly associated with
increased risk, whereas in contrast, disproportionality
analysis showed a stronger signal for riociguat.

Separate meta-analyses are available in e-Figure 1.
Results of the disproportionality analysis over time are
presented in Figure 4; in our study the analysis was
performed 3 years after commercialization for each
drug. Details on ADEs/ADRs recorded in clinical trials
and in the WHO pharmacovigilance database are
presented in e-Table 3. No association with edema was
detected in the meta-analysis for any of the drugs, and
results of the disproportionality analysis are subject to
confusion bias (bias created by a variable that influences
both the dependent variable and independent variable
causing a spurious association) because of a high
prevalence of edema in patients with PH (e-Fig 2).
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Sensitivity Analysis

We performed sensitivity analyses to assess the
robustness of our results. Low-quality studies (Table 2)
and studies with noncategory 1 PH were excluded
(e-Fig 3, Table 1). Sensitivity analyses substantially
modified the results only for hearing/vestibular
disorders associated with riociguat, which became
nonsignificant. Sensitivity results are presented in
e-Table 1 and are included in the GRADE evaluation.

Discussion

Using data from RCT's and VigiBase, we found that
among PAH drugs targeting the NO pathway, the use of
riociguat was associated with fewer visual and hearing
disorders but more gastrointestinal, hemorrhagic,

musculoskeletal, and vestibular disorders than sildenafil
and tadalafil.

Visual disorders are well-known adverse events of
PDE5is. They are caused by the localization of
phosphodiesterase-5 on endothelial and smooth muscle
cells of the retina and choroid vessels, but also by
nonspecific effects on phosphodiesterase-6 (PDE6)
located on photoreceptors (rods and cones).*' Sildenafil
is the principal inducer of retinal disorders (eg,
chromatopsia) because of its high affinity for PDE6.***’
Although tadalafil has low affinity for PDES6, visual

symptoms could be caused by the modulation of retinal

143


http://chestjournal.org

Meta-analysis of clinical trials

IRR (95% CI) No. I2 Interaction test NNH GRADE

LogIRR (95% Cl)

Disproportionality analysis from VigiBase

LogPRR (95% ClI) PRR (95% Cl)  Proportion of ADRs

Cardiac arrhythmias

Cardiac arrhythmias

Riociguat 0.95 (0.61-1.46) 6 30% 0.93 008 —— —— Riociguat  0.20 (0.09-0.41) 0.5%
Sildenafil 1.04 (0.79-1.39) 8 0% [elc]=lcy —— —_—— Sildenafil 0.27 (0.07-1.05) 0.7%
Tadalafil  0.97 (0.46-2.05) 6 0% OR®® e —_— Tadalafil 0.07 (0.01-0.49) 0.5%
Ischaemic heart disease Ischaemic heart disease
Riociguat 0.66 (0.14-3.06) 6 0% 0.69 000 —m @ _— Riociguat  1.91 (1.28-2.85) 1.5%
Sildenafil 1.36 (0.63-2.94) 7 27.5% 00®® —_—— — Sildenafil 1.19 (0.39-3.63) 2.2%
Tadalafil  1.03(0.36-2.92) 7 0% 000® —_—— —— Tadalafil 2.02 (1.10-3.71) 1.2%
Visual disorders Retinal disorders
Riociguat 0.86 (0.22-3.35) 6 0% 0.47 . 00®® —_—— L Riociguat 3.60 (2.73-4.76) 3%
Sildenafil 1.67 (1.11-2.51) 7 0% 6.0 0Be® —— @~ Sildenafil 8.81(6.03-12.86) 12%
Tadalafil  1.14(0.59-2.23) 6 0% 00®® —i— L Tadalafil 7.87 (5.90-10.49) 12%
Musculoskeletal disorders Musculoskeletal disorders
Riociguat 0.86 (0.62-1.21) 6 0% 0.12 OR®® —f— . Riociguat 4.99 (4.51-5.53) 16%
Sildenafil 1.05 (0.86-1.27) 8 7.5% . 008® e — Sildenafil  2.53 (1.67-3.82) 10%
Tadalafil  1.28 (1.03-1.60) 6 0% 3.4 02e® ] L Tadalafil 2.39 (1.81-3.16) 12%
Hearing and vestibular disorders Hearing and vestibular disorders
Riociguat 1.46 (1.02-2.10) 6 0% 0.20 43  008® —— . Riociguat  8.72 (8.00-9.51) 19%
Sildenafil 1.45(1.06-1.97) 7 0% 104 0@®® —— —_— Sildenafil 3.18 (2.10-4.81) 10%
Tadalafil  0.95(0.63-1.42) 6 0% 00®® — He— Tadalafil 1.33 (0.83-2.13) 5%
Gastrointestinal disorders Gastrointestinal disorders
Riociguat 1.77 (1.43-2.18) 6 0% 0.00 0.7 0®®® —— —_— Riociguat 6.47 (6.45-6.49) 44%
Sildenafil 1.25(1.07-1.45) 8 0% 79 0®®® = L Sildenafil 1.84 (1.38-2.45) 18%
Tadalafil  1.12(0.92-1.34) 7 19.9% O’®® — = Tadalafil 1.32 (1.03-1.69) 15%
Haemorrhages Haemorrhages
Riociguat 1.80(1.00-3.29) 6 0% 0.37 OR®® —— [ Riociguat 8.12 (7.55-8.74) 23%
Sildenafil 1.15(0.87-1.52) 8 0% ORB®® — - Sildenafil 3.51(2.54-4.87) 15%
Tadalafil  1.12(0.68-1.80) 7 0% OR®® — . Tadalafil 1.83 (1.29-2.59) 8%
Vasodilation-related disorders Vasodilator related disorders
Riociguat 1.48(1.21-1.82) 6 0% 0.73 1.2 0®8® _— & Riociguat 12.1 (12.1-12.2) 51%
Sildenafil 1.46 (1.27-1.70) 8 0% 1.0 0re® - = Sildenafil 9.20 (8.42-10.06) 53%
Tadalafil  1.97 (1.30-3.00) 7 66.1% 1.8  00®® —— L) Tadalafil 3.23 (2.65-3.94) 21%
| I S T T 1T T T T L
-2 -15-1-050 05 1 156 256 -4 -3 -2 -1 0 1 2 3

Figure 3 — Forest plot comparing the meta-analysis and the disproportionality analysis. GRADE quality of evidence includes moderate (O ® ® ), low
(OO ®®), and very low (O O O ®). GRADE = Grading of Recommendation Assessment, Development and Evaluation; I = heterogeneity; IRR =
incidence rate ratio; n = No. of studies in the subgroup; NNH = number needed to harm (patient-years); Proportion ADRs = proportion of adverse
drug reactions of interest per overall number of adverse drug reactions in VigiBase for one given drug; PRR = proportional reported ratio. See Figure 1

legend for expansion of other abbreviation.

blood flow.*"*’ No retinal disorder was reported with
riociguat.

Musculoskeletal disorders are classically associated with
PDES5is and are induced by nonspecific effects on
muscular phosphodiesterase-11. The test for subgroup
differences in the meta-analysis was nonsignificant,
suggesting no differences among the three drugs.
However, in the disproportionality analysis, although
the effect size was similar between sildenafil and
tadalafil, it was higher with riociguat. Although the
presence of sGC at neuromuscular junctions could
explain such disorders,* veracity of this higher rate of
musculoskeletal disorders with riociguat remains to be
further explored and confirmed.

Hearing and vestibular disorders are well described with
PDES5is, and they are probably related to the
accumulation of NO in cochlear and auditory nerves,
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which induces oxidative stress and apoptosis.*”** Our
study suggests that tadalafil is less likely to be associated
with such disorders than sildenafil. This result is
concordant with epidemiologic studies, but the
mechanism explaining this discrepancy remains to be
elucidated.”” Riociguat does not provoke local
accumulation of NO, presumably explaining the lower
rate of hearing disorders, and the pharmacologic signal
was mostly represented by dizziness, which is not
specific.

The NO-sGC-cGMP pathway is involved in
gastrointestinal smooth muscle relaxation, peristalsis,
and intestinal fluid secretion.””>" The higher frequency
of gastrointestinal disorders associated with riociguat
might be explained by the substantial expression of sGC
in several types of gastrointestinal cells (eg, smooth
muscle, interstitial cells).”®

[ 154#1 CHEST JULY 2018 |



Cardiac arrhytmias Visual disorders

18 18
16 16
14 14
12 12
10 10
8 8
6 6
4 4
2 2
Or—T—7T—TTrT T T T 0
B N MO S R

Musculoskeletal disorders Hearing and vestibular disorders

18 18
16 16
14 14
12 12
10 10
8 8
6 6
4 4
2 2
0 0

2 SRS ISR I
o PR PP RSP P P

M Sildenafil [ Tadalafil l Riociguat | | M Sildenafil [ Tadalafil M Riociguat I

I M Sildenafil [ Tadalafil B Riociguat | | M Sildenafil [ Tadalafil W Riociguat

Ischaemic heart disease Gastrointestinal disorders

Vasodialtor related disorders

Haemorrhages

| I Sildenafil [ Tadalafil H Riociguat | | I Sildenafil [ Tadalafil B Riociguat |

| M Sildenafil [ Tadalafil B Riociguat | | M Sildenafil @ Tadalafil W Riociguat

Figure 4 - Results of disproportionality analysis according to the time on the market.

The antiplatelet aggregation effect of NO donors is well
described and is mediated by the NO-sGC-cGMP
pathway.” This effect is correlated to endogenous NO
levels for the PDES5i but not for riociguat which activates
sGC independently.”” Given that NO levels are reduced
in PH, the higher bleeding risk we found with riociguat
may be related to increased activation of this pathway.’

In the pharmacovigilance disproportionality analysis,
vasodilatation-related disorders seemed to be more
frequently associated with riociguat and sildenafil than
tadalafil. This suggests notification bias, in which
underreporting for new drugs targeting the same
pathways as existing drugs is a known risk factor.
Indeed, tadalafil was marketed 4 years after sildenafil
and physicians were aware of the safety profile of
PDESis, so they failed to signal adverse effects such as
hypotension.

Our original approach mixes meta-analysis and
pharmacovigilance methods to compare the safety
profile of three drugs, both from clinical trials and
postmarketing use. From clinical trials, we extracted
almost twice as many ADEs from the trial databases
compared with published articles (+85%) (e-Fig 4),
highlighting the importance of searching such sources in
a safety meta-analysis.”* This allowed quantification of
the risk of ADEs; however, unfortunately, they are not
always completely or consistently reported. Indeed, we
found, discrepancies in reporting ADEs (Table 1), which
might induce some bias. Moreover, RCT's are
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underpowered to detect adverse events less frequent
than the primary outcome. Finally, the selection of the
maximal tolerated dose in run-in periods and the short
follow-up duration of patients in RCTs (about 4 months
per patient in our meta-analysis) reduces the incidence
of some ADEs.

Analyzing the WHO pharmacovigilance database
addresses these issues given that patients are not
selected. On the other hand, notification may be
selective and there is no control group. Although
disproportionality analysis has been conceived to allow
detecting signals, we used it in our study to compare
strengths of associations between three drugs. The
influence of length of time since marketing, media
safety alerts, or selective notification makes
interpretation of the results complex. In our study, the
influence of time on the market on the PRR was
striking (Fig 4), reflecting an important Weber effect in
this drug class and highlighting the importance of
taking into account such bias when comparing drugs.”
However, despite these biases, a close correlation was
found between relative risks and measure of
disproportionality,'’ and data-mining methods have
proven their efficacy in pharmacovigilance.”>”°
Moreover, we found a close similarity between adverse
drug symptoms reported in RCTs and in VigiBase
(e-Table 3). A further potential limitation is that
riociguat, but not the PDE5i, is indicated for patients
with thromboembolic PH that may differ from type 1
PAH.
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Conclusions

This approach mixing a meta-analysis and a
pharmacovigilance disproportionality analysis
showed that safety profiles of PDE5is and sGC

stimulators significantly differ in PH. Accordingly

side effects.

there is a safety rationale in switching between
PDE5is and sGC stimulators because of their different
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2. Pulmonary Arterial Hypertension associated with Protein Kinase

Inhibitors: A pharmacovigilance-pharmacodynamic study.

Plusieurs cas d’HTAP ont été rapportés dans la littérature quelques mois apres la mise sur le
marché d’un inhibiteur de tyrosine kinase, le dasatinib. (115,116) Depuis de nombreux autre
cas ont été rapportés avec d’autres inhibiteurs de protéine kinase; notamment avec le
bosutinib, le ruxolitinib ou le lorlatinib. (117-119) Nous avons réalis¢ une ¢tude de
« pharmacovigilance-pharmacodynamie », mixant une analyse de disproportionnalité et des
données de pharmacodynamie afin de tenter de répondre a deux questions qui restaient en
suspens :

- les HTAP sont-ils un effet indésirable de classe des inhibiteurs de protéine kinase ? Si non,
quels inhibiteurs de protéine kinase sont concernés ?

- quel est le mécanisme physiopathologique de ces HTAP induits par les inhibiteurs de

protéine kinase ?
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Using the WHO pharmacovigilance database, PAH was found to be associated with dasatinib,
bosutinib, ponatinib, ruxolitinib and nilotinib. The potential role of Src protein kinases and TEC in
PAH induced by protein kinase inhibitors is further highlighted. http:/ow.ly/56s030nMKM;j

Cite this article as: Cornet L, Khouri C, Roustit M, et al. Pulmonary arterial hypertension associated with
protein kinase inhibitors: a pharmacovigilance-pharmacodynamic study. Eur Respir ] 2019; 53: 1802472
[https://doi.org/10.1183/13993003.02472-2018].

ABSTRACT The pathophysiology of pulmonary arterial hypertension (PAH) induced by protein kinase
inhibitors (PKIs) remains unclear. To gain knowledge into this rare and severe pathology we performed a
study combining a pharmacovigilance approach and the pharmacodynamic properties of PKIs.

A disproportionality analysis on the World Health Organization pharmacovigilance database VigiBase
using the reporting odds ratio (ROR) and 95% confidence interval was first performed. Then, we
identified the most relevant cellular targets of interest through a systematic literature review and correlated
the pharmacovigilance signals with the affinity for the different PKIs. We further performed a hierarchical
cluster analysis to assess patterns of binding affinity.

A positive disproportionality signal was found for dasatinib, bosutinib, ponatinib, ruxolitinib and nilotinib.
Five non-receptor protein kinases significantly correlate with disproportionality signals: c-Src (r=0.79,
p=0.00027), c-Yes (r=0.82, p=0.00015), Lck (r=0.81, p=0.00046) and Lyn (r=0.80, p=0.00036), all belonging
to the Src protein kinase family, and TEC (r=0.85, p=0.00006). Kinases of the bone morphogenetic protein
signalling pathway also seem to play a role in the pathophysiology of PKI-induced PAH. Interestingly, the
dasatinib affinity profile seems to be different from that of other PKIs in the cluster analysis.

The study highlights the potential role of the Src protein kinase family and TEC in PAH induced by
PKIs. This approach combining pharmacovigilance and pharmacodynamics data allowed us to generate
some hypotheses about the pathophysiology of the disease; however, the results have to be confirmed by
further studies.

Copyright ©ERS 2019
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Introduction

Pulmonary hypertension is defined as an increase in mean pulmonary arterial pressure >25 mmHg
assessed by right heart catheterisation [1]. The pathophysiology is characterised by an increased migration
and proliferation of pulmonary arterial smooth muscle cells, leading to vascular remodelling [2]. The
classification proposed by the European Society of Cardiology/European Respiratory Society guidelines
defines five groups of different pathological features which characterise the diverse clinical pulmonary
hypertension groups [1]. Group 1 relates to pulmonary arterial hypertension (PAH), a rare and
life-threatening condition characterised by the remodelling of pulmonary arteries [3], and associated with
various aetiologies. Indeed, PAH may be idiopathic, heritable, drug and toxin induced, or associated with
conditions such as connective tissue disease, HIV infection, congenital heart disease or schistosomiasis,
with worldwide heterogeneity.

Among drug-induced PAH, the multiple protein kinase inhibitor (PKI) dasatinib had been increasingly
linked to PAH since 2009 [4, 5]. More recently, several cases have reported potential association with or
deterioration of pre-existing PAH with other PKIs such as bosutinib, ponatinib and lapatinib [6-8].

Since these compounds inhibit multiple kinases, the identification of a target responsible for such a rare
adverse event is challenging. We thus mixed pharmacovigilance data mining with the pharmacodynamic
properties of PKIs to gain knowledge into potential mechanisms underlying this rare and severe adverse
event.

Methods

Study design

We first performed a disproportionality analysis from the World Health Organization (WHO)
pharmacovigilance database VigiBase (www.who-umc.org/vigibase/vigibase). Disproportionality analyses
are largely used by regulators to generate “pharmacovigilance signals” aiming at assessing putative links
between drugs and adverse drug reactions (ADRs) [9]. Such methods compare the reporting proportion
between a studied drug and all other drugs in the database for a given ADR. Several measures of
disproportionality have been developed, but there is no recognised gold standard [10]. They do not
provide risk quantification, but could be used as a proxy of the risk of an ADR when no other estimate is
available (i.e. for extremely rare ADRs) [11-14]. In a second step we identified cellular targets of interest
through a systematic literature review. Finally, we evaluated the association between the pharmacovigilance
disproportionality signals and the affinity for different PKIs.

Pharmacovigilance database

VigiBase is the WHO global database of individual case safety reports (ICSRs). At the time of extraction,
this database contained approximately 16 million reports of suspected adverse effects of medicines, from
more than 150 countries, collected since 1968. VigiBase provides ICSRs with patient information such as
sex, age, medical history and country; suspected and concomitant drugs taken with chronological
information, as well as drug indication and dosage; and a description of the adverse effect with its severity
and outcomes.

Selection of cases

We used the standardised high-level term “Pulmonary hypertensions” of MedDRA (Medical Dictionary
for Regulatory Activities) terminology to identify pulmonary hypertension cases from VigiBase. To select
drug-induced type 1 PAH we excluded all ICSRs of pulmonary hypertension associated with cardiac,
pulmonary or thrombotic disorders, connective tissue diseases, HIV infection, congenital heart disease, or
schistosomiasis. Details are available in supplementary appendix S1.

Then, ICSRs containing drugs or toxins known to induce PAH (aminorex, fenfluramine, dexfenfluramine,
benfluorex, amphetamines (dexamfetamine), phentermine and mazindol) were also excluded [15].

Selection of PKis

To select PKIs with a reasonable level of information to calculate accurate reporting odds ratios (RORs),
we included in the analysis only PKIs with more than 100 suspect ICSRs reported in VigiBase between
January 1, 2002 and December 31, 2017 [16]. We therefore selected 28 drugs: afatinib, alectinib, axitinib,
bosutinib, cabozantinib, ceritinib, cobimetinib, crizotinib, dabrafenib, dasatinib, erlotinib, gefitinib,

This article has supplementary material available from erj.ersjournals.com
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ibrutinib, lapatinib, lenvatinib, lestaurinib, osimertinib, nilotinib, palbociclib, pazopanib, ponatinib,
regorafenib, ruxolitinib, sorafenib, sunitinib, trametinib, vandetanib and vemurafenib.

To avoid confounding in the pharmacovigilance signal interpretations, nintedanib and imatinib were
excluded a priori from the selection because of suspected protopathic and indication bias. Indeed, it is
impossible to distinguish reports of PAH induced by pulmonary fibrosis in nintedanib-treated patients and
drug inefficacy in imatinib-treated patients from adverse events [17, 18].

Identification of protein kinases involved in PAH and affinity between PKls and these targets
Cellular targets of interest involved in PAH pathophysiology were identified through a systematic literature
review in MEDLINE with the Medical Subject Headings (“Familial Primary Pulmonary Hypertension”[Mesh])
AND “Protein Kinases”[Mesh].

Affinity data for the targets of interest were extracted from the International Union of Basic and Clinical
Pharmacology/British Pharmacological Society Guide to Pharmacology in 2018 [19].

Disproportionality analysis

We first performed a disproportionality analysis with the ROR method for each PKI of interest considered
as suspect [20]. We compared the proportion of PAH reported for each PKI with the proportion of PAH
associated with all other drugs used as non-cases. The cut-off for signal detection was defined as a ROR
lower boundary 95% confidence interval >1 and three or more cases [21]. We also performed a temporal
analysis to assess to the influence of media safety alerts on the reporting rate of PAH among reported
adverse events, as previously described [22].

Statistical analyses

To assess the link between the identified cellular targets of interest and pharmacovigilance signals, we
calculated the Pearson correlation coefficient (r) between the negative logarithm of the dissociation
constant Kd (pKd) and the ROR.

We hypothesised that the higher the affinity for the cellular target, the higher the “risk” of notification of
suspected drug-induced PAH. In order to take into account the multiplicity of comparisons, the statistical
significance threshold for all p-values was adapted using a Bonferroni correction [23].

Sensitivity analyses were performed to assess the robustness of the results: 1) excluding PKIs that had less
than three cases of PAH; 2) standardising the time on the market for the different PKIs at 6 years after the
US Food and Drug Administration approval date, corresponding to the time between dasatinib approval
and the first published safety alert; and 3) performing the correlation using other affinity data, extracted
from Davis et al. [24].

We further performed a hierarchical cluster analysis, through the hierarchical k-means clustering method,
to assess the similarity among receptor binding affinity profiles of the included protein kinases [25].

Lastly, for the PKIs associated with a significant pharmacovigilance disproportionality signal we studied
the influence of media safety alerts on the reporting rate of PAH. Moreover, as suggested by a reviewer, we
performed a multinomial regression analysis to assess the influence of dose and duration of exposure on
the outcomes of the PAH cases (recovered/not recovered/died)

Descriptive results are expressed as mean with standard deviation or median (interquartile range (IQR)).

All analyses were performed using R version 3.2.3 (www.r-project.org).

Results

Selection of cases

Up to December 31, 2017, a total of 286 834 ICSRs were related to the 22 selected PKIs. Among them, 733
cases of pulmonary hypertension were extracted. The exclusion of cases associated with other PAH
aetiologies and concomitant drugs led to 442 ICSRs included in the final analysis (supplementary figure S1).

Description of PAH cases

Among the 442 cases of PAH, 193 were female (43.7%), 202 were male (45.7%) and sex was unknown for
47 (10.6%); meantsp age was 57.6+15.8 years. A pleural effusion was associated with PAH in 75 cases
(17.0%). The median (IQR) delay between PAH and PKI introduction was 23 (6.3-41.3) months (data
available for 206 ICSRs), with substantial heterogeneity: 2.9 (1.7-12.8) months for bosutinib, 27.9 (11.5-
45.0) months for dasatinib, 11.7 (2.6-22.0) months for nilotinib, 10.7 (8.1-11.4) months for ponatinib and
12.0 (3.9-49.1) months for ruxolitinib.
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Identification of protein kinases involved in PAH
35 protein kinases involved in PAH pathophysiology were identified through the literature review
(supplementary figure S2): ALK1/5, AMPKal/2, BMPR1/2, B-Raf, c-Yes, DDRI1, EIF2K4, ERBbI, FAK,
FGFR1/2, HER2, IGFIR, JAK1/2, JNK1/2, KIT, Lck, Lyn, HGF, PDGFRo/f, PKG, RAF1, ROCK2, Src,
TEC, TIE2 and VEGFR1/2/3. Full definitions/aliases and the most relevant references about the target of
interest are reported in supplementary appendix S2.

Disproportionality analysis

Among the 28 selected PKIs, at least one PAH case was reported for 22. A positive disproportionality
signal was found for dasatinib, bosutinib, ponatinib, ruxolitinib and nilotinib, with a ROR of 28.64 (95%
CI 25.53-31.93), 13.43 (95% CI 8.65-20.87), 3.88 (95% CI 1.86-7.46), 3.71 (95% CI 2.44-5.65) and 3.39
(95% CI 2.43-4.73), respectively. RORs are represented in figure 1. Results of the sensitivity analysis
(standardising on time on the market) were consistent with the main analysis, except for nilotinib which
became nonsignificant. Results are presented in supplementary appendix S3 and supplementary figure S3.

Drug dosages were available for 295 cases and are represented in figure 2. Among the 170 PAH cases
associated with dasatinib, only two were reported with a dosage higher than recommended. No correlation
was found between PKI dosage, duration of exposure and outcome severity (data not shown).

Correlation analysis

Among the 22 PKIs identified in VigiBase, affinity data for the target of interest were available for 16 [19].
Five protein kinases were significantly correlated with disproportionality signals: c-Src (r=0.79, p=0.00027),
c-Yes (r=0.82, p=0.00015), Lck (r=0.81 p=0.00046), Lyn (r=0.80, p=0.00036) and TEC (r=0.85,
p=0.00006). The proportion of variance (r”) explained by the model was 0.72, 0.67, 0.64, 0.64 and 0.72 for
c-Src, c-Yes, Lck, Lyn and TEC, respectively. The results of the correlation analysis for each target
classified according to its main cellular function are presented in figure 3.

Results for c-Yes, c-Src and TEC remained significant in all three sensitivity analyses, while results for Lck
and Lyn remained significant in two of them. Furthermore, two other targets became significantly
associated with disproportionality signals in the sensitivity analysis excluding PKI with less than three
PAH cases: ALK1 (r=0.9) and ALK5 (r=0.98). Results are presented in supplementary appendix S4.
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FIGURE 1 Forest plot of the reporting odds ratio (ROR) values of protein kinase inhibitor (PKI)-related
pulmonary arterial hypertension. ™: PKI associated with positive disproportionality signal.
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FIGURE 2 Treemap of daily drug dosages for the five most reported protein kinase inhibitors: dasatinib (n=170), bosutinib (n=13), ruxolitinib
(n=36), nilotinib (n=9) and ponatinib (n=10). The area of the rectangles is proportional to the number of reported cases for each dosage/drug
combination. Higher than recommended dosages of dasatinib (500 and 560 mg) are indicated.

Cluster analysis

We performed a hierarchical clustering based on the affinity data of each PKI. Results are presented in
figure 4, which represents the degree of PKI affinity for the identified protein kinase involved in PAH. The
dasatinib affinity profile differs from that of bosutinib, ruxolitinib and nilotinib.

Time-trend analysis

We studied the association between PAH reports and media safety alerts by a temporal analysis of the
annual proportion of PAH reports for 1000 reported adverse events for each PKI with a significant
pharmacovigilance disproportionality signal. Notably, an important increase in the rate of notification for
dasatinib and bosutinib can be seen after first media alert. Results are presented in figure 5.

Discussion
To the best of our knowledge, this is the first pharmacovigilance analysis assessing the reporting risk of
PAH associated with PKI use. Among more than 16 million ADRs reported in the WHO
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FIGURE 3 Manhattan plot synthesising the correlation analysis. Pearson correlation coefficients (r?) of each
target classified according to its main cellular function. Full definitions/aliases are reported in supplementary
appendix 52. #: significant correlation in the initial analysis.
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FIGURE 4 Cluster dendrogram of protein kinase inhibitors (PKIs) based on their affinity profile. #: PKI with a
significant pharmacovigilance disproportionality signal.

pharmacovigilance database VigiBase at the date of the extraction, 286834 ICSRs were associated the 28
selected PKIs, including 442 PAH cases. Disproportionality analysis showed that dasatinib, bosutinib,
ponatinib, ruxolitinib and nilotinib displayed a significant pharmacovigilance signal. Those results are
consistent with the literature, with dasatinib being the most widely implicated PKI in induction or
aggravation of PAH [5, 20-23]. More recently, bosutinib, ponatinib and ruxolitinib were also linked to
PAH [6, 26]. Results for nilotinib seem less robust because the pharmacovigilance disproportionality signal
disappeared in the sensitivity analysis and high dosages were used for a third of the cases. Moreover,
well-documented case reports are still lacking in the literature for nilotinib. The pharmacovigilance signal
found for ruxolitinib could also be questioned because ruxolitinib is prescribed in the treatment of
polycythaemia vera and essential thrombocythaemia, which are recognised causes of pulmonary
hypertension. Otherwise, a published case series suggested that lapatinib, a PKI used in breast cancer with
human epidermal growth factor receptor mutations, might also cause PAH, but only one of the six
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FIGURE 5 Proportion of reported pulmonary arterial hypertension (PAH) cases per 1000 reported adverse

events per year for the five protein kinase inhibitors with a significant disproportionality signal. The arrows
indicate the first published case reports in MEDLINE for each drug.

https://doi.org/10.1183/13993003.02472-2018 128 6



PULMONARY HYPERTENSION | L. CORNET ET AL.

patients presented in this case series had right heart catheterisation confirming pre-capillary PAH [27]. In
our study, lapatinib showed a weak, nonsignificant disproportionality signal with a ROR of 1.13 (95% CI
0.61-2.10). Although not included in our study because of a lack of reported ICSRs in VigiBase, lorlatinib
has recently been linked to PAH [7]. Further studies are needed to confirm these first reports.

The correlation analysis showed that c-Src, c-Yes, Lck, Lyn and TEC were highly correlated to PAH reporting
risk. The Src tyrosine kinase family contains nine members: three of them (Src, Fyn and Yes) are ubiquitously
distributed and six (Blk, Yrk, Fgr, Hck, Lck and Lyn) are variously expressed depending on the tissue. Src
tyrosine kinases are crucial for TWIK-related acid sensitive potassium 1 (TASK-1) potassium channel
functioning, acting as a cofactor [28]. Mimicking hypoxia conditions, inhibition of Src kinases decreases
TASK-1 activity resulting in an intracellular calcium level increase, and thus enhancing vasoconstriction and
vascular remodelling [28]. However, these findings have to be balanced by the dasatinib dosage studied, which
corresponded to 500 times the clinical dose. Beyond inhibition of such protein kinases, dasatinib might induce
apoptosis and endothelial cell dysfunction through an increase of mitochondrial reactive oxygen species (ROS)
that is independent from Src family kinase inhibition [29]. However, there are no significant changes in
pulmonary haemodynamic parameters in rats treated daily with high doses of dasatinib (10 times the clinical
doses) for 4 weeks [29]. Given the probable influence of PKI dosage on the onset of PAH, secondary targets
may also have an important contribution that should be further elucidated in pre-clinical research [30-32].

TEC and Lyn have been linked to pleural effusions through an immune-mediated mechanism and could
represent a common signalling pathway explaining the high proportion of such disorders in PKI-related
PAH cases [14, 33]. Consistent with the high incidence of dasatinib-induced pleural effusion, rats treated
with high doses of dasatinib developed pleural effusion following a period of at least 5 weeks, supporting a
direct link between high doses of dasatinib and the development of pleural effusion [34]. Interestingly, this
work highlights that high circulating levels of dasatinib alter pulmonary endothelial permeability in a
ROS-dependent manner in vitro and in vivo, leading to pleural effusion.

Members of the bone morphogenetic protein signalling pathway showed heterogeneous results in our
study. Although ALK1, ALK5 and BMPR1 showed a positive correlation in the main or sensitivity
analysis, BMPR2, the primary cause of heritable PAH, did not show any correlation in our study. The
bone morphogenetic protein signalling pathway is involved in cell proliferation, mitochondrial dysfunction
and inflammation [18]. Mutation of BMPR2, the gene coding for the BMPR2 receptor, accounts for
70-80% of heritable PAH; furthermore, BMPR2 concentration has also been shown to be reduced in lung
tissue from patients with PAH [35]. However, estimates indicate that only ~20% of individuals with a
known genetic mutation in BMPR2 will develop PAH during their life, thus BMPR2 mutation is required
but is not sufficient alone for phenotypic expression and increases an individual’s chance of developing
PAH [18, 36]. Interestingly, Caruso et al. [37] recently showed that BMPR2 reduction, through the
microRNA miR-124, leads to the mitochondrial Warburg phenotype and may explain the mitochondrial
increased ROS found by GUIGNABERT et al. [29].

The absence of an association between platelet-derived growth factor and vascular endothelial growth factor
protein kinases reinforces the fact that vascular remodelling is not a major component of PAH induced by
PKIs, which is consistent with the observations of PAH reversal upon PKI discontinuation. Despite this,
there is some evidence suggesting that irreversible PAH should occur through ROS generation [26, 38].

Genetic mutations are considered to be permissive of disease and require additional epigenetic, inflammatory
or environmental factors for the development of PAH in individuals with those mutations [39]. Similarly,
and based on in vitro and in vivo findings, PKIs increase the risk of developing PAH but require a
comparable genetic, epigenetic or environmental “second hit”, which remains to be identified [29].
According to published case series, a higher proportion of males may develop PKI-induced PAH, while the
incidence of PAH is fourfold higher in females than in males in the general population [18]. It is known
that males have a worse prognosis mainly because of a maladaptive response of the right ventricle to PAH;
we thus cannot exclude a participation of hormones and sex in triggering PAH [40].

In the cluster analysis, we tried to identify a PKI family specifically involved in PAH. The results are
mainly in accordance with the literature and consistent with the chemical structure of PKIs [41].
Interestingly, the dasatinib affinity profile for protein kinases involved in PAH seems unique among the
drug class. However, PKIs such as vandetanib or crizotinib, which share a similar affinity profile to that of
bosutinib, nilotinib and ruxolitinib, but which are used in solid-organ malignancies, are not associated
with the reporting of PAH (figure 4). This observation may help to elucidate the role of the underlying
haematological disease in the genesis of PAH beyond inhibition of protein kinases.

Given that pharmacovigilance notifications are based on a spontaneous reporting system, the number and
proportion of cases reported for a medicinal product may vary depending on many factors, such as media
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safety alerts, time since marketing or selective notification. Thus, the exact population exposed to a given
drug is unknown. Illustrating this variability, the time-trend analysis showed a large increase in the rate of
reporting after the first case series and case report publications. However, despite these biases, a correlation
between relative risks and a measure of disproportionality was found [11]. Moreover, while we retrieved all
cases for selection in this study we cannot exclude that instances of spurious PAH were included; indeed,
only two cases reported abnormal right heart catheterisation results. Unfortunately, the medications
introduced after the onset of the adverse event are not fulfilled in the database to avoid spurious
pharmacovigilance signals, thus they could not be used for case selection. In two cases (one with dasatinib
and one with ruxolitinib) a previous exposure to interferons was found, but the link with PAH onset was
not considered strong enough to be excluded. Furthermore, new onset and aggravation of PAH were
considered similar. Unfortunately, our study of comedications, associated pathologies and drug dosages was
limited by the high rate of missing data in the ICSRs reported in VigiBase. This reinforces the importance
of reporting all suspected ADRs on pharmacovigilance systems in order to improve their efficiency [42].

In the present pharmacovigilance-pharmacodynamic analysis, we assumed that PAH was caused by a
single protein kinase and we did not account for co-inhibition of multiple protein kinases. However,
we tried to address this limitation by performing a cluster analysis to identify at-risk groups of PKIs.
Lastly, our study was not able to detect inhibition/activation of non-protein kinase cellular targets
(e.g. proteasomes, G protein-coupled receptors, voltage-gated ion channels or ligand-gated ion channels).
Therefore, the role of other targets in the pathogenesis of PKI-induced PAH cannot be ruled out.

Conclusions

To the best of our knowledge, this is the first pharmacovigilance analysis to investigate the risk of PAH
associated with PKIs. The disproportionality analysis showed that dasatinib, as well as bosutinib,
ponatinib, ruxolitinib and nilotinib, had a significant disproportionality signal. This study highlights
potential the roles of Src protein kinases family and TEC in PAH induced by PKIs. Overall, this study
contributes to a better understanding of PAH induced by PKIs and to identifying potential targets of
interest that need to be further explored.
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3. Conclusion et perspectives

Ces travaux nous ont permis d’explorer et de comparer le profil d’effets indesirables de 3
traitements pour lesquels aucune différence en termes d’efficacité n’a été mise en évidence
pour le moment. (120) Nous avons tenté de réaliser le méme type d’étude sur les traitements
agissant sur la voie de la prostacycline (PROSPERO 2018 CRD42018081269). Cependant la
transparence et la qualit¢ des essais cliniques sélectionnés étaient trop hétérogeéne pour
pouvoir comparer les résultats ; essentiellement en raison du mélange d’anciens essais
cliniques, sur I’époprostenol ou I’iloprost par exemple, a des essais plus récents comme avec
le selexipag. Nous avons essayé d’obtenir les données individuelles de safety de ces essais,
mais nos demandes ont été refusées par les laboratoires en question.

Nous avons également exploré le mécanisme d’action des HTAP induites par une classe
médicamenteuse, les inhibiteurs de tyrosine kinases. Il reste dans ce domaine beaucoup de
travaux a effectuer sur les mécanismes des autres étiologies iatrogénes, qui restent encore mal
connues. De plus, une analyse de disproportionnalité¢ a partir des données de Vigibase n’a
jamais été réalisée. Par ailleurs, ’HTAP étant une pathologie dont la prise en charge est quasi-
exclusivement hospitaliere la détection et I’évaluation de signaux a partir bases de données
médico-administratives parait envisageable ; bien que la rareté de cette pathologie nécessite

I’utilisation de bases trés puissantes.
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1. Hierarchical evaluation of electrical stimulation protocols for

chronic wound healing: an effect size meta-analysis.

L’amélioration de la cicatrisation d’ulcéres cutanés est un champ de recherche fondamental au

sein de notre équipe (https://grenoblemicrocirculation.org/). Nous utilisons notamment des

méthodes d’iontophorése afin de délivrer des médicaments directement au niveau de la 1ésion
cutanée. (121-124) Nous utilisons donc le courant électrique pour augmenter la pénétration
transcutanée de principes actifs vasodilatateurs. Ceci permet d’augmenter la concentration de
médicaments au site de l'ulcére et de limiter les effets indésirables induits par des
administrations systémiques de ces traitements. Plusieurs études suggerent un effet propre du
courant €lectrique sur la cicatrisation cutanée qui pourrait donc participer I’effet thérapeutique
de I’iontophorese. Afin d’étudier I’effet du courant électrique sur la cicatrisation cutanée et de
comparer |’efficacité des différentes modalités d’électrostimulation nous avons réalisé cette

méta-analyse.
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ABSTRACT

Electrical stimulation (ES) has been tested for decades to improve chronic
wound healing. However, uncertainty remains on the magnitude of the efficacy
and on the best applicable protocol. We conducted an effect size meta-analysis
to assess the overall efficacy of ES on wound healing, to compare the efficacy
of the different modalities of electrical stimulation, and to determine whether
efficacy differs depending on the wound etiology, size, and age of the chronic
wound. Twenty-nine randomized clinical trials with 1,510 patients and 1,753
ulcers were selected. Overall efficacy of ES on would healing was a 0.72 SMD
(95% CI: 0.48, 1) corresponding to a moderate to large effect size. We found
that unidirectional high voltage pulsed current (HVPC) with the active electrode
over the wound was the best evidence-based protocol to improve wound healing
with a 0.8 SMD (95% CI: 0.38, 1.21), while evaluation of the efficacy of direct
current was limited by the small number of studies. ES was more effective on
pressure ulcers compared to venous and diabetic ulcers, and efficacy trended to
be inversely associated with the wound size and duration. This study confirms
the overall efficacy of ES to enhance healing of chronic wounds and highlights
the superiority of HVPC over other type of currents, which is more effective on
pressure ulcers, and inversely associated with the wound size and duration. This
will enable to standardize future ES practices.

Electrical stimulation has been tested for decades to
improve chronic wound healing'? and available evidence
now suggests possible efficacy. Recently, there has been
renewed interest to determine the amplitude of the effect
and the best modality and several systematic reviews® °
and meta-analyses were published.w) However, while all
of them concluded that this method improved chronic
wound healing, results were conflicting and uncertainty
remains regarding the best electrical stimulation protocol,
and whether efficacy was similar across wound character-
istics (underlying clinical condition, size, and age of the
chronic wound).

Electrical stimulation protocols widely differed between
studies: electrodes could be placed over or close to the
wound; the electrical current could be either direct current
(DC) with unidirectional continuous impulses that last
more than 1 second, high or low voltage pulsed current
(HVPC or LVPC) with dozen or hundred impulses per sec-
ond or alternating current (AC) with bidirectional continu-
ous impulses. In addition, frequency, intensity, duration,
and amplitude of electrical stimulation vastly differed.
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Some authors even used stochastic and random current
with active electrodes placed on nervous pathways away
from the wound, methods called frequency rhythmic elec-
trical modulation system (FREMS) and transcutaneous
electrical nerve stimulation (TENS). Beyond protocols that
used conventional skin-contact ES apparatus, some studies
also explored the effect of noncontact ES devices based on
wireless micro current stimulation technology.'® However,
such ES approach was considered too far away from the
other to be included in this meta-analysis.

Another major issue is the heterogeneity in outcomes,
which gives clues to the reason why previous meta-
analyses failed to provide exhaustive synthesis of available
information.®° Indeed, outcomes such as the number of
completely healed ulcer, variation in wound size area,
healing scores, or daily or weekly healing rates cannot be
pooled directly, therefore, lowering the power of each sin-
gle meta-analysis. To get around this data heterogeneity,
we performed for the first time an effect size meta-
analysis (standardized mean difference SMD) that allowed
us to assess the overall efficacy of ES on chronic wound



Electrical stimulation for wound healing

healing and further compared the efficacy of the different
modalities of electrical stimulation but also the respective
effects of the wound etiology, size, and age of the chronic
wound.

METHODS

We followed the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) for the reporting of
our study.11

Search strategy

Medline, Embase, clinicaltrial.gov, the Cochrane Library
were searched from 1966 to January 2016 with following
terms: “electric*” AND “wound OR ulcer.” We also
searched on google scholar website (scholar.google.fr).
The reference list of pertinent review articles and eligible
studies were also retrieved.

Eligibility criteria

We included randomized controlled trials, with more than
10 ulcers in each group, comparing electrical stimulation
to standard wound care and/or sham stimulation. Reasons
for study exclusion were nonparallel design, use of electro-
magnetic fields, acute wounds, pediatric population, and
nonhuman studies. Two reviewers screened the titles and
abstracts independently (CK and SK). A paired consensus
process was used to select relevant citations. Disagree-
ments between reviewers were discussed until consensus
was achieved. Then, full-text articles were reviewed and
assessed for eligibility. Paired consensus was repeated to
confirm article eligibility. Any disagreement between the
two reviewers was resolved through discussion.

Data extraction

A data collection form was prepared to extract all relevant

information from the included studies. One author

reviewed each article and extracted data (CK) then a sec-

ond author checked accuracy of all extracted data (SK).
The following data were recorded for each study:

e General study characteristics: author name, year of
publication, total number of patients randomized,
number of treatment groups, length of follow-up.
Patient characteristics: age, type of ulcer, initial ulcer
area.

Intervention: type of electrical stimulation, treatment
duration and cumulative treatment duration, electrical
stimulation protocol, type of comparator (control
type), electrode polarity.

Outcomes: all outcomes related to wound healing
efficacy and safety.

Risk of bias assessment

Independent assessment of risk of bias was made by the
same reviewers according to the Cochrane Handbook for
Systemic Reviews of Interventions'? and the guidelines of
the Cochrane Consumers and Communication Review
Group.]3 The risk of bias was rated as low, unclear, or
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high for the following items: random sequence generation;
allocation sequence concealment; blinding (participants,
personnel); blinding of outcome assessment; completeness
of outcome data, selective outcome reporting; and other
sources of bias.

The overall risk of bias for each trial was defined as
high-risk if more than three high-risk criteria were met,
moderate-risk if two to three high-risk criteria were
met, and low-risk if one or zero high-risk criterion were
met. Moreover, studies were deemed to be at the highest
risk of bias if they are scored as at high or unclear risk of
bias for either the sequence generation or allocation con-
cealment domains.

Then, the same two reviewers appraised the quality and
content of included studies using the Grading of Recom-
mendation Assessment, Development, and Evaluation
(GRADE) recommendations for meta-analysis.l4 Random-
ized controlled trials begin as high quality evidence, but
can be rated down because of risk of bias," imprecision,
inconsistency,16 indirectness,'” and publication bias.'®
Finally, we rated their quality as very low, low, moderate,
or high.

Statistical analysis

To use all available data reported in included studies we
calculated the SMD effect size and standard error for the
primary outcome (continuous variable) of each study using
the formula

_ (Mc—Me)
SMD D
where Mc is the mean of the outcome measure in the con-
trol group, Me is the mean of the outcome measure in the
experimental groups, and SD is the pooled standard devia-
tion of the two groups.lg For categorical variables, we first
calculated an odds ratio and its associated confidence
interval and then followed Chinn’s method to convert
these into SMD and standard deviations.”® In some cases
standards deviations (SD) were not reported. We first tried
to contact authors, and in case of no response we used a
conservative approach consisting in replacing the missing
SD by the largest outcome-specific SD from the other
included studies. When reports contained data from assess-
ments taken at different time points, we prioritized the last
one. An effect size of 0.8 was considered large, 0.5 moder-
ate, and 0.2 small.?! We used R statistical software
(version 3.2.4) to lead statistical analysis. The compute.es
(Compute Effect Sizes. R package version 0.2-2. URL
http://cran.r-project.org/web/packages/compute.es) and MAd
(Meta-Analysis with Mean Differences. R package version
0.8-2. URL http://cran.r-project.org/web/packages/MAd)
package were used to calculate SMD effect sizes. Then, the
metafor package (Metafor. R package version 2.0-0. URL:
http://www jstatsoft.org/v36/i03/) was used to perform the
meta-analysis and lead sensitivity, subgroup analysis and
meta-regressions.  Heterogeneity ~was assessed using
Cochrane’s Q and I? statistics. DerSimonian—Laird random
effects models were used in cases of statistical heterogene-
ity (I*> 50% or a significant test for heterogeneity).

We explored sources of heterogeneity with six prespeci-
fied subgroups:
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Records identified through
database searching

n=384

throu

Additional records identified

gh other sources

n=109

Records screened for title and abstract, after

duplicate were removed

n=383

Records excluded by title and abstract:

in vitro/animal studies, observational, use

Full text assessed for eligibility

n=75

of electromagnetic fields, men or women

under 18, non-chronic wound.

n=307

N\
ﬁxcluded reports:
Not controlled (n=11)

Animal/in vitro study (n=2)

Not chronic wound (n=3)

Retrospective study (n=1)

Studies included in the
quantitative synthesis

n=29

Figure 1. Flowchart.

Electrode placement: active electrode over the wound
or nearby the wound

Type of electrical stimulation: unidirectional, bidirec-
tional, or nervous stimulation.

Type of electrical waveform (DC vs. HVPC vs.
LVPC vs. AC)

Electrode polarity (switch vs. nonswitch)

Ulcer etiology (diabetic vs. venous vs. pressure)

Type of outcome (NHU vs. WSA vs. score vs. WHR)

Meta-regressions were performed to take into account
covariates of interest, that is, age, initial wound size and
ulcer duration, cumulative duration treatment. For mean-
ingful purpose, when meta-regressions were significant we
categorized the variable and we added it into the subgroup
analysis.

We carried out a sensitivity analysis by analyzing only
low risk of bias studies. We considered the results as
robust if the change was inferior to 20%.

Funnel plot asymmetry was explored using Egger’s
regression test as recommended by Cochrane handbook for
systemic reviews of interventions, with p < 0.05 suggesting
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Review (n=5)
Electromagnetic field (n=3)
Not wound healing outcome (n=3)

Same data other study (n=1)

Too low number of ulcers (n=3)
k n=46

/

publication bias.'> Trim and Fill analysis was used to
assess number of missing studies.??

RESULTS

Characteristics of studies and patients

Of 493 references identified, after removal of duplicates
and titles and abstract screening, 75 reports proved poten-
tial eligibility. On full text screening 29 randomized
controlled trials** ¢ were included in the quantitative syn-
thesis. (Figure 1)

All studies were randomized controlled trials (RCT)
assessing the efficacy of electrical stimulation on wound
healing. The meta-analysis included 1,510 patients and a
total of 1,753 ulcers including mainly pressure (41%), dia-
betic (28%), or venous (24%) ulcers. Fifty-eight percent
(n=1,012) of these ulcers were treated with electrical
stimulation, while in control groups 362 received sham
stimulation (49%) and 379 received standard wound care
(51%). The mean initial ulcer area was 11.9 = 8.5 cm? and
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the mean ulcer duration before treatment was 10.3 = 10.15
months. Detailed data are presented on Supporting Infor-
mation Table S1.

Four studies assessing different electrical stimulation
protocols were divided in the meta-analysis,”*>°>! leading
to a total of 36 different studies included in the analysis.
Active electrodes, that is, electrodes that stimulate the
healing process, were placed over the wound with the pas-
sive electrode placed on intact distal skin in 17 studies,
while both electrodes were placed nearby the wound or on
distal nerve points in 18 studies. One study used both
methods according to the area of the ulcer.®> The type of
current was direct (n = 4), low voltage pulsed (n = 4), high
voltage pulsed (n=16), or alternative current (n=11).
This data was missing for 1 study.45 We also observed an
important variability in ES stimulus parameters including
waveform, intensity, polarity, treatment duration, and fre-
quency. In particular, we reported a considerable diversity
of total cumulated duration of ES protocols with a range
from 6 to 728 hours. All available electrical stimulation
parameters are summarized on Supporting Information
Table S2.

Quality of included studies

The risk of bias among the included studies was highly
heterogeneous. Among the 29 included studies, 14 (48%)
supplied sufficient information to assess allocation con-
cealment and 13 (45%) reported an adequate randomiza-
tion process, 12 (41%) studies were double blinded and
one was single blinded. Five presented incomplete out-
come data (17%) and two presented selective reporting
(7%). Notably, in one study the sham stimulation was
shorter than the treatment duration (3 weeks vs. 4 weeks).
Overall, 15 (52%) studies were considered of high risk of
bias, 6 (21%) of moderate risk of bias and 8 (36%) of low
risk of bias. Results are summarized on Supporting Infor-
mation Figure S1.

We also performed a GRADE evaluation of all
subgroups quality of evidence. Results are detailed on
Supporting Information Table S3 and added with subgroup
analysis.

Funnel plot asymmetry was detected by Egger’s regres-
sion test (p<0.0001) and Trim and Fill analysis
(p <0.0001). However, no missing studies were detected
on the left side of the funnel plot. (Supporting Information
Figure S2)

Primary outcome

Overall efficacy of electrostimulation on would healing
was SMD = 0.72 (95% CI: 0.48,1, I> =78%; low quality
of evidence) corresponding to a moderate to large effect
size.'” Results are summarized on Figure 2.

Subgroup analysis

When studies were analyzed depending on electrode place-
ment, effect size of electrode placed over or nearby the
wound were SMD =0.84 (95% CIL: 0.48, 1.19, I> =78%;
low quality of evidence) and SMD = 0.63 (95% CI: 0.31,
0.94, I> =79%; very low quality of evidence), respectively
(Supporting Information Figures S3 and S4). In the “active
electrode over the wound” group, we identified three

a
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different unidirectional current profiles: DC, HVPC, and
LVPC; and we showed that both pulsed protocols induced a
significant  improvement of wound healing with
SMD = 0.80 (95% CI: 0.38, 1.21, P= 79%; moderate qual-
ity of evidence) and SMD = 0.58 (95% CI: 0.03, 1.13; mod-
erate quality of evidence) for HVPC and LVPC,
respectively. DC presented none significant effect with
SMD =142 (95% CI. —042, 3.26, I*=92%; very low
quality of evidence). In the “active electrode nearby the
wound” group, similar results were observed with signifi-
cant effect size only for HVPC SMD = 0.60 (95% CI: 0.16,
1.03, > =0%; low quality of evidence). Nervous stimula-
tion produced also a significant effect on wound healing
with SMD = 1.30 (95% CI: 0.43, 2.18, I* = 82%; low qual-
ity of evidence). Results are summarized on Figure 3.

When studies were analyzed depending on ulcer etiol-
ogy, effect size was larger on pressure ulcer (SMD = 1.00
(95% CI: 0.54, 1.46, I" = 84%), low quality of evidence)
compared to venous (SMD =0.29 (95% CI: 0.04, 0.55,
I>=0%), high quality of evidence) and diabetic ulcers
(SMD =0.67 (95% CI: 0.21, 1.12, I? =73%), very low
quality of evidence; interaction test, p = 0.28).

Results of subgroup analysis are summarized on Table 1.

Metaregressions

A trend of a faster healing rate with younger and smaller
ulcers was observed on the overall meta-analysis
(p=0.269 and p=0.2, respectively). However, metare-
gressions on duration of the wound and initial size area
became significant in the more homogenous HVPC over
the wound subgroup (p=0.047 and p=0.018, respec-
tively; Supporting Information Figures S5 and S6).

Sensitivity analysis

When considering only low risk of bias studies overall
effect was SMD =0.90 (95% CI: 0.44, 1.37), I’ =67%,
k=" corresponding to a large effect size. Results are pre-
sented on Supporting Information Figure S7.

Safety

The safety of electrical stimulation protocol was evaluated
in eight studies,?>?8:32:347364247 ymong them five studies
reported side effects. Adunsky et al.>> reported two tin-
gling sensation and two local irritations (DC). Feedar
et al.?® reported a tinglinSg sensation on 20% of patients
(LVPC). Houghton et al.*> reported one skin irritation and
one burn (HVPC). Jankovic et al.>® described one burning
sensation (FREMS). Lastly, Mulder et al.*? reported one
skin irritation and seven tingling sensation (HVPC).

DISCUSSION

This study is the first effect-size meta-analysis pooling all
available RCT data on electrical stimulation for wound
healing. First of all, our results confirm the overall effi-
cacy of electrical stimulation to enhance healing of chronic
wounds. Second, when studies were analyzed according to
the electrical current characteristics, we found that unidi-
rectional HVPC with the active electrode over the wound
was the best protocol to improve wound healing. Finally,
electrical stimulation was more effective on pressure ulcers

Wound Rep Reg (2017) 00 00-00 © 2017 by the Wound Healing Society
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Study SMD [IC,95%]
Adunsky ,2005 299% -0.26[-0.85,0.33]
Ahmad_A, 2008 275% 0.12[-059,083]
Ahmad_B,2008 | 203% 3.20[212,428]
Ahmad_C,2008 | 204% 3.16[ 2.09,4.23]
Baker_a, 1996 320% 0.08[-0.40,0.56]
Baker_b,1996 320% -0.08[-0.56,040]
Baker_c,1996 320% -0.29([-0.77,0.19]
BakerA,1997 313% 065[0.13,1.17]
BakerB,1997 3.06% 0.18[-0.37,0.73]
BakerC,1997 3.06% -0.19[-0.74,0.36]
Carley,1985 228% 241[ 147,335]
Feedar,1991 3.06% 0.58[ 0.03,1.13]
Franek,2000 320% 0.37[-0.11,0.85]
Franek 2005 2.80% -0.11[-0.79,057]
Franek,2006_A 228% 068[-0.26,1.62]
Franek,2006_B 280% -0.14[-0.82,0.54]
Franek,2011 306% 1.11[0.56,166]
Franek,2012 299% 0.99[ 0.40,1.58]
Gentzkow, 1991 286% 067 0.02,1.32]
Houghton,2003 259% 0.71[-0.07,1.49]
Houghton, 2010 275% 071[000,142]
Jankovic,2008 280% 141[073,2.09]
Jercinovic,1994 336% 051[0.12,090]
Jinger,2008 293% 0.43[-0.19,1.05]
Lundeberg, 1992 3.06% 1.59[ 1.04,2.14]
Magnoni ,2013 313% 065[ 0.13,1.17]
Mohajeri-Tehrani, 2014 232% 093[0.01,185]
Mulder,1991 3.06% 0.55[ 0.00,1.10]
Ogrin,2009 269% 050[-0.23,1.23]
Ortiz,2014 224% 032[-064,128]
Peters, 2001 275% 068[-0.03,1.39]
Petrofsky,2010 221% 1.37[039,235]
Santamato,2012 | 160% 3.35[199,471)]
Taradaj, 2011 228% 0.58[-0.36,1.52]
Ullah,2007 336% 0.53[0.14,092]
Wood, 1993 286% 145[0.80,2.10]
RE Model 100.00% 0.72[ 0.49,095]

r T T T T 1
-1.00 0.00 1.00 200 3.00 4.00 5.00
<€ S0

In favor of placebo

Figure 2. Forest plot, effect size estimates from SMD.

compared to venous and diabetic ulcers, and the efficacy
was inversely associated with the size and duration of the
wound.

The trends for superiority of unidirectional over bidirec-
tional current is in accordance with a previous meta-
analysis led by Koel and Houghton in 2014.” This is
meaningful when considering that application of external
electrical field on unhealed wound will trigger and mimic
the unidirectional current of injury. The current of injury
is a physiological process appearing when a breech is cre-
ated on the skin and in turn triggers a cascade of events,
for example, directs endothelial cell, increases collagen
production, and fibroblast proliferation.*® It has also been
shown that decreasing this current of injury by pharmaco-
logical agents significantly impaired healing.49 Koel and
Houghton in 2014.7 did not distinguish the placement of
electrodes and the type of current. HVPC was superior on
other currents whenever the electrodes were placed over or
around the wound. This constant efficacy could be
explained by the greater depth of penetration of this cur-
rent.”® Moreover, Guo and coworkers, studying cell migra-
tion when applying an electrical field, a phenomenon

Wound Rep Reg (2017) 00 00-00 © 2017 by the Wound Healing Society

141

In favor of electrotherapy

called galvanotaxis, found that human dermal fibroblast
migrated toward the anode with a rate proportional to the
voltage applied.’!

We found no significant efficacy for DC current
SMD = 1.42 (95% CI. —0.42, 3.26, I*=92%) however
this conclusion relies on a limited number of studies
(n=2). Indeed, most of available studies are old and not
controlled, and were, therefore, not included in our meta-
analysis. In a previous meta-analysis,® DC was suggested
to significantly improve wound healing, however, this sen-
sitive results was based on only three studies, one of which
was excluded of our meta-analysis because of poor meth-
odological quality.

Surprisingly, reversing the polarity of the active elec-
trode does not seem to alter healing and is even associated
with a better outcome SMD = 0.87 (95% CI: 0.47, 1.26,
PP =80%) vs. SMD =0.67 (95% CI: 0.26, 1.07, I’ = 0%).
This is consistent with previous studies performed in ani-
mal models”>>® and might be explained by the specific
benefits associated to each polarity: anodal currents pos-
sess a greater antibacterial effect,’® attract fibroblast,>' and
macrophages™>;  whereas  cathodal currents  attract
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Figure 3. Hierarchical subgroup analysis and GRADE quality of evidence. Thickness of the lines is proportional to the number
of trials that included the direct comparisons and color varies according to the significativity of the inferior limit of the confi-
dence interval (inferior to 0 red; inferior or egal to 0.2 orange; superior to 0.2 green). GRADE quality of evidence: O®@® MOD-
ERATE; 0O®® LOW,; 000O® VERY LOW. [Color figure can be viewed at wileyonlinelibrary.com]

keratinocytes,*® epidermal cells,*” neutrophils and lympho-
cytes,56 and increase fibroblast proliferation.57 Therefore,
we may assume that periodically reversing electrode polar-
ity would combine the advantages of both polarities. Of
note an interesting RCT is ongoing comparing anodal and
cathodal HVPC on peri wound blood flow and wound
healing (ACTRN12615001281583).

Beyond specificities of each modality of exogenous
electrostimulation, the observed benefit may be explained
by a global current-induced effect that implies: (1) angio-
genesis promotion”®>? and (2) blood flow and tissue oxy-
genation increases.®® We could hypothesize that benefits of
nervous stimulation (SMD =1.30 (95% CI. 0.43-2.18),
I’=82%) observed in our study are only mediated by these
last mechanisms.®' Indeed, neurogenic vasodilation
induced by TENS is a well-known phenomenon that was
observed for decades and that is mechanistically consistent
with a sympathetic blockade of C-fibers induced by a
stimulation of A beta fibers.®>®*

We found that electrical stimulation is more efficient on
pressure (SMD = 1.00 (95% CI: 0.54, 1.46)) than on dia-
betic ulcers (SMD =0.67 (95% CI. 0.21, 1.12)) and on
venous (SMD = 0.29 (95% CI: 0.04, 0.55)). This might be
related to the involvement of neurovascular interaction in

6
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the regulation of local blood flow that is more pronounced
on small arteries and arterioles than veins.®*

We can hypothesize that in younger and smaller
wounds, current of injury could be more easily triggered
and these wounds better respond to electrical stimulation.

One of the main issues to synthesize knowledge on stud-
ies aimed at assessing efficacy of an intervention on
wound healing is the use of a wide variety of outcomes.
Indeed, studies included in this meta-analysis used four
main types of primary endpoint: number of healed ulcer,
variation in would size area (area or reduction percentage),
healing scores, or healing rate (daily or weekly). This het-
erogeneity led other authors to perform a meta-analysis for
each endpoint and, therefore, interpretation of paradoxical
results was extremely difficult.>® Using a common effect
size to pool and aggregate studies gives the opportunity to
get around this problem and allowed us to perform power-
ful subgroup analysis. When subgrouping studies by type
of primary outcome we showed that WSA was the most
sensitive endpoint and should preferably be used in studies
assessing wound healing. Contrariwise, this study
highlighted the difficulty to improve a solid criterion such
as the number of healed ulcer. We also found that a stan-
dardized sham stimulation protocol overestimates the

Wound Rep Reg (2017) 00 00-00 © 2017 by the Wound Healing Society
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Table 1. Results of subgroup analysis, interaction tests, and GRADE quality assessment

Number of GRADE quality
Subgroup studies SMD 95% Cl Heterogeneity" om of evidence
Electrode placement
Electrode over the wound 17 0.84 0.48 to 1.19 78.5% *** 0.70 O0®®
Unidirectional current 17 0.84 0.48 to 1.19 78.5% *** OOR®
DC 2 1.42 —0.42 to 3.26 92%*** 0.64 O00O®
HVPC 14 0.80 0.38 to 1.21 78.6% *** ORR®
LVPC 1 0.58 0.03t0 1.13 NA ORR®
Electrode nearby the wound 18 0.63 0.31 t0 0.94 78.9%*** O00®
Bidirectional current 7 0.4 —0.11 to 0.91 84.1% *** 0.14 O00®
Nervous stimulation 4 1.30 0.43 t0 2.18 81.2% *** OOR®
Unidirectional current 7 0.55 0.14 to 0.96 68.4% *** O00®
DC 2 0.28 -0.88t0 1.44 78.1%* 0.73 O00O®
HVPC 2 0.6 0.16 to 1.03 0% O0®®
LVPC 3 0.7 —0.04 to 1.44 82%*** O0®®
Electrode polarity
Electrode switch 16 0.87 0.47 to 1.26 79.7%*** 0.59 ORR®
Cathode only 3 0.67 0.26 to 1.07 0% oK
Control type
Sham stimulation 22 0.60 0.31 to 0.90 80.8%*** 0.17 O00®
SWC 14 0.92 0.57 to 1.26 70.8%*** O0®®
Ulcer etiology
Pressure ulcer 11 1.00 0.54 to 1.46 84.1% *** 0.28 O0®®
Venous ulcer 7 0.29 0.04 to 0.55 0% g
Diabetic ulcer 8 0.67 0.21 to0 1,12 72.5% *** O00O®
Outcome
NHU 8 0.38 —0.07 to0 0.83 65.6% ** <0.01 OR®®
WSA 17 1.21 0.82 to 1.60 80.1%*** AR
Score 2 0.87 0.42 t0 1.32 29.1% O00®
WHR 9 0.21 —0.02 to 0.45 49.9%* O00®

fVariance between studies as a proportion of the total variance; heterogeneity tested using the /> statistic. The p-values indi-
cated in this column refer to whether the Q statistic is significant (the /2 statistic does not include a test of significance).

*p-Value of heterogeneity test inferior to 0.05.
**p-Value of heterogeneity test inferior to 0.01.
***p-Value of heterogeneity test inferior to 0.001.
‘p-Value of interaction with treatment group.

effect approximately from 30% compared with SWC. This
suggests that the placebo component of the electrostimula-
tion protocol is not negligible.

One of the main limitations of our study is that we were
not able to explain the important heterogeneity in the meta-
analysis despite the subgroup analysis. However, a wide
variety of stimulus parameter should yet to be further stud-
ied (e.g., voltage, frequency, intensity application time, and
etc.) and should contribute to the residual heterogeneity.

This study confirms the overall efficacy of electrical
stimulation to enhance healing of chronic wounds and
highlights the superiority of HVPC over other type of cur-
rents. This is an important result in the way of a future
standardization of electrical stimulation practices. In addi-
tion, the effect of electrical stimulation is not similar

Wound Rep Reg (2017) 00 00-00 © 2017 by the Wound Healing Society
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across all types of chronic wounds, being more effective
on pressure ulcers, and inversely associated with the
wound size and duration. Further studies are needed to
find the best stimulus parameters of HVPC. However,
given the non-negligible placebo component in ES we
advocate for the use of a common primary endpoint
(e.g., decrease of wound size area), sham stimulation and
high-quality design trials.
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2. SGLT-2 inhibitors and the risk of lower-limb amputation: Is this a

class effect?

Les inhibiteurs du sodium-glucose co-transporter-2 sont une classe pharmacologique récente
ayant démontré une efficacité sur la mortalité cardiovasculaire chez les patients atteints de
diabete de type 2 (125). Cependant, un sur-risque d’amputation des membres inférieurs a été
mis en ¢évidence lors d’un large essai clinique portant sur la canagliflozine. (126) La
physiopathologie de ces amputations est pour le moment inconnue mais probablement en lien
avec I’induction de troubles trophiques cutanés. Par conséquent, la FDA a émis un « boxed
warning » sur la canagliflozine alors que ’EMA a ajouté cet effet indésirable a tous les
inhibiteurs du sodium-glucose co-transporter-2. Dans cette étude nous avons utilisé les
données de notification spontanée de la base de pharmacovigilance de I’OMS afin de voir si
ces notifications concernaient exclusivement la canagliflozine ou si les autres inhibiteurs de

SGLT-2 étaient également concernés.
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Inhibitors of the sodium-glucose co-transporter-2 (SGLT-2) are a novel class of glucose-
lowering agents that show promising results. However, the use of canagliflozin has been associ-
ated with an increased risk of lower-limb amputation. Whether this risk concerns other SGLT-2
inhibitors is unclear, and our objective was to address this issue. We performed a dispropor-
tionality analysis using the WHO global database of individual case safety reports (VigiBase).
Among the 8 293 886 reports available between January 2013 and December 2017, we identi-
fied 79 reports of lower-limb amputation that were associated with SGLT-2 inhibitors. Among
all blood glucose lowering drugs, the proportional reporting ratio (PRR) was increased only for
SGLT-2 inhibitors (5.55 [4.23, 7.29]). While we observed an expected signal for canagliflozin
(7.09 [5.25, 9.57]), the PRR was also high for empagliflozin (4.96 [2.89, 8.50]) and, for toe
amputations only, for dapagliflozin (2.62 [1.33, 5.14]). In conclusion, our results reveal a posi-
tive disproportionality signal for canagliflozin, and also for empagliflozin, and, for toe amputa-
tions only, for dapagliflozin. However, our analysis relies on a limited number of cases and is
exposed to the biases inherent to pharmacovigilance studies. Further prospective data are

therefore needed to better characterize the risk of amputations with different SGLT-2

inhibitors.

KEYWORDS

1 | INTRODUCTION

Inhibitors of the sodium-glucose co-transporter-2 (SGLT-2) are a
novel class of glucose-lowering agents that show promising results
concerning the reduction of cardiovascular risk in patients with type
2 diabetes.'? However, the recent CANVAS trial showed an
increased risk of amputation in patients treated with canagliflozin.?
As a result, the US Food and Drug Administration (FDA) now requires
a “boxed warning” to be added to the canagliflozin drug label, while
the European Medicines Agency (EMA) includes a warning in the pre-
scribing information for all SGLT-2 inhibitors. Yet, retrospective anal-
ysis of adverse events from the EMPA-REG outcome trial, which was
not designed to collect exhaustive information on amputations, did
not reveal any increased risk of lower-limb amputation with empagli-
flozin.® Recently, signal analysis from the FDA Adverse Event Report-
ing System (FAERS) and a large retrospective study have reached

conflicting conclusions regarding the risk of amputation with

amputation, SGLT-2 inhibitor, type 2 diabetes

canagliflozin.*> Furthermore, a recent population-based cohort study
showed that, for all SGLT-2 inhibitors, treatment initiation was asso-
ciated with a higher risk of below-knee amputation.® Because the
majority of amputations in that study were observed with use of
canagliflozin, whether the 2 other SGLT-2 inhibitors, empagliflozin
and dapagliflozin, also increase the risk of amputation remains
unclear. The aim of this work was to further address this question

using an international pharmacovigilance database.

2 | METHODS

We conducted a disproportionality analysis using the WHO global
database of individual case safety reports (ICSRs) (VigiBase), which
includes spontaneously reported cases of adverse drug reactions
(ADRs). Currently, 127 full member countries are involved in the

WHO Programme for International Drug Monitoring and submit

Diabetes Obes Metab. 2018;1-4.
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ICSRs of suspected adverse drug events associated with medicinal
products.

Data extraction was carried out using Vigilyze (Uppsala Monitor-
ing Centre), for records between January 1, 2013 (labeling date of
the first marketed SGLT-2 inhibitor, canagloflozin) and December
31, 2017. We extracted all ICSRs associated with the following pre-

» o«

ferred terms: “foot amputation,” “leg amputation,” “metatarsal exci-
sion” and “toe amputation” (grouped into “lower-limb amputation”).
Drugs of interest were canagliflozin, dapagliflozin and empagliflozin,
as suspect or concomitant drug.

Disproportionality analysis was performed using the proportional
reporting ratio (PRR), which is the ratio of the rate of reporting of
1 effect among all reports for a given drug over the rate of reporting
of the same effect among all reports for all drugs in the database.”
This allows detection of pharmacovigilance signals, that is, associa-
tions between the reporting of an ADR and a drug. To take into
account the baseline risk of amputation related to diabetes, we per-
formed the disproportionality analysis among blood glucose-lowering
drugs (ATC class A10B), which include biguanides, sulfonylureas, thia-
zolinediones, dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like
peptide-1 (GLP-1) analogues and SGLT-2 inhibitors, but excludes
insulin. If a report was associated with several glucose-lowering drugs
it was counted in each drug class.

The cut-off for signal detection was defined as a PRR lower
boundary 95% confidence interval greater than or equal to 1 and a
number of cases (n) greater than or equal to 3, according to the defini-

tion of the European Medicines Agency.® Because insulin use, which is

TABLE 1 Disproportionality analysis

Reports of amputations (n)
PRR (95% ClI)

a surrogate for the severity of diabetes, is associated with increased
risk of amputation, we performed a sensitivity analysis of ICSRs of
lower-limb amputation that was not associated with concomitant insu-
lin therapy. Other sensitivity analyses were carried out according to
the level of amputation: toe amputations; major amputations (“leg
amputation”); or all amputations (the preferred terms “amputation”
and “limb amputation” were added to the main extraction terms).

Time-trend analysis was conducted to detect a potential media bias.

3 | RESULTS

Among the 8 293 886 ICSRs reported in Vigibase since 2013, 369 543
were related to a blood glucose-lowering drug, and 31 495 to SGLT-2
inhibitors. We identified 79 reports of lower-limb amputation associated
with SGLT-2 inhibitors (Table S1, Supporting Information). Among all
glucose-lowering drug classes, the PRR for lower-limb amputations was
above signal detection cut-off only for SGLT-2 inhibitors (PRR = 5.55
[4.23, 7.29]). Exclusion of ICSRs with concomitant insulin therapy
yielded similar results (PRR = 6.02 [4.37, 8.30]) (Table 1).

Additional sensitivity analyses showed PRR above the signal
detection threshold for toe amputations (PRR = 7.84 [5.65, 10.88]),
major amputations (PRR = 2.86 [1.75, 4.69]) and all amputations
(PRR = 5.95 [4.61, 7.67]) (Table 1).

Interestingly, while we observed an expected signal with canagliflo-
zin for lower-limb amputations and in all sensitivity analyses, there was

also a signal with empagliflozin, whatever the level of amputation

Total reports

Lower limb, in Vigibase since

Lower limb Toe All? Major excluding insulin January 1, 2013

All glucose-lowering 232 147 258 74 165 369 543

drugs (excluding insulin)

DPP-4 inhibitors 41 28 43 12 31 54 615
1.24(0.88, 1.73) 1.36 (0.90, 2.05) 1.15 (0.83, 1.60) 1.12 (0.60, 2.07) 1.35(0.91, 1.99)

GLP-1 analogues 15 8 16 5 8 58 206
0.37 (0.22,0.62) 0.31(0.15, 0.63) 0.35(0.21, 0.59) 0.39 (0.16, 0.96) 0.7 (0.43, 1.15)

Thiazolidinediones 19 7 24 12 18 70 664
0.38 (0.24,0.60) 0.21 (0.10, 0.45) 0.43 (0.29, 0.66) 0.82 (0.44,1.52) 0.36 (0.21, 0.62)

Alpha glucosidase inhibitors 0 0 0 0 0 8142

Sulfonylureas 45 26 48 14 31 69 827
1.03 (0.75,1.43) 0.92(0.60, 1.41) 0.98 (0.72, 1.34) 1.00 (0.56, 1.79)  1.00 (0.68, 1.48)

Biguanides 98 64 104 29 62 145 825
1.12 (0.86, 1.46) 1.18(0.85, 1.64) 1.04 (0.81, 1.33) 0.99 (0.62,1.58) 0.98 (0.72, 1.35)

SGLT-2 inhibitors 79 62 92 15 57 31 495
5.55(4.23,7.29) 7.83(5.64,10.86) 5.95(4.61, 7.67) 2.73 (1.55,4.81) 6.02 (4.37, 8.30)

Canagliflozin 56 42 67 11 45 15 873
7.09 (5.25,9.57) 8.91(6.23,12.74) 7.82(5.92,10.32) 3.89(2.05,7.38) 8.38(5.95,11.80)

Dapagliflozin 10 9 11 0 8 8980
1.81(0.96, 3.41) 2.62(1.33, 5.14) 1.79 (0.98, 3.27) NA 2.03 (1.00, 4.13)

Empagliflozin 14 12 14 2 9 4728
496 (2.89,8.50) 6.86(3.80,12.37) 4.43(2.59, 7.58) NA 3.99 (2.04, 7.80)

PRR is the ratio of the rate of reporting of 1 effect among all reports for a given drug over the rate of reporting of the same effect among all reports for
all drugs in the database.” If a report was associated with several glucose-lowering drugs it was counted in each drug class. Abbreviations: NA: not appli-
cable, due to an insufficient number of ICSRs in the database. Results in bold refer to positive disproportionality signals.

2 The unspecified preferred terms “amputation” and “limb amputation” Werl%@ded to the extraction.
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FIGURE 1 Annual number of reports and annual PRR (with lower boundary 95% confidence intervals) of lower-limb amputations (A) and toe
amputations (B) for the different SGLT-2 inhibitors. In the blue boxes forest plots show the PRR (with 95% confidence intervals) for the entire
study period. The red arrows symbolize the first FDA safety communication issued in May 2016

(Figure 1 and Table 1). We also observed a signal with dapagliflozin, but
only for toe amputations. It is worth noting, however, that the PRR for
major amputations could not be calculated for empagliflozin and dapagli-
flozin, because of an insufficient number of ICSRs in the database. After
excluding ICSRs with concomitant insulin use, a signal was observed for
lower-limb amputations with all SGLT-2 inhibitors (Table 1).

Despite the limited number of cases, there was no significant differ-
ence in age and insulin treatment between reports of SGLT-2 inhibitors
and other glucose-lowering drugs. In contrast, there were more men
among reports of SGLT-2 inhibitors (Table S2). Time-trend analysis

shows a dramatic increase in PRR in 2017 for canagliflozin, reflecting a
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possible media bias, while PRR for empagliflozin, dapagliflozin and other

glucose-lowering drugs remained stable (Figure 1 and Figure S1).

4 | DISCUSSION

These data suggest that the risk of lower-limb amputation may not
only concern canagliflozin, but also empagliflozin, and possibly dapagli-
flozin. Our findings differ from those reported in a previous dispropor-
tionality analysis from the FAERS database,* but that analysis included

no report for dapagliflozin and only 2 for empagliflozin. Nevertheless,
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the limited number of reports found in our study remains a limitation.
Another limitation of using spontaneous reporting is the lack of infor-
mation for appropriate adjustment for potential confounders. Indeed,
because of a high rate of missing data, we were not able to take into
account comorbidities, previous history of amputation, concomitant
medications (with the exception of insulin) or history of cardiovascular
disease.

Pharmacovigilance analyses are exposed to bias that affects the
disproportionality measure: time since marketing, media safety alerts
Indeed,
increased reporting after the first FDA safety communication was
issued in 2016, after an interim analysis of the CANVAS trial.
Although many ICSRs with canagliflozin were reported in the FAERS

or selective notification. time-trend analysis revealed

before publication of the CANVAS study results,* media bias may
have contributed to strengthening the signal in 2017. Yet, the impact
of media safety alerts for canagliflozin on the signal for empagliflozin
and dapagliflozin, and for other glucose-lowering drug classes, is not
obvious as they have remained relatively stable over the past 2 years.

The reported signal for empagliflozin conflicts with a recent ret-
rospective analysis of the EMPA-REG OUTCOME trial, which found
no association between empagliflozin and the risk of lower-limb
amputation.® Similarly, pooled analysis from 13 placebo-controlled tri-
als with dapagliflozin vs placebo did not show an increased risk of
amputation.” However, the duration of the trial was short (up to
24 weeks) and a limited number of amputations were observed.

The mechanisms underlying the risk of amputation remain largely
unknown. However, there is no obvious pharmacological reason that
would explain differences between the various SGLT-2 inhibitors. Vol-
ume depletion and reduced tissue perfusion, in patients with already
impaired arteriolar reactivity, may contribute to tissue necrosis and
amputation. A direct effect of SGLT-2 inhibitors on vascular function
in small arteries, which is complex and depends on the vascular bed
and on duration of treatment and health condition,'® cannot be
excluded. However, to date, little is known about the effects of SGLT-
2 inhibitors on the cutaneous microvascular function in humans.

In conclusion, our results reveal a positive disproportionality signal
for canagliflozin, and also for empagliflozin, and, for toe amputations only,
for dapagliflozin. However, our analysis relies on a limited number of
cases and is exposed to the biases inherent to pharmacovigilance studies.
Further prospective data are therefore needed to better characterize the
risk of amputations with use of the different SGLT-2 inhibitors.
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3. Drug-induced skin ulcer: a combined disproportionality analysis

using data from Medline and Vigibase.

Les étiologies iatrogénes d’ulceres cutanés sont trés peu étudiées dans la littérature. Aucune
¢tude de pharmacovigilance n’a jamais ¢€té réalisée et seule quelques revues non
systématiques de la littérature existent (127,128). Nous avons donc réalis¢ deux analyses de
disproportionnalité, en parall¢le, sur la base de pharmacovigilance de 'OMS et sur les
données de la littérature (PubMed) afin d’identifier de potentiels nouveaux signaux de

pharmacovigilance.
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Abstract (max 350 words)

Importance: Skin ulcers are a common negatively affecting the individual’s quality of life,
causing pain and social discomfort, and represent a substantial economic burden to healthcare
systems. Numerous etiologies have been identified however little is known about iatrogenic

skin ulcers.

Objective: We aimed to identified unknown drugs associated with the onset or the aggravation

of skin ulcers.

Design: We performed a combined pharmacovigilance disproportionality analysis using data
from VigiBase®, the World Health Organization (WHO) pharmacovigilance database, and from
the literature to identify pharmacological classes suspected to induce skin ulcers.

Setting:

Participants: All reports of skin ulcers between inception and January, 31 2019 in the WHO

pharmacovigilance database and Medline were included in the disproportionality analyses.

Main Outcome(s) and Measure(s): The information component (IC), a Bayesian neural
network method, was used to identify pharmacovigilance disproportionality signals of drugs
induced skin ulcers. A disproportionality signal was deemed significant if the lower boundary

of the 95% credibility interval of the Information Component (IC025) was superior to 0.

Results: Through the analysis of 22,292 reports of skin ulcers in the WHO pharmacovigilance
database and 835 articles in Medline we identified 25 drugs that may cause skin ulcers. Notably,
our results identified new safety signals involving 6 protein kinase inhibitors (sorafenib,
afatinib, ibrutinib, cabozantinib, lenvatinib and tofacitinib), 3 bisphosphonates (alendronic acid,
pamidronic acid and zoledronic acid), leflunomide, interferons, rofecoxib and digoxin; and

confirmed known association of skin ulcer with protein kinase inhibitors such as sunitinib,
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erlotinib, ponatinib and pazopanib, bevacizumab, antimetabolites (methotrexate and
hydroxycarbamide), mTOR inhibitors (everolimus and sirolimus), glucocorticoids and

pentazocine.

Conclusions and Relevance:

In this study we identified several unknown drugs with a plausible pharmacological mechanism
that may cause skin ulcers. Although confirmatory studies have to be performed clinicians

should be aware of these potential adverse events.

Keywords

Drug safety, skin ulcer, pharmacovigilance

Key points (Question/Findings/Meaning) (75-100 words)

Question: What are the pharmacovigilance signals of iatrogenic skin ulcers in the WHO

pharmacovigilance database and in the literature?

Finding: We retrieved all reports of drug related skin ulcers in the WHO pharmacovigilance
database and in Medline. Overall, we found a possible association between skin ulcers and 26
drugs. Notably, our results identified new safety signals involving 6 protein kinase inhibitors,
3 bisphosphonates, leflunomide, interferons, rofecoxib and digoxin: and confirmed several
known association of skin ulcer.

Meaning: Clinicians facing recalcitrant or recurrent skin ulcers should be aware of a potential

over-risk of cutaneous ulceration induced by the drugs identified in this study.
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Introduction

Skin ulcers are defined as a breakdown in the skin that may extend to involve the subcutaneous
tissue or even to the level of muscle or bone. These lesions are common, particularly on the
lower extremities which have an estimated prevalence of 1 to 2% among adults in United States
(1). They negatively affect the individual’s quality of life, causing pain and social discomfort,
and represent a substantial economic burden to healthcare systems (2—4). According to the
implicated pathogenesis, skin ulcers could be classified in 3 main groups: pressure ulcers,
vascular ulcers (e.g. venous and arterial) and neuropathic ulcers (e.g. diabetic) (5).
Furthermore, several other less frequent conditions could be implicated: infection, vasculitis,
skin malignancies or ulcerating skin diseases such as pyoderma gangrenosum (6). Skin
ulcerations have occasionally been reported in literature as adverse drug reaction (7), however
no pharmacovigilance study have been performed to date and little is known about iatrogenic
skin ulcers. We therefore performed a combined pharmacovigilance disproportionality analysis
using data from VigiBase®, the World Health Organization (WHO) pharmacovigilance
database, and from the literature to identify pharmacological classes suspected to induce skin
ulcers.

Methods

1. Disproportionality analysis in the WHO pharmacovigilance database

VigiBase® is the WHO global database of individual case safety reports (ICSRs). This database
contains over 18 million reports of suspected adverse drug reactions, submitted, by more than
130 country members of the WHO Programme for International Drug Monitoring.(8) A
disproportionality analysis aims to identify signals of disproportionate reporting (SDR), i.e. an
abnormal proportion of a drug-event pair compared to all other drug-event pairs contained in
the database. Several methods of disproportionality exist, we used the Bayesian neural network

method developed by Uppsala Monitoring Centre research team which displayed the best
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sensitivity and specificity (9,10). A pharmacovigilance disproportionality signal was deemed
significant if the lower boundary of the 95% credibility interval of the Information Component
(IC025) was superior to 0 (11,12).
Disproportionality analysis in Vigibase was performed following a two-stage procedure in
order to minimize false positive discover rate. We first extracted all drugs associated with a
pharmacovigilance disproportionality signal of the non-specific preferred term “skin ulcer”
(PT). Then we selected only drugs associated with at least a positive disproportionality signal
for another skin ulcer preferred term: “decubitus ulcer”, “diabetic ulcer”, “ischemic skin ulcer”
or “varicose ulceration”.

2. Systematic review and disproportionality analysis from Medline
A literature review of English and French language articles published until July 2019 was
performed through Medline using the following search terms: ‘skin ulcer/chemically induced’.
All references were retrieved by two independent authors (CK, DD). We selected all articles
reporting the onset or aggravation of skin ulcer related to drug use. Non-human studies (i.e.,
animal studies), non-drug-related skin ulcer, mucous ulcers and ulcers linked to extravasation,
pyoderma gangrenosum, auto-immune diseases were excluded. All remaining articles were
classified according to the involved drug and we performed a disproportionality analysis using
the same method as above described but using the data from Medline. Such method have
already been performed by agencies and researches to improve drug safety signal detection.
(13,14) To calculate the total number of adverse reactions associated with identified drugs we
used the subheading Mesh terms “/adverse effects” associated with the drug name and
“/chemically induced” associated with skin ulcer (14,15)

3. Expert review
Lastly, the relevance of all disproportionality signals was assessed through meeting among

senior experts in dermatology, pharmacovigilance, vascular pharmacology, microcirculation
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and skin ulcers (JLC,CK,SB,MR). All drugs considered to be potentially affected by
protopathic or indication bias were excluded from the analysis.

Results

From the 18,578,159 ICSRs available at the time of the extraction (2019-01-31), we identified
17,672 reports of ‘skin ulcer’, 4008 of ‘decubitus ulcer’, 460 of ‘diabetic ulcer’, 92 of ‘varicose
ulceration’ and 60 of ‘ischaemic skin ulcer’ (Figure 1). 173 drugs were associated with a
pharmacovigilance disproportionality signal of “skin ulcer”. Within those drugs, 52 displayed

a disproportionality signal for at least another specific skin ulcer term.

[ 17,672 cases of “skin ] (~ 4,008 cases of “decubitus " [ 835 records of “skin ulcer chemically induced” )

ulcer” ulcer” in Medline )
460 of “diabetic ulcer”
92 of “varicose ulceration” 594 records excluded:
\_60 of “ischemic skin ulcer” / 63 pre-clinical studies
84 extravasation
45 |ocal site reactions

173 drugs associated (138 drugs associated with
with SDR of “skin L SDR of « skin ulcer »
ulcer”

145 non-pharmacological
144 non-skin ulcers

52 pyoderma gangrenosum
32 reviews or comments

Q7 other J

~

52 drugs associated with SDR of “skin ulcer”+
“decubitus ulcer” or “diabetic ulcer” or “varicose
ulceration” or “ischemic skin ulcer”

[ 239 records regarding 59 drugs selected

|

J

[ 15 drugs associated with SDR of “skin ulcer”

[ 61 drugs selected for expert review (doublons excluded)

36 drugs excluded:

7 skin ulcer treatment or prevention
11 protopathic bias

6 pyoderma gangrenosum treatment
3 skin ulcer diagnosis product

2 combined substances

2 calciphylaxies

2 extravasation

Qother j

[ 25 drugs considered as pharmacovigilance signals

J

Figure 1. Study flow chart. The signal detection and assessment process is divided in 3 parts:
green: disproportionality analysis in Vigibase; orange: disproportionality analysis in Medline;
blue: expert review
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Among 835 records of skin ulcer chemically induced identified in the literature after screening

titles and abstracts, 241 reports regarding 59 drugs were selected. Main reasons for exclusion

were pre-clinical studies (n=63), extravasation (n=84), hypersensitivity reactions (n=76), local

site reaction (n=45), non-pharmacological substance (n=145), non-skin ulcers (n=144) and

pyoderma gangrenosum (n=52). Among the 59 drugs, 15 displayed a disproportionality signal

in Medline.

Through discussion among the expert group, we excluded 36 drugs because suspicion of

protopathic, indication bias or combined substances (Supplementary Table 1). Finally, 25 drugs

have been selected and could be considered as potential pharmacovigilance signals of skin ulcer

(Table 1).
Drug classes Drugs Vigibase Medline SPC
disproportionality  disproportionality
signal signal
Protein kinase Sorafenib v
inhibitors Sunitinib V4 V4 Pyoderma
Afatinib V4
Erlotinib v Skin fissure
Ibrutinib V4
Cabozantinib V4
Lenvatinib V4
Pazopanib v v Skin ulcer
Tofacitinib V4
Ponatinib v Pain of skin
mTOR inhibitors Everolimus J Skin lesion
Sirolimus v
Antimetabolites Methotrexate V4 V4 Skin ulcer
Hydroxycarbamide v v Leg ulcer
Leflunomide V4
Bisphosphonates Alendronic acid v
Pamidronic acid V4
Zoledronic acid V4
VEGF inhibitors Bevacizumab J Wound healing
complications
Interferons Interferon beta N4 N4
Cardiac glycosides Digoxin v
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Cox 2 inhibitors Rofecoxib v
Glucocorticoids Prednisone V4 Impaires wound
healing
Potassium channel Nicorandil J Skin ulcerations
activators
Opiate analgesics Pentazocine V4 Ulceration of the
skin

Table 1. Results of the disproportionality analyses. A V' is indicative of a disproportionality

signal. Moreover, verbatim about skin ulcers, if any, retrieved from the summary product

characteristics (SPC) are presented. Unknown drugs are in green

Discussion

To the best of our knowledge, this study is the first pharmacovigilance study aiming at identify
iatrogenic etiology of skin ulcers. Using data from the WHO pharmacovigilance database and
from the literature, we found a possible association between skin ulcers and 25 drugs. Notably,
our results identified new safety signals involving 6 protein kinase inhibitors (PKI), 3
bisphosphonates, leflunomide, interferon beta, rofecoxib and digoxin: and confirmed known
association of skin ulcer with PKI such as sunitinib, erlotinib, ponatinib and pazopanib,
bevacizumab, antimetabolites, mTOR inhibitors, glucocorticoids and pentazocine.

Overall, four main mechanisms are supposed to be implicated in the pathogenesis of iatrogenic
skin ulcers: angiogenesis inhibition, direct skin toxicity and diminishing skin perfusion through

vasoconstriction or increased blood viscosity (Figure 2).
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Figure 2. Schematic representation of the mechanisms of iatrogenic skin ulcers. Unknown drugs

are in green. GPCR, G-protein-coupled receptors ; endothelial growth factor (EGF); fibroblast
growth factor (FGF); platelet-derived growth factor (PDGF) ; vascular endothelial growth
factor (VEGF); mbGC-R: membrane glucocorticoid receptor.

Angiogenesis is a key factor in the proliferation phase of wound healing, and besides,
antiangiogenic agents are known to delay wound healing. (16,17) Moreover, it has been shown
that growth factors such as VEGF are implicated in vascular homeostasis in adults, in the
absence of any pathological insult. (18) Angiogenesis is a complex process regulated by several
growth factors (VEGF, EGF, TGF, PDGF..), integrins, cytokines (IL-8) and chemokines (SDF-
1).(19) In this pharmacovigilance study, most of the identified drugs displayed anti-angiogenic
properties. The anti-VEGF, bevacizumab, is well known to delay wound healing and is
estimated to increase the risk of wound healing complications from an OR of 2.32 (1.43,3.75)

against placebo, and cases reported the onset of skin ulceration during bevacizumab therapy
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(20,21). All the identified PKI displayed anti-angiogenic properties: sorafenib, sunitinib
through VEGF and PDGF inhibition; cabozantinib, levantinib, pazopanib and ponatinib
through VEGF inhibition; afatinib and erlotinib through EGFR inhibition; ibrutinib and
tofacitinib through JAK inhibition (and tyrosine kinase 2 for tofacitinib). Inhibition of mTOR
(everolimus, sirolimus) also displayed anti-angiogenic effect through downregulating the
expression of VEGF-A/VEGFR-2 and VEGF-C/VEGFR-3. (22)

The link between skin ulcer and bisphosphonates has never been suggested previously to our
knowledge. Although some cases were associated with osteonecrosis of jaw, such adverse drug
reaction seems pharmacologically conceivable. Indeed, a growing evidence is demonstrating
that bisphosphonates, notably zoledronic acid, inhibit cell migration and angiogenesis through
inhibition of the EGFR/Akt/PI3K pathway (23) ,VEGF (24) and induce fibroblast and vascular
endothelial cell apoptosis (25,26). Moreover, a recent study suggested that bisphosphonates
interfere with the supply of calcium causing basal layer epithelial cells dysfunction (27).

The mechanism underlying the risk skin ulcer induced by recombinant cytokines, such as
interferons, remain unclear. However, main hypotheses suggested that interferons induce a local
immune-mediated inflammatory response in the skin, have vasospastic, procoagulant,
vasoconstrictor effects and cause microvascular abnormalities such as luminal occlusion
especially by interleukin-1 production and endothelial cells proliferation. (28-36)

The pathophysiology of skin ulcer induced by antimetabolites is not well understood and is
probably multifactorial. Some hypotheses suggested a direct cytotoxic effect of
hydroxycarbamide on epidermal cells (especially on keratinocytes in the basal layer) (37-49)
causing a dystrophy of keratinocytes (50,51) with an inhibition of collagen synthesis (46,47).
Although the role of the drug is difficult to assess due to the underlying pathology, some studies
identified macrocytic erythroblasts, inducing microcirculation impairment causing cutaneous

anoxia and microthrombi formation (42,44 ,48.,49,52-55). Furthermore, methotrexate showed
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to provoke endothelial cell inhibition and apoptosis (56,57) and to inhibit JAK tyrosine kinases
(58). Leflunomide has been shown to inhibit the Protein-tyrosine kinase 2-beta which is a
signaling protein involved in cell migration and angiogenesis (60,61) and to inhibit the activity
of cyclo-oxygenase-2 (62).

Digoxin is a well-known HIF alfa inhibitor and has been shown to reduce the production of
growth factors, in particular VEGF (59,60). Recent data also indicate that digoxin inhibits
endothelial focal adhesion kinase and angiogenesis (61).

The relationship between skin ulcer and coxibs is based on two main hypotheses: a selective
COX-2 inhibition reducing prostacyclin (PGI,) synthesis, a vasodilator and a platelet
aggregation inhibitor (62). Furthermore, they reduce the PGE, and VEGF release from
keratinocytes (63). It has also been demonstrated that PGE2 and PGI2 are implicated in
angiogenesis through VEGF pathway activation (64).

The mechanism linking skin ulcer and glucocorticoids seems related to their antiproliferative
effect on keratinocytes, melanocytes and fibroblasts, thus decreasing collagen synthesis and
cause cutaneous atrophy (65). Moreover, recent studies suggest a non-genomic mechanism of
glucocorticoids through a membranous glucocorticoid receptor resulting in the inhibition of the
Wnt signaling pathway and keratinocyte migration (66). Lastly, it has been recently proposed
that glucocorticoids inhibits PGE2 production through COX?2 inhibition this producing dermal
vasoconstriction (67).

Skin ulcers associated with nicorandil are well described and probably induced by a direct toxic
effect of nicotinic acid on epithelial cells (68,69). The increased risk of skin ulcer was found
to be of Hazard Ratio 1.85 (95% CI 1.27-2.69) compared to non-users (69). Pentazocine is also
associated to skin ulcer genesis since 1979 probably through direct local inflammation and

microthombi formations (70).
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Pharmacovigilance databases are constituted of adverse drug reactions spontaneously reported
by physicians, healthcare professionals or even patients. Therefore several limitations of
disproportionality analyses need to be acknowledge. Indeed selective reporting of adverse drugs
reactions and the lacking of clinical data to verify such reactions could provoke
misclassification of the reported symptoms (71). In addition, the onset of skin ulcer could be
multifactorial and the causality with drug exposure could be difficult to assess given the high
rate of missing clinical data. Moreover, the results of disproportionality analyses may be
influenced by the extent of use of the drug, media coverage, the severity of the reactions and
competition with other drugs and adverse events. Despite these bias we identified several drugs
known to induce skin ulcers, which could be considered as positive controls. Moreover, our
disproportionality analysis of the data from Vigibase followed a two-stage procedure, a
conservative method allowing a greater specificity by suppressing a maximum of false
positives, but probably leading also to a loss of sensitivity. Lastly, performing
disproportionality analyses in the literature and in a pharmacovigilance database seems to be a
complementary approach. Indeed, we identified well described drugs in the literature that were
masked in WHO pharmacovigilance database.

Conclusion

In this study we several unknown drugs that may cause skin ulcer: tyrosine kinase inhibitors,
bisphosphonates, leflunomide, interferon beta, digoxin or cox 2 inhibitors with a plausible
pharmacological mechanism. Although confirmatory studies have to be performed clinicians

should be aware of these potential adverse events.
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4. Conclusion et perspectives

L’identification de médicaments susceptibles d’entrainer un risque accru de développer des
ulcéres cutanés est encore actuellement peu investiguée. Cependant, c’est une thématique
d’importance puisque 1I’impact en santé publique de ces effets indésirables pourrait étre fort.
En effet, les ulcéres cutanés sont une pathologie relativement fréquente entrainant une forte
morbidité et des colits pour la société trés importants. (5—7)

Nous avons identifi¢ dans nos travaux plusieurs médicaments d’intéréts, notamment les
inhibiteurs de cyclooxygenase-2, les bisphosphonates et certains inhibiteurs de tyrosine
kinase. La confirmation et I’évaluation du sur-risque d’apparition d’ulcére cutané avec ces
classes thérapeutiques reste a réaliser. Les ulcéres cutanés peuvent étre identifiés dans les
bases médico-administratives via les hospitalisations ou les remboursements de pansements ;
des études de pharmaco-épidémiologie peuvent donc étre envisagées pour évaluer ces
signaux. Nous sommes actuellement en train de d’effectuer une étude sur 1’Echantillon
Généraliste des Bénéficiaires qui a pour objectif d’évaluer le risque d’ulcéres cutanés avec les
inhibiteurs de cyclooxygenase-2. Ce schéma d’étude pourra ensuite étre transpos¢ a d’autres
classes médicamenteuses comme les bisphosphonates.

De plus, au sein du laboratoire de recherche HP2 notre équipe a développé des modeles
animaux présentant un retard de cicatrisation cutanée afin initialement d’étudier et d’évaluer
I’efficacité de traitements pharmacologiques sur la cicatrisation d’ulceéres chroniques. Nous
envisageons d’utiliser ces mod¢les afin d’explorer le mécanisme ulcérogene des médicaments

dont nous aurons confirmé 1’'implication.
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1. Impact of pharmacovigilance disproportionality analysis study

design on the correlation with drug-related risks.

De nombreuses méthodes ont été développées afin de minimiser les biais affectant les
analyses de disproportionnalité. (73,78) Ces méthodes comprennent [’exclusion de
médicaments ou effets indésirables rentrant en compétition avec I’El étudié, la prise en
compte de biais induits par la médiatisation de certains EI, un changement de groupes
comparateurs...L’impact de ces différentes méthodes sur la taille d’effet des résultats n’a
jamais ¢été étudiée de maniére systématisée.

Par ailleurs, plusieurs €¢tudes ont récemment utilisé a la fois des données de pharmacodynamie
et des résultats d’analyses de disproportionnalité afin d’émettre des hypothéses
physiopathologiques a propos d’effets indésirables. (5-8) L’analyse de disproportionnalité est
alors utilisée comme approximation du risque d’effet indésirable lorsque ce risque est inconnu
et difficilement estimable par d’autres méthodes. L’étude de la corrélation entre les analyses
de disproportionnalités et un risque d’effet indésirable estimé par d’autres méthodes comme
des méta-analyses est trés peu étudié. De plus, 'impact des différents designs sur ces

corrélations n’est pas connu.
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Abstract
Aims

Disproportionality analyses (DA) are widely used for safety signal detection in
pharmacovigilance spontaneous reporting systems databases. While such analyses are not
intended to provide risk quantification, several studies have recently suggested a correlation
between the measures of disproportionality and drug-related risks. In this context, we aimed at
testing the influence of methodological choices on the results (vibration of effect) and on the

correlation with the risk of adverse drug reactions (ADRs).
Methods

We extracted ADR Odds Ratios (ORs) from meta-analyses used as reference and calculated
corresponding Reporting Odds Ratios (RORs) from Vigibase. We tested five DA designs and
2 correlation methods. We calculated the performances of each design, of the median ROR
across designs, and correlated RORs to ORs. We also calculated the relative bias and
agreement of ROR compared to OR and adapted the measures of vibration of effect to the
DA.

Results

We selected 5 meta-analyses which displayed a panel of 13 ADRs. A significant correlation
for 7 out of the 13 ADRs studied in the primary analysis was found. None of the methods for
ROR calculation (time, region or population standardization, drug considered concomitant)
systematically improved the correlation results. Whereas correlation was found between OR
and ROR agreement was poor. According to Bland and Altman method, mean differences
between OR and ROR ranged from 37.6 for time standardization to -0.1 in restricting the

analysis to a therapeutic area.
Conclusions

This study provides further evidence that effect sizes obtained from meta-analyses and from
disproportionality analyses to assess drug related ADR risks sometimes correlate. However,
there is large vibration of effect of disproportionality analyses, thus emphasizing the
importance the presentation of a set of results across all possible methods, to avoid selective
reporting. Further work is needed to understand the patterns of disproportionality analyses

results vibration and the ADR characteristics influencing the correlation with ADR risk.
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Introduction

Disproportionality analyses are statistical methods widely used by national drug
agencies, industries and researchers for safety signal detection in pharmacovigilance
spontaneous reporting systems databases. They aim at quantifying the extent to which a drug-
event pair is reported more often than it would be at random. A signal of disproportionate
reporting (SDR) is a statistical association that does not imply a causal relationship between
the administration of the drug and the occurrence of the adverse event (1,2). Generally,
disproportionality analyses cannot be used to assess a drug-relative risk because they don’t
provide risk quantification (3). Nevertheless, Macid-Martinez and colleagues found a
significant correlation between disproportionality analyses and relative risks estimated in
epidemiological studies and meta-analyses (4). Moreover, several studies have recently used a
mixed pharmacoepidemiological-pharmacodynamic design to explore the pathophysiology of
some adverse drug reactions (ADR), hypothesizing a correlation between the measures of
disproportionality and drug-related risks of ADR 3-8, However, disproportionality analyses are
affected by several bias, which may modify disproportionality effect sizes, performances for
SDR detection and eventually the correlation with drug-related risks, if not properly
controlled (3). Among them, the time after drug approval (Weber effect), the reporting region
(induced by heterogeneity in pharmacovigilance national systems), media attention (notoriety
bias) affect drug reporting (9,10). A competition between the studied drug or event with other
drugs or events widely reported can also affect disproportionality effect sizes (competition
bias or masking effect) (11,12). Lastly, the choice of the control group does affect
disproportionality and is an important concern in every epidemiological study. Several
strategies to minimize the above-mentioned bias have been developed (e.g. time trend
analysis, exclusion of competitors, subgroup analysis) but their impact on the relationship
between disproportionality effect sizes and drug-related risks has never been studied (13). The
vibration of effect is a concept recently developed by Patel et al. initially applied to
observational researches (14). The vibration of effect is an estimation of the variation in effect
sizes and p-values due to model selection. Thus this concept could also be applied to describe

the result variation of disproportionality analysis due to design specifications.

In this context, several questions remain (1) Does the correlation between
disproportionality analyses and drug-related risks exists for a variety of ADR? (2) Could the

disproportionality analyses methodological choices modify this correlation?
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To further address these questions, we compared and correlated ADR risks obtained
from meta-analyses of clinical-trials to disproportionality analyses and assessed the impact of

study design and bias minimization methods on the results.

Methods

1. Data sources

1.1. Selection of meta-analyses

We extracted all meta-analyses published over five years (August 2013-August 2018)
in seven high impact journals: NEJM, JAMA, Plos Medicine, BMJ, JAMA Internal Medicine,
Lancet and Annals of Internal Medicine. Then, we selected the meta-analyses evaluating the
safety of a pharmacological drug class, with at least 5 different pharmacological treatments,

on specific ADRs.

1.2. Pharmacovigilance database

VigiBase® is the World Health organization’s (WHO) global safety database of
individual case safety reports (ICSRs). At the time of extraction, the database contained over
18 million ICSRs from 131 member countries and 29 associated members of the WHO
Programme for International Drug Monitoring. VigiBase® provides ICSRs with patient
information such as gender, age, medical history, country, drug and concomitant drug taken
with chronological information, indication of the drug, adverse effects and their severity and

outcome (15).

1.3. Adverse drug reactions

In VigiBase®, all ADRs are coded according to the Medical Dictionary for Regulatory
Activities (MedDRA) (16). In the present study, we identified Standardized Medical Queries

and MedDRA terms corresponding to ADRs extracted from meta-analyses. We characterized
4
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each ADR by its frequency, severity and time to onset (Text S1). Furthermore, for each ADR,
a potential protopathic and media bias was searched. A protopathic bias occurs when a drug is
initiated in response to the first symptoms of an undiagnosed disease that will cause the
studied ADR (17). To assess influence of media safety alerts on the reporting rate of an ADR,
we retrieved FDA drug safety alerts (10).

2. Analyses

2.1. Meta-analysis
All risk estimates from the selected meta-analysis were extracted. When several drug
dosages were available for a given drug, they were meta-analyzed to obtain a summary
measure. Moreover, continuous outcomes were back transformed into odds ratio (OR)

through standardized mean differences (18).

2.2. Disproportionality analyses

Several disproportionality methods have been developed and are currently applied in
pharmacovigilance databases, but no gold standard in terms of performance, accuracy and
reliability has been established (19,20). In the present study, disproportionality analyses were
performed using the Reporting Odds Ratio (ROR) method, with 95% confidence intervals
(CI) (21). Given the poor accuracy of the ROR calculated with less than three individual cases,
drug-adverse effect pairs for which the number of cases was lower than 3 were excluded from

analysis (13,20,22).

To explore factors that may influence the correlation between RORs and ORs, several
disproportionality analyses were performed in Vigibase®. A primary disproportionality
analysis was performed for each drug or drug class considered as suspect at the publication
date of the corresponding meta-analysis, to minimize the notoriety bias and the modification
of reporting rates over time. Then, the following secondary analyses were performed: (1)
adding the concomitant reports to the studied drug; (2) standardizing the time on the market of
different drugs five years after approval date, to assess the influence of time on the market on
the reporting rate (9,23); (3) adjusting on the reporting continent (North America: Canada and
USA) (24); (4) restricting SDR detection within a therapeutic area to limit indication and
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confusion bias (25,3,26); (5) excluding competitors to take into account potential drug-event
competition bias. Competitors were identified using the competition index at the PT level

with a cut off at 5% (11,27,28).

2.3. Correlation analysis

To take into account the variability of the point estimates of both values we performed
an orthogonal regression analysis with the assumption of equal variance. We used natural
logarithms of both values to reduce heteroscedasticity (29). Moreover, t-tests of the regression
slope were performed, a p-value<0.05 was considered significant. In addition to the secondary
disproportionality analyses above described, we performed two sensitivity analyses: (1) to
take in account the variability associated with the point estimate, we correlated the lower
boundary of the 95% CI of both estimates; (2) we performed the regression with a robust
regression method to minimize the influence of outliers, through an MM-type regression
estimator (30).

We adapted the measures of vibration of effect developed by Patel at al. to the
disproportionality analyses. (14) For each ADR, we thus estimated the “relative ROR”
(RROR) which is the ratio between the higher and the smaller ROR estimated according to
the primary and secondary analyses previously described. (14)

We also calculated the relative bias of ROR compared to OR. We thus calculated the
prediction errors between the two estimates divided by the ROR value; using this formulae
RB=( | pred-obs | )/pred; pred=predicted value (ROR); obs=observed values (OR) (31). Lastly,
we calculated the agreement between OR and ROR through Bland-Altman method (32).

All analyses were performed using R statistical software (Version 3.3.0)

Results

1. Meta-analyses selection

Among the 425 meta-analyses published between 2013 and 2018 in the 7 selected high
impact journals, 43 assessed the safety of several pharmacological interventions. However,
only five meta-analyses assessed the risk of specific ADRs and were selected (33—37). The

reasons for exclusion were the presence of only pooled results (n=8), no safety analysis or no
6

180



specific ADR (e.g. proportion of severe ADR or drop out for ADR) (n=21), not enough drug
groups (n=8) and only combined treatment results (n=1) (Table S1) Drug classes were anti-
psychotics, anti-depressants, blood pressure-lowering agents, oral anticoagulants and anti-

diabetics.

2. Description of adverse drug reactions

These 5 meta-analyses evaluated 13 ADRs: extrapyramidal syndrome, prolactin increase,
QTec prolongation, sedation, weight gain with antipsychotics; cough hyperkaliemia, oedema,
presyncope with blood pressure-lowering agents; suicide with antidepressant; gastrointestinal
and intracranial bleeding with oral anticoagulants and hypoglycemia with anti-diabetics. The

ADRs are described in Table 1.

Table 1. Description of 13 selected adverse drug reactions

Adverse drug Time to Protopathic Media
Drug class Frequency Seriousness Type
reaction onset bias bias
: . Very
Weight gain NS D A Yes No
Common
Extrapyramidal Ve
by i S D/l A No No
syndrome common
Prolactin
Antipsychotics Common NS D A No No
increase
QTc
Uncommon S I A No Yes
prolongation
Very
Sedation NS I A Yes No
common
Blood Hyperkaliemia Common S D/l A No No
pressure- Presyncope Common S I A No No
lowering Cough Common NS D/l A No No
agents Oedema Common NS I A Yes No
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Antidepressant Suicide Uncommon S D B Yes Yes

Intracranial
) Uncommon S I A No No
Oral bleeding
anticoagulants | Gastrointestinal
) Common S I A No No
bleeding
Anti-diabetics | Hypoglycemia Common NS I A No No

D: Delayed; I: Immediate; NS: Non serious - S: Serious. A: type A adverse drug reactions (i.e.
pharmacological and dose-related adverse effects); B: type B adverse drug reactions (idiosyncratic,

bizarre or novel responses that cannot be predicted from the known pharmacology of a drug)

We found three FDA drug safety alerts in relation to the studied drug-ADR pairs. In
October 2004, the FDA issued a black-box warning on antidepressants indicating that they
were associated with an increased risk of suicidal thinking, feeling, and behavior in young
people (38). Six months after this safety alert, the number of spontaneous reports involving an
antidepressant in the occurrence of a suicidal ideation raised significantly (p < 0.05). In
December 2001, the FDA released a warning on droperidol because of reported cases of QT-
interval prolongation. Likewise, the number of cases reported in Vigibase® significantly
increased (p < 0.05). Contrariwise, safety alert in 2007 on haloperidol and QTc prolongation

was not followed by an increase in spontaneous reporting database (39).

3. Disproportionality analyses

The criteria (MedDRA terms, cases selection, drug class, drug competitors) used for ROR

calculations in Vigibase® are described in Table 2.
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Table 2. Criteria used for disproportionality analyses

Meta- Adverse drug MedDRA Term(s) Cases selection Therapeutic Drug
analysis reaction (Hierarchy level) Patient age area competitor(s)
Date of inclusion (ATC

classification)
Leucht, Weight gain Weight increased (PT) 18 to > 75 years old  Antipsychotics Levonorgestrel
2013 (33)  Extrapyramidal Extrapyramidal syndrome 27/06/2013 (NO5SA) Metoclopramide
syndrome (SMQ narrow)
Prolactin increase  Hyperprolactinaemia  (PT) Fluoxetine
Blood prolactin increased
(PT)
QTec prolongation  Electrocardiogram QT None
prolonged (PT)
Sedation Sedation (PT) None
Palmer, Hyperkaliemia Hyperkalaemia (PT) 18 to > 75 years old Cardiovascular ~ Potassium
2015 (34) Presyncope Presyncope (PT) 23/05/2015 system  (classe None
Cough Cough (PT) O Influenza
vaccine
Oedema Oedema peripheral (PT) None
Localised oedema (PT)
Oedema (PT)
Cipriani, Suicide Suicidal ideation (PT) 0 to 20 years old Antidepressants  Isotretinoin
2016 (35) 08/06/2016 (NO6A) Atomoxetine
Montelukast
Lopez- Gastrointestinal Gastrointestinal haemorrhage 18 to > 75 years old  Antithrombotic =~ Warfarine
Loépez, bleeding (PT) 28/11/2017 agents (BO1A)
2017 Intracranial Haemorrhage intracranial Warfarine
(36) bleeding (PT) Alteplase
Heparin
Palmer, Hypoglycemia Hypoglycaemia (PT) 18 to > 75 years old  Drugs used in None
2016 (37) 19/07/2016 diabetes (A10)

ATC: Anatomical Therapeutic Chemical — PT: Preferred terms — SMQ: Standardized Medical Queries
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The vibration of disproportionality analyses results ranged from a relative ROR of 2.7

(risperidone and prolactin increase) to 710.8 (quetiapine and QTc prolongation) (Figure 1). In

the later, the ROR for QTc prolongation with quetiapine was of 1.20 when restricting the

analysis by therapeutic area and was of 854.80 when conducting the analysis 5 years after

FDA labelling. The prediction error of ROR ranged from 0.1% to 2742%. Only 8.3% of the

ROR displayed a prediction error inferior to 50% of the OR value.
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Figurel. Relative Reporting Odds Ratio (ROR) calculated as a ratio between the higher and

the smaller ROR estimated according to the primary and secondary disproportionality

methods.
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4. Correlation analysis

In the primary analysis, we found a significant correlation between ORs from meta-analyses

and the corresponding RORs for 7 of the 13 ADRs studied: extrapyramidal syndrome and

prolactin increase with antipsychotics, hyperkaliemia and cough with blood pressure-lowering

agents, gastrointestinal bleeding with oral anticoagulants and hypoglycemia with anti-

diabetics (Figure 2). Interestingly, some correlations remain significant in all secondary and

sensitivity analyses despite the vibration of effect. Intercept, slope and goodness of the fit for

each correlation are presented in supplementary material (Table S2) and examples of the best

and the worst correlations are presented in Figure 3.
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Figure 2. Heat map representing the p-value of the t-test of the slope for each adverse drug

reactions in primary, secondary and sensitivity analyses. Relative and median p-value are also

presented.
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None of the methods for ROR calculation (time, region or population standardization,

drug considered concomitant) systematically improved the correlation results. Excluding

competitors slightly improved the correlation in 7 on the 8 affected ADRs. The wider

variation in p-value was induced by time and regional standardization. Using the lower

boundary of the confidence intervals and using a robust correlation method provided better

results than the primary analysis for 8 and 11 ADR respectively.
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Figure 3. Examples of the best and the worst correlations between measures of association

from meta-analyses (expressed as OR) and from Vigibase® (expressed as ROR) in the

primary analysis. Each dot represents a drug.

Whereas correlation was found between OR and ROR agreement was poor. According

to Bland and Altman method, mean differences between OR and ROR ranged from 37.6 for

time standardization to -0.1 in restricting the analysis to a therapeutic area (Table S3)
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Discussion

To our knowledge, this is the first study exploring the impact of disproportionality
analyses study design for ROR calculation on the correlation with drug-related ADR risk from

clinical trials.

We found a significant correlation for 7 out of the 13 ADRs studied in the primary
analysis. Within ADR characteristics, the presence of a protopathic bias seems to be
associated with weaker correlations. This is striking in the first meta-analysis in which
sedation and weight gain, frequently induced by multifactorial etiologies and drugs, are far
less correlated than prolactin increase, extrapyramidal syndromes and QTc prolongation. The
result of the 5 secondary analyses provided heterogeneous results, and none of the methods

systematically improved the results.

Among the two sensitivity analyses performed, the correlation between the lower
boundary of the confidence intervals of RORs and ORs resulted in the wider variation in p-
values. Overall, in addition to the use of a correlation method robust to outliers, these methods

could be used to in order to test the robustness of the results.

In this study, despite significant correlation between ROR and OR, agreement was
poor and in about half of cases the relative bias was extremely important. This finding is
similar to the study conducted by Macid-Martinez and colleagues (4) and should be related to
the heterogeneity of the control group or to the preferential reporting of already reported
ADRs. Thus, a ROR value cannot be used as a surrogate for an OR. However, surprisingly,
the agreement between OR and ROR calculated in restricting the background to a
homogeneous therapeutic area was good, and the robustness of this results remains to be

further validated.

Importantly, this study highlighted the wide vibration of effect associated with
disproportionality analyses. Considering the growing use of disproportionality analyses and
the lack of standardized methods, this could lead to a major distortion of pharmacovigilance
SDR. The patterns of vibration in disproportionality analyses according to ADR
characteristics and to disproportionality measures is unknown. Moreover, the relationship
between vibration of effect and the performances of SDR should be further explored.

This study suffers from several limitations. First, only one pharmacovigilance database
was studied, we did not tested for other databases, such as national databases which may be
more homogenous. On another hand, the WHO pharmacovigilance database has the
advantage of being more representative and is larger. Furthermore, it should be interesting to

13
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compare these results with some Bayesian estimates of disproportionality such as the Multi-
item Gamma Poisson Shrinker or the Bayesian Confidence Propagation Neural network
which probably significantly differ from frequentist methods. We selected only meta-analyses
to extract the most accurate risk estimates. However, safety data from clinical trials are
generally insufficient to assess drug-related risk. Indeed, the lack of power, the exclusion of
patients with multiple comorbidities and short-term follow-up do not allow accurate
identification of rare adverse effects (type B) and/or adverse effects with a long latency (type
C). All ADRs in this study were type A (i.e. pharmacologically-expected and dose-related
adverse effects), except suicide with antidepressants. However, pharmacovigilance databases
are known to be mainly helpful in detecting type B adverse effects (i.e. effects that are often
allergic or idiosyncratic reactions, characteristically occurring in only a minority of patients
and usually unrelated to dosage and that are serious, unexpected and unpredictable), as well as
unusual type A ADRs (40). Furthermore, drug dosage was not taken into account in ROR
calculation. Lastly, in this study we mixed individual and collection of PTs to reflect the data
used in the meta-analyses. The impact of the PT selection at a medical concept level or at
individual level on the vibration of effect and on the disproportionality analyses performances
remains to be further explored. It would be of interest to conduct this study with large
epidemiological studies exploring other types and scarce ADRs which could be better

correlated with pharmacovigilance data.

This study provides further evidence that effect sizes obtained from meta-analyses and
from disproportionality analyses to assess drug related ADR risks sometimes correlate.
However, there is large vibration of effect of disproportionality analyses, thus emphasizing
the importance the presentation of a set of results across all possible methods, to avoid
selective reporting. Further work is needed to understand the patterns of disproportionality
analyses results vibration and the ADR characteristics influencing the correlation with ADR

risk.
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2. Conclusion et perspectives

L’¢étude que nous avons réalisée démontre la trés grande vibration des résultats des analyses
de disproportionnalité en fonction des designs utilisés. Ces choix méthodologiques impactent
les résultats ainsi que les corrélations avec les risques d’effets indésirables estimés par des
méta-analyses. Cette étude souleve donc de nombreuses questions :

- Sachant les limites des méta-analyses d’effet indésirables, quelle est la corrélation entre des
¢tudes de pharmaco-épidémiologie et des analyses de disproportionnalité, notamment en
¢tudiant des effets indésirables plus rares ?

- Quelle corrélation existe avec les autres métriques de disproportionnalité, notamment
bayésiennes ?

- Quel est I’'impact du type d’effet indésirable sur ces corrélations ?

- Des niveaux de vibration des résultats importants reflétent-ils de moins bonnes valeurs

pronostiques positives et négatives des analyses de disproportionnalité ?

Nous tenterons d’apporter des réponses a ces questions a 1’avenir par d’autres études. Nous
envisageons, par exemple, de réaliser une étude sur les performances des différents designs, et
sur la vibration de I’effet, en termes de sensibilité et spécificité a partir de tables tests
comprenant des contrdles positive et négatifs comme celle développée par ’OMOP. (129)

Par ailleurs, cette étude a également mis en évidence la possibilité de publication sélective des
résultats et de p-hacking dans le domaine de la pharmacovigilance. L’adaptation des méthodes
de meéta-recherche, le développement de méthodes standardisées et de transparence des

résultats est un domaine a développer en pharmacovigilance.
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Ces différentes études nous ont donc permis d’identifier de nombreuses classes
pharmacologiques potentiellement a I’origine d’une induction ou d’une aggravation d’un
phénoméne de Raynaud, de troubles trophiques ou d’une HTAP. Au sein de ces étiologies,
peu d’entre elles peuvent €tre considérées comme certaines et des études confirmatoires et
mécanistiques restent a mener. Par ailleurs, I’impact en santé publique de ces effets
indésirables reste encore a étudier.

Les différentes étiologies a ce jour identifiées de fagon certaine, probable ou possible sont

résumées dans le tableau ci-dessous (Tableau 5).

Tableau 5. Résumé des étiologies iatrogenes des pathologies microvasculaires actuellement
identifiées comme (A) certaine (EI démontré et risque quantifié); (B) probable (EI

démontré) ; (C) possible (signal a confirmer).

Substances Phénomene de HTAP Trou.bles
Raynaud trophiques

Béta-bloquants

Dérivés de I’ergot

Sympathomimétiques

Inhibiteurs recapture
sérotonine

Amphétaminiques
Inhibiteurs de tyrosine
kinase
Chimiothérapies alkylantes B
Antiangiogéniques
(bevacizumab++)
Anti-métabolites
(methotrexate,
hydroxycarbamide)
Leflunomide B C

O |W O W=

Ciclosporine B

Inhibiteurs mTOR _

Interférons B B B

Inhibiteurs cox 2 C

Antiviraux directs anti-
hépatite C

Bisphosphonates C

Ce tableau met en évidence la possibilité d’atteintes microvasculaires généralisées par certains
médicaments, ou au contraire d’atteintes spécifiques. Il parait donc important d’étudier
I’impact de chaque substance identifiée dans une pathologie sur les autres. Le paralléle fait

dans ce travail entre ces 3 pathologies permet en effet de soulever des pistes sur de
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potentielles étiologies iatrogénes encore non identifiées. Par exemple, quel est I’impact du
leflunomide dans le phénoméne de Raynaud, des bisphosphonates dans I’HTAP et le
phénoméne de Raynaud ou des amphétaminiques sur les troubles trophiques. Enfin, I’étude de
cette hétérogénéité pourrait permettre de mieux comprendre les similarités et spécificités

physiopathologiques de ces maladies.

Avenir de la détection et de [I'évaluation de signaux en

pharmacovigilance

L’avénement de méthodes statistiques puissantes associées a la possibilité d’exploiter de
nouvelles sources de données permet d’entrevoir 1’avenir de la détection de signaux de

pharmacovigilance dans quelques années.

La combinaison de larges bases de données de pharmacologie permet de transposer les
concepts de la biologie des systémes a la pharmacologie et donc d’appréhender I’effet une
molécule sur le systéme entier et non sur une cible spécifique. (130) De nombreuses bases de
données comprenant des informations pharmacologiques sont, en effet, maintenant
disponibles dans la littérature (Tableau 6). Ces approches ont déja démontré leur capacité
prédire la toxicité de nouvelles molécules mais aussi a générer des signaux de

pharmacovigilance. (69,105)

Tableau 6. Bases de données en « open source » comprenant des informations moléculaires

et pharmacologique Extrait de (Basile et al., Trends Pharmacol Sci. 2019) (108).

Name Description

DrugBank Bioinformatics and chemoinformatics resource about drug data and drug target

SIDER Database on marketed medicines and their recorded adverse drug reactions

ChEMBL Manually curated database of bioactive molecules with drug-like properties

ChEBI Freely available dictionary of molecular entities focused on ‘small’ chemical
compounds

PubChem Open chemistry database at the National Institutes of Health
Reactome Curated and peer-reviewed pathway database

KEGG Database resource for understanding high-level functions and utilities of
the biological system, the organism and the ecosystem, from
molecular-level information
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Pour détecter des signaux de pharmacovigilance on pourra également s’appuyer, au-dela de la
notification spontanée, sur des données provenant de 1’analyse textuelle de forums et de

réseaux sociaux mais aussi de tous les appareils connectés, montres, smartphones, lentilles

digitales. ..

Remote glucose GSK, MedTrust Online Launch

Wearables and monitoring Clinical trials iphone app
wellbeing devices Medscape launch iphone  Eagassirs =
interaction checker am,mm
il<(ll‘ embedded nto the back ot or search for any disease above.
= Pod ¥ 10:51 AM -
> Ve e —— Bladder Concer

Brain Concer

Cervical Cancer

@ MedscapeCME > Colon Cancer

wee More

Juit

Infection Spread

User 1
/| User 2
User 3
User 4
/|users
User 6

Zusem

Google Baseline Study: small, huge

Intense digital health data collection from 175 subjects
Using a variety of sensors

o May include experimental contact lens for diabetes SR O oo B : = {
data : ‘ ‘ ! |
Z - Jan. 2013 July 2013 Jan, 2014 July 2014
‘ o
Social Media tweets tracking insomnia
Figure 10. Nouvelles sources de données exploitables en pharmacovigilance. Extrait de

(Spooner etal. 11 " Stakeholder forum on the Pharmacovigilance legislation; 2017) (131)

L’analyse textuelle via des méthodes de « natural language processing » permettra d’extraire
des informations de données non structurées comme les cas publiés dans la littérature, les
dossiers médicaux ou les observations de pharmacovigilance. (132-134) Ces méthodes
promettent également un remplissage automatisé des observations et des cas de
pharmacovigilance. (135)

Enfin, les travaux actuels sur 1’utilisation de modeéles de données communs, 1’amélioration

des méthodes de pharmaco-épidémiologie, la création de plateformes permettant la fusion et
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I’interrogation simultanées de plusieurs bases de données permettra une détection automatisée
de signaux directement sur ces bases de données et leur évaluation rapide avec une trés grande
puissance. (136—-139)

De nombreux travaux seront a réaliser pour définir la place et I'intérét de chacune de ces

méthodes par rapport aux autres, et notamment a la notification spontanée.
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CONCLUSION

Pour conclure, ce travail de thése nous a permis d’explorer le role de nombreux médicaments
dans les pathologies micro-vasculaires, champs qui restait encore peu étudié dans la
littérature. Ces travaux nous ont permis d’identifier plusieurs classes pharmacologiques dont
le role était encore non décrit dans ces pathologies. De nombreux travaux restent & mener
dans ce domaine afin de démontrer le lien causal entre certains médicaments et I’induction ou
I’aggravation de pathologies microvasculaires, de quantifier le risque et I’'impact de ces effets
indésirables et d’en identifier le mécanisme. L’étude des mécanismes pharmacologiques a
I’origine de ces effets indésirables permet également d’émettre de nouvelles hypothéses
physiopathologiques a 1’origine de ces maladies.

Les traitements utilisés dans ces différentes pathologies microvasculaires sont a 1’heure
actuelle encore peu efficaces et spécifiques. Des travaux de recherche important doivent
encore étre menés afin d’identifier de nouvelles pistes thérapeutiques et de personnaliser la

prise en charge des patients.

200



REFERENCES
1. Baez S. Microcirculation. Annu Rev Physiol. 1977;39(1):391-415.

2. Levy BI, Schiffrin EL, Mourad J-J, Agostini D, Vicaut E, Safar ME, et al. Impaired
Tissue Perfusion A Pathology Common to Hypertension, Obesity, and Diabetes Mellitus.
Circulation. 2008 Aug 26;118(9):968-76.

3. Rizzoni D, Rizzoni M, Nardin M, Chiarini G, Agabiti-Rosei C, Aggiusti C, et al.
Vascular Aging and Disease of the Small Vessels. High Blood Press Cardiovasc Prev Off J
Ital Soc Hypertens. 2019 Jun;26(3):183-9.

4. Miranda M, Balarini M, Caixeta D, Bouskela E. Microcirculatory dysfunction in
sepsis: pathophysiology, clinical monitoring, and potential therapies. Am J Physiol Heart Circ
Physiol. 2016 01;311(1):H24-35.

5. Raynaud M. De I’asphyxie locale et de la gangréne symmétrique des extrémités. Paris:
L. Leclerc; 1862.

6. Wigley FM, Herrick AL, Flavahan NA, editors. Raynaud’s Phenomenon [Internet].
New York, NY: Springer New York; 2015 [cited 2015 May 26]. Available from:
http://link.springer.com/10.1007/978-1-4939-1526-2

7. Goundry B, Bell L, Langtree M, Moorthy A. Diagnosis and management of Raynaud’s
phenomenon. BMJ. 2012;344:e289.

8. Roustit M, Giai J, Gaget O, Khouri C, Mouhib M, Lotito A, et al. On-Demand
Sildenafil as a Treatment for Raynaud Phenomenon: A Series of n-of-1 Trials. Ann Intern
Med. 2018 Nov 20;169(10):694—-703.

9. Wigley FM, Flavahan NA. Raynaud’s Phenomenon. N Engl J Med. 2016
aolt;375(6):556-65.

10.  Herrick AL. The pathogenesis, diagnosis and treatment of Raynaud phenomenon. Nat
Rev Rheumatol. 2012 aofit;8(8):469—-79.

11. Steen V, Denton CP, Pope JE, Matucci-Cerinic M. Digital ulcers: overt vascular
disease in systemic sclerosis. Rheumatol Oxf Engl. 2009 Jun;48 Suppl 3:iii19-24.

12.  Frykberg RG, Banks J. Challenges in the Treatment of Chronic Wounds. Adv Wound
Care. 2015 Sep 1;4(9):560-82.

13.  Rames O, Sebo S, Pecault, R., Agamaliyev E, Tuppin P, Rodde Dunet M, et al.
PLAIES CHRONIQUES EN FRANCE: PREVALENCE, CARACTERISTIQUES ET
EVOLUTION. AMELIORER L’ORGANISATION DE LA PRISE EN CHARGE EN
SORTIE D’HOSPITALISATION. JPC; 2014.

14.  Epidémiologie des escarres en Etablissements d’Hébergement pour personnes Agées

201



ou EHPAD [Internet]. [cited 2019 Jan 21]. Available from: http://www.escarre-
perse.com/escarres/ressources-documentaires/207-epidemiologie-des-escarres-en-
etablissements-dhebergement-pour-personnes-agees-ou-ehpad.html

15. Greer N, Foman NA, MacDonald R, Dorrian J, Fitzgerald P, Rutks I, et al. Advanced
wound care therapies for nonhealing diabetic, venous, and arterial ulcers: a systematic review.
Ann Intern Med. 2013 Oct 15;159(8):532—42.

16.  Thenappan T, Ormiston ML, Ryan JJ, Archer SL. Pulmonary arterial hypertension:
pathogenesis and clinical management. BMJ. 2018 Mar 14;j5492.

17. Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA, Krowka M, et
al. Haemodynamic definitions and updated clinical classification of pulmonary hypertension.
Eur Respir J. 2019 Jan;53(1).

18.  Denton CP, Khanna D. Systemic sclerosis. The Lancet [Internet]. 2017 Apr 13 [cited
2017 Sep 4]; Available from:
http://www.sciencedirect.com/science/article/pii/S0140673617309339

19. Humbert M, Guignabert C, Bonnet S, Dorfmiiller P, Klinger JR, Nicolls MR, et al.
Pathology and pathobiology of pulmonary hypertension: state of the art and research
perspectives. Eur Respir J. 2019 Jan;53(1):1801887.

20. Allanore Y, Simms R, Distler O, Trojanowska M, Pope J, Denton CP, et al. Systemic
sclerosis. Nat Rev Dis Primer. 2015 Apr 23;15002.

21.  Noor S, Zubair M, Ahmad J. Diabetic foot ulcer—A review on pathophysiology,
classification and microbial etiology. Diabetes Metab Syndr Clin Res Rev. 2015 Jul;9(3):192—
9.

22.  Hughes M, Herrick AL. Digital ulcers in systemic sclerosis. Rheumatology. 2017
Jan;56(1):14-25.

23. Huertas A, Guignabert C, Barbera JA, Bértsch P, Bhattacharya J, Bhattacharya S, et al.
Pulmonary vascular endothelium: the orchestra conductor in respiratory diseases: Highlights
from basic research to therapy. Eur Respir J. 2018 Apr;51(4):1700745.

24.  Tousoulis D, Papageorgiou N, Androulakis E, Siasos G, Latsios G, Tentolouris K, et
al. Diabetes Mellitus-Associated Vascular Impairment. J Am Coll Cardiol. 2013
Aug;62(8):667-76.

25.  Paneni F, Diaz Cafiestro C, Libby P, Liischer TF, Camici GG. The Aging
Cardiovascular System. J Am Coll Cardiol. 2017 Apr;69(15):1952—-67.

26.  Polovina MM, Potpara TS. Endothelial Dysfunction in Metabolic and Vascular
Disorders. Postgrad Med. 2014 Mar;126(2):38-53.

202



27.  Comerota A, Lurie F. Pathogenesis of venous ulcer. Semin Vasc Surg. 2015
Mar;28(1):6—-14.

28.  Avishai E, Yeghiazaryan K, Golubnitschaja O. Impaired wound healing: facts and
hypotheses for multi-professional considerations in predictive, preventive and personalised
medicine. EPMA J. 2017 Mar;8(1):23-33.

29. Kowal-Bielecka O, Fransen J, Avouac J, Becker M, Kulak A, Allanore Y, et al.
Update of EULAR recommendations for the treatment of systemic sclerosis. Ann Rheum Dis.
2017 Aug 1;76(8):1327-39.

30. Gali¢ N, Humbert M, Vachiery J-L, Gibbs S, Lang I, Torbicki A, et al. 2015 ESC/ERS
Guidelines for the diagnosis and treatment of pulmonary hypertension. Eur Heart J. 2016 Jan
1;37(1):67-119.

31.  Lundberg JO, Gladwin MT, Weitzberg E. Strategies to increase nitric oxide signalling
in cardiovascular disease. Nat Rev Drug Discov. 2015 Sep;14(9):623—-41.

32. Hummers LK, Dugowson CE, Dechow FJ, Wise RA, Gregory J, Michalek J, et al. A
multi-centre, blinded, randomised, placebo-controlled, laboratory-based study of MQX-503, a
novel topical gel formulation of nitroglycerine, in patients with Raynaud phenomenon. Ann
Rheum Dis. 2013 Dec 1;72(12):1962-7.

33.  Nutritional Strategies to Increase Nitric Oxide Signaling in Raynaud’s Phenomenon -
Full Text View - ClinicalTrials.gov [Internet]. [cited 2019 Aug 9]. Available from:
https://clinicaltrials.gov/ct2/show/NCT03749577

34, Denton CP, Hachulla E, Riemekasten G, Schwarting A, Frenoux J-M, Frey A, et al.
Efficacy and Safety of Selexipag in Adults With Raynaud’s Phenomenon Secondary to
Systemic Sclerosis: A Randomized, Placebo-Controlled, Phase II Study. Arthritis Rheumatol
Hoboken NJ. 2017;69(12):2370-9.

35. Matucci-Cerinic M, Denton CP, Furst DE, Mayes MD, Hsu VM, Carpentier P, et al.
Bosentan treatment of digital ulcers related to systemic sclerosis: results from the RAPIDS-2
randomised, double-blind, placebo-controlled trial. Ann Rheum Dis. 2011 Jan 1;70(1):32-8.
36.  Lau EMT, Giannoulatou E, Celermajer DS, Humbert M. Epidemiology and treatment
of pulmonary arterial hypertension. Nat Rev Cardiol. 2017 Oct;14(10):603—14.

37. Martin K, Bégaud B, Latry P, Miremont-Salamé G, Fourrier A, Moore N. Differences
between clinical trials and postmarketing use. Br J Clin Pharmacol. 2004 Jan;57(1):86-92.

38. Zink RC, Marchenko O, Sanchez-Kam M, Ma H, Jiang Q. Sources of Safety Data and
Statistical Strategies for Design and Analysis: Clinical Trials. Ther Innov Regul Sci.

2018;52(2):141-58.

203



39.  Bouvenot Gilles, Vray Muriel. Essais cliniques :Théorie, pratique et critique. 4¢me
édition. Lavoisier;

40.  Gilles B, Muriel V. Essais cliniques : théorie, pratique et critique (4e ed.). Lavoisier;
2006. 482 p.

41.  Council for International Organizations of Medical Sciences (CIOMS), Report of
CIOMS Working Group X. Evidence Synthesis and Meta-Analysis for Drug Safety. Geneva,
Switzerland: WHO Press; 2016.

42, Berlin JA, Crowe BJ, Whalen E, Xia HA, Koro CE, Kuebler J. Meta-analysis of
clinical trial safety data in a drug development program: answers to frequently asked
questions. Clin Trials Lond Engl. 2013 Feb;10(1):20-31.

43.  Lane PW. Meta-analysis of incidence of rare events. Stat Methods Med Res. 2013
Apr;22(2):117-32.

44, Greco T, Zangrillo A, Biondi-Zoccai G, Landoni G. Meta-analysis: pitfalls and hints.
Heart Lung Vessels. 2013;5(4):219-25.

45.  Meta-Analyses of Randomized Controlled Clinical Trials To Evaluate the Safety of
Human Drugs or Biological Products; Draft Guidance for Industry; Availability [Internet].
Federal Register. 2018 [cited 2019 Jul 31]. Available from:
https://www.federalregister.gov/documents/2018/11/07/2018-24316/meta-analyses-of-
randomized-controlled-clinical-trials-to-evaluate-the-safety-of-human-drugs-or

46. Hammad TA, Neyarapally GA, Pinheiro SP, Iyasu S, Rochester G, Dal Pan G.
Reporting of meta-analyses of randomized controlled trials with a focus on drug safety: An
empirical assessment. Clin Trials. 2013 Jun 1;10(3):389-97.

47. Saini P, Loke YK, Gamble C, Altman DG, Williamson PR, Kirkham JJ. Selective
reporting bias of harm outcomes within studies: findings from a cohort of systematic reviews.
BMJ. 2014 Nov 21;349:g6501.

48. Mayo-Wilson E, Fusco N, Li T, Hong H, Canner JK, Dickersin K, et al. Harms are
assessed inconsistently and reported inadequately part 1: systematic adverse events. J Clin
Epidemiol. 2019 Sep 1;113:20-7.

49.  Working Group X — Meta-analysis ¢ COUNCIL FOR INTERNATIONAL
ORGANIZATIONS OF MEDICAL SCIENCES [Internet]. COUNCIL FOR
INTERNATIONAL ORGANIZATIONS OF MEDICAL SCIENCES. [cited 2019 Jul 31].
Available from: https://cioms.ch/working groups/working-group-x/

50.  Hammad TA, Pinheiro SP, Neyarapally GA. Secondary use of randomized controlled

trials to evaluate drug safety: a review of methodological considerations. Clin Trials J Soc

204



Clin Trials. 2011 Oct;8(5):559-70.

51.  Bennetts M, Whalen E, Ahadieh S, Cappelleri JC. An appraisal of meta-analysis
guidelines: how do they relate to safety outcomes? Res Synth Methods. 2016 Jan 1;n/a-n/a.
52.  Loke YK, Price D, Herxheimer A 2011. Chapter 14: adverse effects. In Higgins JPT,
Green S (eds.). Cochrane Handbook for Systematic Reviews of Interventions. Version 5.1.0
[updated @ March  2011]. The  Cochrane  Collaboration  (Available  from
www.handbook.cochrane.org.).

53. Shetty KD, Dalal SR. Using information mining of the medical literature to improve
drug safety. ] Am Med Inform Assoc. 2011 Sep;18(5):668—74.

54.  XuR, Wang Q. Large-scale combining signals from both biomedical literature and the
FDA Adverse Event Reporting System (FAERS) to improve post-marketing drug safety
signal detection. BMC Bioinformatics [Internet]. 2014 Dec [cited 2019 Aug 6];15(1).
Available from: https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-
15-17

55. Elisabetta Poluzzi, Emanuel Raschi, Carlo Piccinni and Fabrizio De Ponti. Data
Mining Techniques in Pharmacovigilance: Analysis of the Publicly Accessible FDA Adverse
Event Reporting System (AERS). In: Data Mining Applications in Engineering and Medicine.
56. van Puijenbroek EP, Bate A, Leutkens HGM, Lindquist M, Orre R, Egberts ACG. A
comparison of measures of disproportionality for signal detection in spontaneous reporting
systems for adverse drug reactions. Pharmacoepidemiol Drug Saf. 2002 Jan;11(1):3-10.

57.  Montastruc J-L, Sommet A, Bagheri H, Lapeyre-Mestre M. Benefits and strengths of
the disproportionality analysis for identification of adverse drug reactions in a
pharmacovigilance database. Br J Clin Pharmacol. 2011 Dec;72(6):905-8.

58. Wisniewski AFZ, Bate A, Bousquet C, Brueckner A, Candore G, Juhlin K, et al. Good
Signal Detection Practices: Evidence from IMI PROTECT. Drug Saf. 2016;39:469-90.

59. Bate A, Lindquist M, Edwards IR. The application of knowledge discovery in
databases to post-marketing drug safety: example of the WHO database. Fundam Clin
Pharmacol. 2008 Apr;22(2):127-40.

60. Candore G, Juhlin K, Manlik K, Thakrar B, Quarcoo N, Seabroke S, et al. Comparison
of statistical signal detection methods within and across spontaneous reporting databases.
Drug Saf. 2015 Jun;38(6):577-87.

61.  Rothman KJ, Lanes S, Sacks ST. The reporting odds ratio and its advantages over the
proportional reporting ratio. Pharmacoepidemiol Drug Saf. 2004 Aug;13(8):519-23.

62.  Evans SJ, Waller PC, Davis S. Use of proportional reporting ratios (PRRs) for signal

205



generation from spontaneous adverse drug reaction reports. Pharmacoepidemiol Drug Saf.
2001 Nov;10(6):483—6.

63.  Guideline on the use of Statistical Signal Detection Methods in the EudraVigilance
Data Analysis System - Doc. Ref. EMEA/106464/2006 rev. 1.
http://www.ema.europa.eu/docs/en_GB/document _library/Regulatory and procedural guidel
ine/2009/11/WC500011434.pdf.

64. Hasegawa S, Matsui T, Hane Y, Abe J, Hatahira H, Motooka Y, et al.
Thromboembolic adverse event study of combined estrogen-progestin preparations using
Japanese Adverse Drug Event Report database. PLOS ONE. 2017 juil;12(7):e0182045.

65.  Szarfman A, Machado SG, O’Neill RT. Use of screening algorithms and computer
systems to efficiently signal higher-than-expected combinations of drugs and events in the US
FDA'’s spontaneous reports database. Drug Saf. 2002;25(6):381-92.

66. Bate A, Lindquist M, Edwards IR, Olsson S, Orre R, Lansner A, et al. A Bayesian
neural network method for adverse drug reaction signal generation. Eur J Clin Pharmacol.
1998 Jun;54(4):315-21.

67. DuMouchel W, Fram D, Yang X, Mahmoud RA, Grogg AL, Engelhart L, et al.
Antipsychotics, glycemic disorders, and life-threatening diabetic events: a Bayesian data-
mining analysis of the FDA adverse event reporting system (1968-2004). Ann Clin Psychiatry
Off J Am Acad Clin Psychiatr. 2008 Mar;20(1):21-31.

68.  DuMouchel W. Regression-Adjusted GPS Algorithm ( RGPS ). In 2013.

69. Xiao C, Li Y, Baytas IM, Zhou J, Wang F. An MCEM Framework for Drug Safety
Signal Detection and Combination from Heterogeneous Real World Evidence. Sci Rep. 2018
29;8(1):1806.

70.  Pham M, Cheng F, Ramachandran K. A Comparison Study of Algorithms to Detect
Drug—-Adverse Event Associations: Frequentist, Bayesian, and Machine-Learning
Approaches. Drug Saf. 2019 Jun;42(6):743-50.

71. Tubert-Bitter P, Haramburu F, Begaud B, Chaslerie A, Abraham E, Hagry C.
Spontaneous reporting of adverse drug reactions: who reports and what? Pharmacoepidemiol
Drug Saf. 1998 Sep;7(5):323-9.

72.  Pariente A, Gregoire F, Fourrier-Reglat A, Haramburu F, Moore N. Impact of safety
alerts on measures of disproportionality in spontaneous reporting databases: the notoriety
bias. Drug Saf. 2007;30(10):891-8.

73.  Faillie J-L. Case-non-case studies: Principle, methods, bias and interpretation.

Therapie. 2019 Apr;74(2):225-32.

206



74.  Haramburu F, Bégaud B, Moride Y. Temporal trends in spontaneous reporting of
unlabelled adverse drug reactions. Br J Clin Pharmacol. 1997 Sep;44(3):299-301.

75.  Moride Y, Haramburu F, Requejo AA, Bégaud B. Under-reporting of adverse drug
reactions in general practice. Br J Clin Pharmacol. 1997 Feb;43(2):177-81.

76. Izem R, Sanchez-Kam M, Ma H, Zink R, Zhao Y. Sources of Safety Data and
Statistical Strategies for Design and Analysis: Postmarket Surveillance. Ther Innov Regul Sci.
2018;52(2):159-69.

77.  Hazell L, Shakir SAW. Under-reporting of adverse drug reactions: a systematic
review. Drug Saf. 2006;29(5):385-96.

78. Raschi E, Poluzzi E, Salvo F, Pariente A, De Ponti F, Marchesini G, et al.
Pharmacovigilance of sodium-glucose co-transporter-2 inhibitors: What a clinician should
know on disproportionality analysis of spontaneous reporting systems. Nutr Metab
Cardiovasc Dis NMCD. 2018;28(6):533-42.

79. Montastruc F, Benevent J, Rousseau V, Durrieu G, Sommet A, Montastruc J-L. Risk
of diabetes with fibrates and statins: a pharmacoepidemiological study in VigiBase®. Fundam
Clin Pharmacol. 2019 Feb;33(1):108-12.

80. Antonazzo IC, Poluzzi E, Forcesi E, Salvo F, Pariente A, Marchesini G, et al.
Myopathy with DPP-4 inhibitors and statins in the real world: investigating the likelihood of
drug-drug interactions through the FDA adverse event reporting system. Acta Diabetol. 2019
Jun 15;

81. Akimoto H, Negishi A, Oshima S, Okita M, Numajiri S, Inoue N, et al. Onset timing
of statin- induced musculoskeletal adverse events and concomitant drug- associated shift in
onset timing of MAEs. Pharmacol Res Perspect [Internet]. 2018 Nov 7 [cited 2019 Aug
11;6(6). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6220123/

82.  Zitnik M, Agrawal M, Leskovec J. Modeling polypharmacy side effects with graph
convolutional networks. Bioinformatics. 2018 Jul 1;34(13):1457-66.

83. Pageot C, Bezin J, Smith A, Arnaud M, Salvo F, Haramburu F, et al. Impact of
Medicine Withdrawal on Reporting of Adverse Events Involving Therapeutic Alternatives: A
Study from the French Spontaneous Reporting Database. Drug Saf. 2017;40(11):1099-107.
84. Gouverneur A, Claraz P, Rousset M, Arnaud M, Fourrier-Réglat A, Pariente A, et al.
Comparative Safety of Targeted Therapies for Metastatic Colorectal Cancer between Elderly
and Younger Patients: a Study Using the International Pharmacovigilance Database. Target
Oncol. 2017;12(6):805—-14.

85. Mahé¢ J, de Campaigno EP, Chené A-L, Montastruc J-L, Despas F, Jolliet P. Pleural

207



adverse drugs reactions and protein kinase inhibitors: Identification of suspicious targets by
disproportionality analysis from VigiBase: Pleural adverse drugs reactions and protein kinase
inhibitors. Br J Clin Pharmacol [Internet]. 2018 Aug 5 [cited 2018 Sep 7]; Available from:
http://doi.wiley.com/10.1111/bcp.13693

86. Patras de Campaigno E, Bondon-Guitton E, Laurent G, Montastruc F, Montastruc J-L,
Lapeyre-Mestre M, et al. Identification of cellular targets involved in cardiac failure caused
by PKI in oncology: an approach combining pharmacovigilance and pharmacodynamics:
Heading: methods in clinical pharmacology. Br J Clin Pharmacol. 2017 Jul;83(7):1544-55.
87. Nguyen TTH, Pariente A, Montastruc J-L, Lapeyre-Mestre M, Rousseau V, Rascol O,
et al. An original pharmacoepidemiological-pharmacodynamic method: application to
antipsychotic-induced movement disorders. Br J Clin Pharmacol. 2017 Mar;83(3):612-22.

88. Cornet L, Khouri C, Roustit M, Guignabert C, Chaumais MC, Humbert M, et al.
Pulmonary Arterial Hypertension associated with Protein Kinase Inhibitors: A
pharmacovigilance-pharmacodynamic study. Eur Respir J. 2019 Mar 7,

89.  Lapeyre-Mestre M, Montastruc F. Interest of pharmacoepidemiology for
pharmacodynamics and analysis of the mechanism of action of drugs. Therapie. 2019
Apr;74(2):209-14.

90. Chandler RE, Juhlin K, Fransson J, Caster O, Edwards IR, Norén GN. Current Safety
Concerns with Human Papillomavirus Vaccine: A Cluster Analysis of Reports in VigiBase®.
Drug Saf. 2017;40(1):81-90.

91. Harpaz R, DuMouchel W, Shah NH, Madigan D, Ryan P, Friedman C. Novel Data
Mining Methodologies for Adverse Drug Event Discovery and Analysis. Clin Pharmacol
Ther. 2012 Jun;91(6):1010-21.

92. Harpaz R, Perez H, Chase HS, Rabadan R, Hripcsak G, Friedman C. Biclustering of
adverse drug events in the FDA’s spontaneous reporting system. Clin Pharmacol Ther. 2011
Feb;89(2):243-50.

93.  Ball R, Botsis T. Can network analysis improve pattern recognition among adverse
events following immunization reported to VAERS? Clin Pharmacol Ther. 2011
Aug;90(2):271-8.

94. Sommet A, Pariente A. Methods in pharmacoepidemiology. Therapie. 2019
Apr;74(2):187-97.

95.  Bate A, Hornbuckle K, Juhaeri J, Motsko SP, Reynolds RF. Hypothesis-free signal
detection in healthcare databases: finding its value for pharmacovigilance. Ther Adv Drug

Saf. 2019 Jan 1;10:2042098619864744.

208



96.  Ryan PB, Madigan D, Stang PE, Overhage JM, Racoosin JA, Hartzema AG. Empirical
assessment of methods for risk identification in healthcare data: results from the experiments
of the Observational Medical Outcomes Partnership. Stat Med. 2012 Dec 30;31(30):4401-15.
97. Wisniewski AFZ, Bate A, Bousquet C, Brueckner A, Candore G, Juhlin K, et al. Good
Signal Detection Practices: Evidence from IMI PROTECT. Drug Saf. 2016 Jun 1;39(6):469—
90.

98. Pacurariu AC, Straus SM, Trifird G, Schuemie MJ, Gini R, Herings R, et al. Useful
Interplay Between Spontaneous ADR Reports and Electronic Healthcare Records in Signal
Detection. Drug Saf. 2015 Dec;38(12):1201-10.

99. ASPEN collaborators, Andersen M, Bergman U, Choi N-K, Gerhard T, Huang C, et al.
The Asian Pharmacoepidemiology Network (AsPEN): promoting multi-national collaboration
for pharmacoepidemiologic research in Asia. Pharmacoepidemiol Drug Saf. 2013
Jul;22(7):700-4.

100. Arnaud M, Bégaud B, Thurin N, Moore N, Pariente A, Salvo F. Methods for safety
signal detection in healthcare databases: a literature review. Expert Opin Drug Saf. 2017 Jun
3;16(6):721-32.

101. Wong A, Plasek JM, Montecalvo SP, Zhou L. Natural Language Processing and Its
Implications for the Future of Medication Safety: A Narrative Review of Recent Advances
and Challenges. Pharmacother ] Hum Pharmacol Drug Ther. 2018;38(8):822—41.

102. Luo Y, Thompson WK, Herr TM, Zeng Z, Berendsen MA, Jonnalagadda SR, et al.
Natural Language Processing for EHR-Based Pharmacovigilance: A Structured Review. Drug
Saf. 2017;40(11):1075-89.

103. Beninger P. Pharmacovigilance: An Overview. Clin Ther. 2018 Dec;40(12):1991—
2004.

104. Danysz K, Cicirello S, Mingle E, Assuncao B, Tetarenko N, Mockute R, et al.
Artificial Intelligence and the Future of the Drug Safety Professional. Drug Saf.
2019;42(4):491-7.

105. Wang C-S, Lin P-J, Cheng C-L, Tai S-H, Kao Yang Y-H, Chiang J-H. Detecting
Potential Adverse Drug Reactions Using a Deep Neural Network Model. J] Med Internet Res.
2019 Feb 6;21(2):e11016.

106. Nikfarjam A, Ransohoff JD, Callahan A, Jones E, Loew B, Kwong BY, et al. Early
Detection of Adverse Drug Reactions in Social Health Networks: A Natural Language
Processing Pipeline for Signal Detection. JMIR Public Health Surveill. 2019 Jun
3;5(2):e11264.

209



107. van Stekelenborg J, Ellenius J, Maskell S, Bergvall T, Caster O, Dasgupta N, et al.
Recommendations for the Use of Social Media in Pharmacovigilance: Lessons from IMI
WEB-RADR. Drug Saf. 2019 Aug 24;

108. Basile AO, Yahi A, Tatonetti NP. Artificial Intelligence for Drug Toxicity and Safety.
Trends Pharmacol Sci. 2019 Sep;40(9):624-35.

109. Marshall AJ, Roberts CJ, Barritt DW. Raynaud’s phenomenon as side effect of beta-
blockers in hypertension. Br Med J. 1976 Jun 19;1(6024):1498.

110. Rudnick A, Modai I, Zelikovski A. Fluoxetine-induced Raynaud’s phenomenon. Biol
Psychiatry. 1997 Jun 15;41(12):1218-21.

111. Ghebremariam YT, LePendu P, Lee JC, Erlanson DA, Slaviero A, Shah NH, et al.
Unexpected Effect of Proton Pump InhibitorsClinical Perspective: Elevation of the
Cardiovascular Risk Factor Asymmetric Dimethylarginine. Circulation. 2013 Aug
20;128(8):845-53.

112.  Pushpakom S, Iorio F, Eyers PA, Escott KJ, Hopper S, Wells A, et al. Drug
repurposing: progress, challenges and recommendations. Nat Rev Drug Discov. 2019
Jan;18(1):41-58.

113.  Khanna D, Denton CP, Merkel PA, Krieg T, Brun F-OL, Marr A, et al. Effect of
Macitentan on the Development of New Ischemic Digital Ulcers in Patients With Systemic
Sclerosis: DUAL-1 and DUAL-2 Randomized Clinical Trials. JAMA. 2016 May
10;315(18):1975-88.

114. Hachulla E, Hatron P-Y, Carpentier P, Agard C, Chatelus E, Jego P, et al. Efficacy of
sildenafil on ischaemic digital ulcer healing in systemic sclerosis: the placebo-controlled
SEDUCE study. Ann Rheum Dis. 2016 Jun;75(6):1009—-15.

115. Mattei D, Feola M, Orzan F, Mordini N, Rapezzi D, Gallamini A. Reversible
dasatinib-induced pulmonary arterial hypertension and right ventricle failure in a previously
allografted CML patient. Bone Marrow Transplant. 2009 Jun;43(12):967-8.

116. Rasheed W, Flaim B, Seymour JF. Reversible severe pulmonary hypertension
secondary to dasatinib in a patient with chronic myeloid leukemia. Leuk Res. 2009
Jun;33(6):861-4.

117. Low AT, Howard L, Harrison C, Tulloh RMR. Pulmonary arterial hypertension
exacerbated by ruxolitinib. Haematologica. 2015 Jun 1;100(6):e244-5.

118. Hickey PM, Thompson AAR, Charalampopoulos A, Elliot CA, Hamilton N, Kiely
DG, et al. Bosutinib therapy resulting in severe deterioration of pre-existing pulmonary

arterial hypertension. Eur Respir J. 2016;48(5):1514-6.

210



119. Chabrol A, Mayenga M, Hamid AM, Friard S, Salvator H, Doubre H, et al. Lorlatinib
- Induced pulmonary arterial hypertension. Lung Cancer Amst Neth. 2018 Jun;120:60—1.

120. Jain S, Khera R, Girotra S, Badesch D, Wang Z, Murad MH, et al. Comparative
effectiveness of pharmacologic interventions for pulmonary arterial hypertension: a
systematic review and network meta-analysis. Chest. 2017;151(1):90-105.

121.  Roustit M, Blaise S, Cracowski J-L. Trials and tribulations of skin iontophoresis in
therapeutics. Br J Clin Pharmacol. 2014 Jan;77(1):63—71.

122. Blaise S, Hellmann M, Roustit M, Isnard S, Cracowski JL. Oral sildenafil increases
skin hyperaemia induced by iontophoresis of sodium nitroprusside in healthy volunteers. Br J
Pharmacol. 2010;160(5):1128-34.

123.  Kotzki S, Roustit M, Arnaud C, Godin-Ribuot D, Cracowski J-L. Effect of continuous
vs pulsed iontophoresis of treprostinil on skin blood flow. Eur J Pharm Sci [Internet]. [cited
2015 Mar 12]; Available from:
http://www.sciencedirect.com/science/article/pii/S0928098715000627

124. Gaillard-Bigot F, Roustit M, Blaise S, Cracowski C, Seinturier C, Imbert B, et al.
Treprostinil Iontophoresis Improves Digital Blood Flow during Local Cooling in Systemic
Sclerosis. Microcirculation. 2016 Apr;23(3):266-70.

125.  Zheng SL, Roddick AJ, Aghar-Jaffar R, Shun-Shin MJ, Francis D, Oliver N, et al.
Association Between Use of Sodium-Glucose Cotransporter 2 Inhibitors, Glucagon-like
Peptide 1 Agonists, and Dipeptidyl Peptidase 4 Inhibitors With All-Cause Mortality in
Patients With Type 2 Diabetes: A Systematic Review and Meta-analysis. JAMA. 2018
17;319(15):1580-91.

126. Neal B, Perkovic V, Mahaffey KW, de Zeeuw D, Fulcher G, Erondu N, et al.
Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N Engl J Med. 2017
Aug 17;377(7):644-57.

127. D’Epiro S, Salvi M, Luzi A. Drug cutaneous side effect: focus on skin ulceration. Clin
Ter. 2014 Sep 1;(4):¢323-9.

128.  Xue Y, Cohen JM, Wright NA, Merola JF. Skin Signs of Rheumatoid Arthritis and its
Therapy-Induced Cutaneous Side Effects. Am J Clin Dermatol. 2016 Apr;17(2):147-62.

129. Ryan PB, Schuemie MJ, Welebob E, Duke J, Valentine S, Hartzema AG. Defining a
reference set to support methodological research in drug safety. Drug Saf. 2013 Oct;36 Suppl
1:S33-47.

130. Lorberbaum T, Nasir M, Keiser MJ, Vilar S, Hripcsak G, Tatonetti NP. Systems
Pharmacology Augments Drug Safety Surveillance. Clin Pharmacol Ther. 2015;97(2):151-8.

211



131.  Spooner A. Future opportunities for Pharmacovigilance. Eleventh Stakeholder forum
on the Pharmacovigilance legislation; 2017 Sep 21; European Medicines Agency.

132.  Kim HH, Rhew KY. A Machine Learning Approach to Classification of Case Reports
on Adverse Drug Reactions Using Text Mining of Expert Opinions. In: Park JJ, Loia V, Yi G,
Sung Y, editors. Advances in Computer Science and Ubiquitous Computing. Springer
Singapore; 2018. p. 1072—7. (Lecture Notes in Electrical Engineering).

133.  Mower J, Subramanian D, Cohen T. Learning predictive models of drug side-effect
relationships from distributed representations of literature-derived semantic predications. J
Am Med Inform Assoc. 2018 Oct 1;25(10):1339-50.

134. Thompson P, Daikou S, Ueno K, Batista-Navarro R, Tsujii J, Ananiadou S.
Annotation and detection of drug effects in text for pharmacovigilance. J Cheminformatics.
2018 Aug 13;10(1):37.

135. Schmider J, Kumar K, LaForest C, Swankoski B, Naim K, Caubel PM. Innovation in
Pharmacovigilance: Use of Artificial Intelligence in Adverse Event Case Processing. Clin
Pharmacol Ther. 2019 Apr;105(4):954-61.

136. Armaud M, Bégaud B, Thiessard F, Jarrion Q, Bezin J, Pariente A, et al. An
Automated System Combining Safety Signal Detection and Prioritization from Healthcare
Databases: A Pilot Study. Drug Saf. 2018;41(4):377-87.

137.  Morel M, Bacry E, Gaiffas S, Guilloux A, Leroy F. ConvSCCS: convolutional self-
controlled case series model for lagged adverse event detection. Biostatistics [Internet]. [cited
2019  Oct 10]; Available from: https://academic.oup.com/biostatistics/advance-
article/doi/10.1093/biostatistics/kxz003/5372614

138. Malenfant JM, Hochstadt J, Nolan B, Barrett K, Corriveau D, Dee D, et al. Cross-
Network Directory Service: Infrastructure to enable collaborations across distributed research
networks. Learn Health Syst. 2019 Apr;3(2):e10187.

139. Schneeweiss S, Brown JS, Bate A, Trifiro G, Bartels DB. Choosing Among Common
Data Models for Real- World Data Analyses Fit for Making Decisions About the
Effectiveness of Medical Products. Clin Pharmacol Ther [Internet]. 2019 Aug 25 [cited 2019
Oct 10]; Available from: https://onlinelibrary.wiley.com/doi/abs/10.1002/cpt.1577

212



AUTRES TRAVAUX EN RELATION AVEC LA THESE
1. Targeting the Prostacyclin Pathway: Beyond Pulmonary Arterial

Hypertension.

2. Geographic Variations in Controlled Trials.

3. The pathophysiological continuum of endothelial dysfunction
across the spectrum of cardiometabolic health: a systematic review
and network meta-analysis.

4. French translation and linguistic validation of the Raynaud’s

Condition Score.

213



Targeting the Prostacyclin
Pathway: Beyond Pulmonary
Arterial Hypertension

Hélene Pluchart,’ Charles Khouri,” Sophie Blaise,**
Matthieu Roustit,"** and Jean-Luc Cracowski'**

Pioneering work demonstrated that an unstable substance isolated from rabbit
and pig aortas could relax arterial smooth muscle and inhibit platelet aggrega-
tion. Since then, prostacyclin (prostaglandin 12, PGIl,) and its analogs have
raised much pharmacological interest. In this review we detail how the PGl,
signaling pathway is much more complex than was initially anticipated, involv-
ing peroxisome proliferator-activated receptors (PPARs), prostaglandin trans-
porters (PGTs), and PGl,-thromboxane A, (TXA,) receptor (IP TP)
heterodimerization. We discuss the distinct affinities of PGl, analogs for pros-
tanoid receptors. In addition, we introduce the new direct and indirect phar-
macological approaches to targeting the PGl, pathway within the systemic
circulation, including non-prostanoid agonists of the prostacyclin receptor (IP)
and PGT inhibitors, as well as transcutaneous pathways using iontophoresis
and nanostructured lipid carriers.

Prostacyclin Pathway in Vascular Disease

The pioneering work of Moncada et al. in 1976 demonstrated that an unstable substance
isolated from rabbit and pig aortas could relax arterial smooth muscle and inhibit platelet
aggregation [1]. Since then, prostacyclin (PGl,, see Glossary) and its analogs have mostly
been used to treat pulmonary arterial hypertension (PAH). PGl, analogs induce a rapid
decrease in pulmonary vascular resistance and increase cardiac output. The development
of more stable and more selective drugs that target the PGl, receptor (IP receptor) in PAH has
led to the recent development of non-prostanoid IP agonists [2].

The PG, signaling pathway is now realized to be much more complex than was anticipated,
and still remains incompletely elucidated. New findings, particularly concerns the peroxisome
proliferator-activated receptors (PPARs), the importance of prostaglandin (PG) trans-
porters (PGTs), and the interplay between the IP receptor and the thromboxane A, (TXAy)
receptor (TP receptor) through heterodimerization, and have also provided evidence of dys-
functional IP receptor variants. In addition to its vasodilator properties, PGl, can exert long-term
effects such as promoting angiogenesis. The potent pharmacological properties of drugs that
target the prostacyclin pathway have suggested new targets for the treatment of vascular
diseases other than PAH [3-9].

This review discusses these pharmacological approaches to targeting the PGl, pathway within
the systemic circulation as well as local targets [10-13].
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PGil, is mainly synthesized by endothe-
lial and vascular smooth muscle cells.
It exerts a variety of pharmacological
effects including platelet aggregation
inhibition, vasodilation, inhibition of cell
adhesion, and gastroprotection.

PGl, and some of its analogs are
PPARa and PPARB/3 ligands.

PG, may be a substrate for PGT and
multidrug-resistance protein 4 (MRP4).
Thus, inhibition of MRP4 and PGT could
lead to higher PGl, concentrations.

Focusing development on greater spe-
cificity towards the IP receptor has led
to the recent marketing of selexipag, a
non-prostanoid agonist drug which
metabolite MRE-269 has an increased
IP receptor affinity.

Microsomal prostaglandin E synthase
1 inhibition may indirectly enhance
PGl synthesis.

IP receptor variants could cause an
increased risk of cardiovascular events
and lead to therapeutic failure with
prostacyclin analogs.

PGl, analogs can be delivered to the
skin through iontophoresis or nano-
structured lipid carriers.

Genetically modified human mesench-
ymal stem cells can produce PGl..

"Unité de Pharmacologie Clinique,
Institut National de la Santé et de la
Recherche Médicale (INSERM) Centre
d'Investigation Clinique (CIC) 1406,
Centre Hospitalier Universitaire (CHU)

@ CrossMark


http://dx.doi.org/10.1016/j.tips.2017.03.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tips.2017.03.003&domain=pdf

PGl, - A Regulator of Vascular Homeostasis

Invascularendothelial cells, PGs are major metabolites of arachidonic acid (AA). They are produced
by prostaglandin G/H synthases (PTGS). They convert AA into prostaglandin H2 (PGH,) in a
two-step process that combines cyclooxygenase activity and peroxidase activity. PTGS1 (other-
wise known as COX-1) is constitutively expressed in most cells, whereas PTGS2 (COX-2) is
expressed during oxidative stress or during the release of cytokines. The prostanoid precursor
PGH, undergoes isomerization through the activity of PGl synthase (CYP8A1) to form PGl..

PGl is mainly produced by endothelial and vascular smooth muscle cells [14,15], and exerts a
variety of pharmacological effects including platelet inhibition, vasodilation, atheroprotection
through the inhibition of cell adhesion, and gastroprotection. In addition, PGl, acts in synergy
with another prostanoid, prostaglandin E2 (PGE,), in the mediation of pain and inflammation
[15,16]. The two main signaling pathways underlying these effects operate via G protein-
coupled receptors (GPCRs) and PPAR.

Prostanoids and GPCR-Mediated Effects

In the extracellular compartment, prostanoids bind to prostanoid receptors that belong to the
GPCR family. GPCR is composed of seven transmembrane domains plus six intra- and
extracellular loops. PGl, binds to several members of the GPCR family located on vascular
smooth muscle cells. IP receptor activation causes vascular smooth muscle relaxation through
Gs-protein—adenylyl cyclase signaling and increased cAMP concentrations [17,18] (Figure 1,
Key Figure). Although the human IP receptor preferentially activates the Gg, subunit of the
heterotrimeric G protein, it can also activate the G, subunit, leading to activation of phospholi-
pase C [19]. The structure—function relationship between the sequences of the intracellular
loops determines the specificities of G proteins for the IP receptors. Indeed, the second and
third intracellular loops of the IP receptor are key elements in Gg, coupling, and some regions of
specific intracellular loops can switch G protein specificity between the IP and TP receptors
[20]. In addition, four distinct anchoring sites on the IP receptor transmembrane domain appear
to be crucial for binding PGl, [21].

Activation of other prostanoid receptors, such as EP2, EP4 (PGE, receptors), and DP1
(prostaglandin D2 [PGD,] receptors) also leads to vasodilation through similar mechanisms.
By contrast, the PGE, type 3 receptor (EP3) inhibits adenylyl cyclase via a G; protein-dependent
pathway [17,18,22]. Activation of the PGE, type 1 receptor (EP1) also induces vasoconstriction
through Gq protein and activation of the PLC-B-IP5-Ca®* pathway. Of note, PGl, analogs

Table 1. Affinity of Available Prostacyclin Analogs and Non-Prostanoid IP Agonists for Prostanoid
Receptors.?

Drug Receptor

IP EP1 EP2 EP3 EP4 DP1
Beraprost +++ 0 0 ++ 0 0
Prostacyclin/epoprostenol ot ++ ND ot 0 ND
lloprost ++++ ++++ ++++ ++ ++ +
Treprostinil +++ ++ ++++ + + ++++
Selexipag® ++ 0 0 0 0 0
MRE-269°¢ ot 0 0 0 0 +

aKey: ++++, very high affinity; +++, high affinity; ++, low affinity; +, very low affinity; 0, no affinity.
°ND, no data available.
°Selexipag is an active drug and is metabolized into MRE-269, a more active major metabolite.
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activate the various types of PG receptors differently, thus explaining the differences in the
pharmacological effects of these compounds (Table 1).

Another GPCR-mediated pathway that contributes to vasodilation involves the PGE, type 3
receptor subtypes, EP3C and EP4, that are found on local sensory nerves. Their stimulation by
PGE, not only provokes sensory neuron sensitization but also increases the local release of
calcitonin gene-related protein (CGRP) [23], a neuropeptide with potent vasodilatory activity.
Thus, PGl, analogs that target EP3C and EP4 receptors may cause vasodilation via this pathway.

In addition to signaling through the monomeric IP receptor, the IP receptor can form active
homodimers or heterodimers with the TXA, receptor [20]. In the latter case, the formation of an
IP-TP heterodimer contributes to an IP-mediated shift of TP function to an IP-like function. This
effect can be suppressed by elevated plasma cholesterol [24].

PPAR-Mediated Effects

PPAR receptors belong to the nuclear hormone receptor superfamily. There are three isoforms:
PPAR«a, PPARB/3, and PPARYy. By heterodimerization with the retinoid X receptor (RXR) they
control the expression of multiple genes. PPARa mostly controls lipid metabolism but also plays a
roleinthe suppression of stress-induced apoptosis of vascularsmooth muscle cells[14]. PGl, and
some of its analogs (such as iloprost and carbacyclin) bind directly to PPARa and PPARB/S [14].

PPARRB/3 activation leads to vasodilation. This effect has been described in human umbilical
vein endothelial cells (HUVECs) and has been, in part, explained by activation of endothelial
NO synthase (eNOS), which may be related to the PlsK-Akt-NOS pathway [25]. Moreover,
PPARRB/3 controls endothelial cell apoptosis through various mechanisms, including the 14-3-
3e pathway [14]. Drugs that target IP may also induce vasodilation through indirect synthesis of
PGl,, which activates PPARB/d and its heterodimerization with RXR. However, it remains
unclear which receptor is intermediate [26].

PPAR is an important signaling pathway and explains part of the vasodilating effect of
prostacyclin as well as its properties for cell cytoprotection. This ability of PGl, to bind to
PPARs is also shared by some PGl, analogs used in therapeutics, such as treprostinil and
carbacyclin. Cicaprost binds to PPARy through an IP receptor-dependent mechanism [27].

Other Effects of PGl, and PGE,

Effects on angiogenesis and cellular protection have been reported, some of which involve
vascular endothelial growth factor (VEGF)/NADPH oxidase 4 (NOX4) signaling. PGl, and PGE,
regulate angiogenesis primarily through the receptors IP and EP4. Hoang et al. stimulated cell
migration and tube formation in HUVEC, and these were suppressed by IP and EP4 antagonists
[28]. In both PTGS2 knockout mice and IP-receptor knockout mice with experimental focal
wounds in colonic mucosa, insufficient VEGF-dependent angiogenesis was observed [29]. In
vitro, treprostinil enhanced VEGF-A synthesis by mesenchymal stem cells, potentiating endo-
thelial colony-forming cells to develop a vessel-forming ability [30]. These data suggest that
PGl, signaling is involved in activating VEGF-dependent angiogenesis. NOX4 has been recently
identified as a pro-angiogenic factor and increases endothelial cell cytoprotection. NOX4
upregulation by the PGl, analog cicaprost in vivo and in vitro implicates the IP receptor—
cAMP/protein kinase A (PKA)/response element-binding (CREB) pathway. Thus, triggering
NOX4 expression with cicaprost improves the preservation and protection of endothelial cell
function [9].
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Apoptosis: deletion of individual
cells by fragmentation into
membrane-bound particles which are
phagocytosed by other cells.
Bioavailability: the proportion of the
administered dose that is absorbed
into the bloodstream.
Endothelium-derived
hyperpolarization factors:
diffusible factors causing smooth
muscle hyperpolarization and thus
vasodilation. It should be
distinguished from the spread of
hyperpolarizing current from the
endothelium to the vascular smooth
muscle, termed endothelium-
dependent hyperpolarization.
Endothelial NO synthase (eNOS):
an enzyme in endothelial cells that
catalyzes the reaction of L-arginine
with 2 O, and 1.5 NADPH to form
NO, L-citrulline, 1.5 NADP*, and 2
H20.

lontophoresis: method for
transdermal drug delivery based on
the transfer of charged molecules
using a low-intensity electric current.
It is non-invasive and has several
advantages compared to passive
transdermal administration, such as
faster drug release and better control
of the dose delivered. Factors
involved in iontophoretic transfer
include the concentration and the
size of the molecule, the proportion
ionized, the intensity of the current,
whether it is continuous or
discontinuous, and its duration. The
nature of the skin surface (thickness,
glabrous or not) and its integrity also
play key roles.

Nanostructured lipid carriers: lipid
particles produced by mixing solid
and liquid lipids that become solid
but do not crystallize, with
dimensions of <100 nm.

Nitric oxide (NO): a gaseous
mediator of cell-to-cell
communication and a potent
vasodilator formed from L-arginine in
bone, brain, endothelium,
granulocytes, pancreatic B cells, and
peripheral nerves by constitutive
NOS, and in hepatocytes, Kupffer
cells, macrophages, and smooth
muscle by inducible NOS. NO
activates guanylate cyclase,
mediates penile erection, and may
be the first known retrograde
neurotransmitter.

Paracrine: relating to a type of
hormone function in which the



Furthermore, in a model of experimental autoimmune encephalomyelitis in mice, newly syn-
thesized endothelial cell-derived PGl (following inflammatory lesions) boosted corticospinal-
tract fiber development and axonal refurnishing, whereas iloprost promoted axonal remodeling
and motor recovery. These results could suggest a beneficial effect of PGl, on restoration of
neuronal function after injury to the central nervous system [31].

The PGl, Pathway as a Target for Treating Endothelial Dysfunction

Together with nitric oxide (NO) and endothelium-derived hyperpolarization factors, the
PGl, pathway is one of the three pathways responsible for endothelium-dependent vasodila-
tion [1,32]. These mediators decrease intracellular calcium levels leading to vascular smooth
muscle cell relaxation. PGl, inhibits platelet aggregation, whereas TXA, plays an opposing but
crucial role in the vasculature. The PGl, pathway has been shown to be dysregulated in PAH
[33], diabetes [34,35], atherosclerosis [36], and Raynaud’s phenomenon [37]. In addition to its
vasodilator properties, paradoxical vasoconstriction caused by PGl, acting through a TP
receptor-dependent mechanism has been described in vivo in some vascular beds [38]. In
pathological conditions, such as obesity and diabetes, Baretella et al. reported that PGl,-
related vasoconstriction was enhanced through an endothelin-1/thromboxane-dependent
pathway, to the detriment of its vasodilatory effects [38]. Given that such an effect appears
to be mostly absent when PG, or its analogs are administered exogenously, from a therapeutic
perspective the consequences of this observation are probably minimal.

Administration of PGl, has long been thought of as a therapeutic strategy to restore the
vasodilation/vasoconstriction balance. Prostacyclin analogs have been the gold standard for
PAH since the 1990s. This disease is characterized by excessive remodeling and tightening of
the pulmonary arteries, triggering pulmonary vascular resistance that can ultimately lead to right
ventricular failure, a drop in cardiac index, and death. Infusion of prostacyclin analogs
decreases pulmonary vascular resistance and right atrial pressure, increases the cardiac index,
and leads to longer survival [39]. Prostacyclin in PAH also preserves endothelial cell function
through the PPAR pathway [22]. However, because synthetic PGl, (also known as epopros-
tenol) is unstable, continuous intravenous administration is required. Thus, subsequent adverse
effects, together with invasive and cumbersome delivery systems, limit its therapeutic use. Drug
development has therefore focused on improving the pharmacokinetic and pharmacodynamic
profiles of PGl, analogs.

Selexipag, a non-prostanoid agonist of the IP receptor, was recently authorized for use to treat
PAH [2] (Table 1). Other than PAH, iloprost is the only prostacyclin analog approved for vascular
disease. Indeed, iloprost is indicated for severe peripheral ischemia and severe Raynaud’s
phenomenon [40]. The recent advances in understanding the cellular mechanisms of PGl,
(described above), together with the innovative formulations and new routes of administration,
have opened up new therapeutic perspectives for other vascular diseases.

Towards New Strategies for Targeting the IP Receptor

Since the marketing of epoprostenol, several analogs have been developed. Table 2 shows the
different prostacyclin analogs authorized for PAH. The different approaches initially consisted of
improving the stability of prostacyclin analogs, leading to the development of subcutaneous
treprostinil, which has a prolonged half-life, and epoprostenol thermostable salt. Thereafter,
inhaled (iloprost, treprostinil) and oral (selexipag, beraprost) forms were developed to avoid the
need for continuous and cumbersome delivery systems. These drugs also differ in terms of
specificity towards IP and EP receptors (Table 1), which explains their different pharmacody-
namic profiles. EP and DP receptors are involved in inflammation and immunity [41], and this
effect may counterbalance the beneficial effect obtained in vascular tone [42].
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effects of the hormone are restricted
to the local environment.
Peroxisome proliferator-activated
receptors (PPARs): a family of
transcription factors that recognize
response elements in the promoters
of their target genes. Three main
isoforms exist (PPARa, PPARB/S,
PPARy) and may be activated by a
wide variety of endogenous or
exogenous ligands.

Prostacyclin (PGly): also known as
prostaglandin 12, the molecule has a
short half-life (4 minutes) and is
produced by the endothelium. It acts
as a physiological antagonist of
TXAo. Epoprostenol is a synthetic
PGl, molecule used as a drug for
pulmonary arterial hypertension
(PAH).

Prostaglandins (PGs):
physiologically active and
ubiquitously produced lipid
compounds derived from fatty acids;
contain 20 carbon atoms including a
five-carbon ring.

Prostaglandin G/H synthase
(PTGS): a key enzyme in PG
biosynthesis that converts
arachidonic acid into PGH, in a two-
step process that combines
endoperoxide activity and peroxidase
activity.

Prostanoids: cyclic lipid mediators
that arise from enzymatic cyclo-
oxygenation of linear polyunsaturated
fatty acids. Active prostanoids
derived from arachidonic acid (AA)
include PGs and thromboxane A,

(TXA).
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Figure 1. G protein-coupled receptors (GPCRs) are the primary targets of prostacyclin (PGl,) and its analogs. By activating adenylyl cyclase, agonism of IP, EP2, EP4,
and DP1 leads to vasodilation, in contrast to EP1 agonism which causes vasoconstriction through a variation in CAMP levels In addition, both PPAR« and /8 can be
activated by PGl, analogs or IP agonists. PPAR B/3 activation induces vasodilation through the PI3K-Akt-eNOS pathway, and confers resistance to apoptosis. PPARa
prevents stress-induced apoptosis. It remains unclear whether PGl analogs or agonists can directly activate PPAR « and /8, or indirectly affect PGl production. The
prostaglandin transporter (PGT) is involved in PGl, clearance. Multidrug-resistance protein 4 (MRP4), also expressed on vascular smooth muscle cells, has a role in
prostaglandin E, (PGE,) cell efflux, although its part in PGl, export remains hypothetical. EP3C and EP4 activation of local sensory nerves increases CGRP production.
Inthis schema, the signal transduction pathways are simplified for clarity, but the human IP receptor can couple to G in addition to Gs, and can form IP-TP heterodimers
that contribute to an IP-mediated shift in TP function. Symbols: 1, increase; + activation; —, inhibition.

Development that has focused on greater specificity towards the IP receptor and the formula-
tion of oral pharmaceuticals has led to the recent marketing of selexipag, a non-prostanoid
agonist with increased IP specificity [2]. Its advantage is that it avoids infusion-delivery systems,
which adversely impact on quality of life. Selexipag is metabolized into its more active
metabolite, MRE-269, which has a high affinity for the IP-receptor and a weak affinity for
the DP receptor. However, whether drug development should focus on IP receptor selectivity is
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Table 2. Pharmacokinetics, Side Effects, and Disadvantages of Prostacyclin Analogs and IP Agonists in the Treatment of Vascular Diseases.

Molecule Route of
administration
Beraprost Oral
Epoprostenol  Intravenous®
sodium
lloprost Intravenous
lloprost Inhalation
Selexipag Oral
Treprostinil Subcutaneous
and intravenous
Treprostinil Inhalation

Therapeutic indication

Peripheral vascular
disorders, PAH (Japan,
South Korea)

PAH

Renal dialysis

Severe chronic limb ischemia

Severe Raynaud's

phenomena with evolving

trophic disorders

PAH

PAH

PAH

PAH

Disadvantages in vascu-

lar disease

Systemic side effects

Cumbersome delivery
systems: impact on
quality of life

Systemic side effects

Cumbersome delivery
systems: impact on
quality of life

Route of administration
not exploitable for
vascular diseases

Modification of
absorption with food

Systemic side effects

Systemic side effects

Painful subcutaneous
injection

Cumbersome delivery

system or subcutaneous

injection: impact on
quality of life
Route of administration

not exploitable for
vascular diseases
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Pharmacokinetics

F: NA

tipp: 1 h

t1/0: 3-5 minutes

Metabolism: inactive
plasma metabolite

Excretion: renal

t1/2: 20-30 minutes

Metabolism: hepatic

Inactive metabolite
Excretion: renal/biliary

F: 10-20%

t1/2: 20-30 minutes

Metabolism: inactive
hepatic metabolite

Excretion: renal/biliary

F: 49%

t10: 0.8-2.5h

Metabolite t1/,: 6.2—
13.5h

Metabolism: hepatic
active metabolite

Excretion: biliary

ty/0: 4h

Metabolism: hepatic
inactive metabolite

Excretion: renal/biliary

F: 64-72%

ty/0: 4h

Metabolism: inactive
hepatic metabolite

Excretion: renal/biliary

Side effects

Common: hypotension, flushing,
headache, nausea and vomiting

Serious: hemorrhage

Common: arrhythmia, hypotension,
flushing, headache, dizziness,
diarrhea, nausea and vomiting,

arthralgia, jaw pain, musculoskeletal
pain

Serious: hemorrhage, hyper-
splenism, splenomegaly

Common: hypotension, flushing,
headache, nausea, trismus

Common: cough

Serious: bronchospasm

Common: headache, diarrhea,
nausea, jaw pain

Common: flushing, headache,
dizziness, diarrhea, nausea,
injection site pain, rash

Serious: hemorrhage, hemoptysis

Common: flushing, headache,
nausea, cough, throat irritation
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Table 2. (continued)

Molecule Route of Therapeutic indication Disadvantages in vascu-  Pharmacokinetics Side effects
administration lar disease
Treprostinil Oral PAH Modification to F:17% Common: headache, diarrhea,
absorption with food nausea
tip: 4 h

Metabolism: inactive
hepatic metabolite

Excretion: renal/biliary

@Abbreviations: F, bioavailability; NA, not available; PAH, pulmonary arterial hypertension; ty,,, half-life.
PEpoprostenol sodium is available with mannitol/glycine excipients or thermostable arginine/sucrose excipients.

debated, particularly because there is recent evidence that the PGlo—IP interaction itself has
proinflammatory properties — that J. Stitham has aptly termed the ‘prostacyclin inflammatory
paradox' [43].

New compounds are currently being investigated to enhance pro-angiogenic activity, such as
ONO-1301, a novel PGl, receptor agonist that also has inhibitory activity on thromboxane
synthase. In a murine sponge model, injected ONO-1301 stimulated angiogenesis by enhanc-
ing hepatocyte growth factor (HGF) and VEGF synthesis, and increased cAMP levels through IP
receptor agonism, as well as having a long-acting effect [44]. ONO-1301 has been tested and
injected subcutaneously into rats with ischemia/reperfusion injury. Cardiac function was
improved as was angiogenesis, which was detected by HGF synthesis [8]. In a murine, obese,
type 2 diabetic model with nephropathy, subcutaneously injected ONO-1301 reduced the
urinary albumin/creatinine ratio, glomerular hypertrophy, and cellular infiltration, suggesting its
potential usefulness in renal disease [45].

In addition to new compounds that target PG receptors, other innovative approaches include
the identification of new cellular targets involved in the metabolism of PGl,, which enhance its
bioavailability within endothelial cells. An emerging alternative strategy in vascular diseases
(except for PAH) is the local administration of PGl, analogs to avoid the side effects of systemic
therapies.

New Cellular Targets

Prostaglandin Transporter

PGT, also known as the solute-carrier organic anion 2A1 transporter (SLCO2A1/OATP2A1), is
an antiporter that plays a major role in PG influx in exchange for lactate [46]. It is expressed by
many human tissues [47] and, under shear-stress conditions, PGT is upregulated in HUVEC
and human vascular endothelial cells [48,49]. A study on its affinity for the various PGs found in
Hela cell monolayers showed high affinities for prostaglandin E1 (PGE4) and PGE, > throm-
boxane B, (TXB,) > 6-keto-prostaglandin F1a (6-keto-PGF4 ) (an inactive PGl metabolite). By
contrast, TXA, was not a substrate for PGT. There are no data for PGl, transport by PGT
(because of its in vitro instability) or for the PGl, analogs. Limited data suggest that iloprost is not
significantly transported by PGT [47,50,51].

In normotensive anesthetized rats, intravenous T26A, a PGT inhibitor, increased extracellular
PGE, concentrations [52]. Oral T26A increased PGE, urinary excretion and PGE, plasma
concentration in hypertensive rats and mice. It also heightened urinary sodium excretion,
inhibited serotonin-induced vasoconstriction, and potentiated vasodilation induced by exoge-
nous PGE; [3]. Syeda et al. demonstrated that PGT expression is increased in human dermal
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microvascular endothelial cells (HDMCs) when exposed to hyperglycemic conditions or in vivo
by diabetes and during the initiation of wound healing. This decreases PGE, levels and
angiogenesis, thus impairing wound healing [53]. Interestingly, intravenous and topical
T26A accelerated wound healing in non-diabetic and streptozotocin-induced diabetic rats [4].

Multidrug-Resistance Protein 4 (MRP4)

Once synthesized, PGl and other PGs exit the cell through several mechanisms that are not yet
fully understood. In addition to passive diffusion through the lipid bilayer, attention has been
drawn to efflux through MRP4 [54]. MRP4 is an ATP-binding cassette (ABC) transporter that is
localized both on endothelial and vascular smooth muscle cell membranes [55,56]. MRP4 is
non-specific, being involved in the transport of several other endogenous mediators such as
lipid mediators, glutathione, and amphiphilic anions [54,57], as well as exogenous compounds
(e.g., ganciclovir, 6-mercaptopurine) [56]. PGE;, PGE,, prostaglandin Fla (PGF4,), prosta-
glandin F2a (PGF,,), and TXB; are transported by MRP4, whereas PGF,, PGF,,, and TXB,
are MRP4 inhibitors [54,55]. Given that PGl, has a short half-life, MRP4 involvement in PG,
efflux remains likely but currently remains hypothetical.

Although PAH is outside the scope of this review, it is interesting to note the MRP4 is highly
expressed in the pulmonary arteries of patients with idiopathic PAH. In vitro, MRP4 inhibition
has been associated with decreased cell proliferation and migration, and in vivo with reversion
of hypoxia-induced pulmonary hypertension in mice [58]. In a murine model of type 2 diabetes
and obesity, MRP4 was overexpressed in kidney and liver [59]. MRP4 inhibition was associated
with higher cCAMP levels in platelets and coronary artery vascular smooth muscle cells. Given
that raised CAMP level is a negative signal for platelet aggregation and enhances vasodilation,
MRP4 inhibition may be a potential therapeutic strategy for cardiovascular disease [60].

Microsomal Prostaglandin-E Synthase-1 (MPGES-1)

mPGES-1 is the major enzyme involved in PGE, synthesis. Two mechanisms are affected when
this enzyme is inhibited or deleted: first, PGE, production decreases and, second, PGH,
accumulates and becomes available in higher concentrations to be transformed to PGl,
through PGI synthase. In a recent report substrate diversion to PGl, and subsequent IP
activation was shown to limit thrombogenesis, while reduced PGE levels led to restricted
atherogenesis [5]. Therefore, mMPGES-1 inhibition may provide a new strategy to counter the
thrombotic complications of nonsteroidal anti-inflammatory drugs and contribute towards
improving cardiovascular efficacy.

Dysfunctional IP Receptor Variants

The IP and TP receptors are concomitantly present in smooth muscle cells. IP and TP can form
homo- and heterodimers, and heterodimerization of IP with TP shifts the latter to signal via the
IP-Gg pathway, with subsequent cAMP generation, whereas IP counters the activity of TXA,
[7]. A rare genetic variant, IP72'2° leads to impaired IP signaling when it dimerizes with wild-
type IP or TP« [7]. Alteration in a helical interaction motif the fifth transmembrane domain of TPa
prevents TPa homodimerization and protein Gg-induced signaling. More interestingly, this
alteration does not modify IPTPa heterodimerization or protein Gs-induced signaling. Targeting
this region of the TPa receptor enhances indirect IP-TPa heterodimerization through the
suppression of TPa homodimerization [6].

Genetic variants of the IP receptor are known and these can alter prostacyclin binding and
subsequent G-protein activation. The IPR2'2" variant (located in the third intracellular loop)
exhibited abnormal activation at both pH 7.4 and under stress conditions (pH 6.8), whereas a
significant decrease in binding affinity was observed only at pH 6.8 [61]. Likewise, IPF"7 and
IPR27° exhibited deficiencies in binding, activation, or expression [62].
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To date, 18 rare non-synonymous mutations have been identified by Stitham et al. Of these,
eight were associated with a greater risk of coronary artery obstruction in patients who had
undergone a coronary angiograph. These eight mutations exhibited abnormal binding, activa-
tion, and protein stability/folding of the IP receptor [63].

Thus, these rare dysfunctional IP receptor variants could increase the risk of a cardiovascular
event and decrease the efficacy of prostacyclin analogs, factors that need to be studied further.

Local Therapy and New Formulations

PGs have long been used as localized treatments in obstetric gynecology for their contractile
effects on the uterine lining [64] or as topical treatments for glaucoma [65]. More recently, other
methods of local delivery have been proposed such as iontophoresis. This consists of
applying a drug-impregnated patch or gel to the skin, and drug delivery into the dermis by
electro-repulsion or electro-osmosis is promoted by the application of a low-intensity electric
current. The PGl, analog, treprostinil, is a good candidate for route of administration because it
has a low molecular weight and is negatively charged at neutral pH. Cathodal iontophoresis of
treprostinil and iloprost have led to increased cutaneous blood flow in rats, with good local
tolerance [66]. Similarly, treprostinil iontophoresis has been reported to increase skin blood flow
in the forearm, finger pad, and leg without local side effects in healthy subjects, and in patients
with diabetes or scleroderma [10]. Treprostinil was detected locally in the derma at up to 8 h
after iontophoresis, and its systemic diffusion was limited [11]. Likewise, treprostinil iontopho-
resis was safely used to locally modulate the PGl, pathway in patients with PAH [33].
Prostacyclin holds promise in the treatment of microvascular skin ulcerations (Box 1), and
Phase I trials of prostacyclin iontophoresis are currently planned in this indication.

A highly innovative cell therapy to deliver PGl, locally has been recently described [13]. This uses
genetically modified human mesenchymal stem cells (hMSCs) to introduce a triple catalytic
enzyme that produces PGl, (PGlo-hMSCs). When injected into a mouse hindlimb ischemia model,
PGl,-hMSCs improved perfusion and muscle function compared to control hMSCs or iloprost
alone [13]. In a paracrine manner, PGl,-hMSC delivery upregulated long non-coding RNA H19,

Box 1. Prostacyclin as a Local Treatment for Microvascular Skin Ulcers

Skin ulcers are hard-to-heal damaged cutaneous areas that may be associated with microvascular dysfunction in
patients with diabetes or systemic sclerosis. They require thorough treatment to avoid serious complications, such as
infections and diminished quality-of-life with disabilities. Systemic sclerosis (SSc) is a rare disease characterized by
vasculopathy and fibrosis. Microvascular dysfunction is an early feature of the pathophysiology of SSc [69] and is
associated with decreased endothelium-dependent vasodilation [70] and abnormal neurovascular microcirculatory
responses [71]. Digital ulcers (DUs) represent the major complication of SSc vasculopathy [72]. lloprost, a prostacyclin
(PGl,) analog, is the only recommended prostacyclin analog for the treatment of active SSc-related DUs [73].

There is growing interest in the treatment of SSc-related ulcers with locally delivered PGI, analogs via vascular and non-
vascular effects. Indeed, PGl, has been shown to play a key role in tissue repair through VEGF-dependent enhancement
of angiogenesis [29]. Although there has been little interest in the non-vascular effects of PGl,, these could also play a
key role in wound healing. First, PGl, has been shown to promote cell migration in a wound model of cultured human
fibroblasts [74]. Moreover, iloprost reduced skin tightness in patients with SSc by blocking the induction of connective
tissue growth factor (CTGF) and increased collagen synthesis in fibroblasts exposed to TGF-B [75]. This finding is
particularly interesting because CTGF is a biomarker of the extent of skin disease in patients with diffuse cutaneous SSc
[76]. lloprost has been recently and consistently shown to reduce collagen deposition and procollagen expression in the
right ventricle, and was associated with a reduction in CTGF mRNA and protein levels. This antifibrotic effect was
mediated through reduced rhTGF-B1-induced fibroblast activation and migration, and increased gene expression and
activity of MMP-9 [77]. Such properties may also be beneficial in other types of microvascular wounds such as diabetes-
related ulcers. Increasing the local concentration of vasodilatory prostaglandins (PGE, and PGly) by inhibiting PGT,
which is involved in prostaglandin clearance, resulting in improved re-epithelialization and accelerated wound healing in
non-diabetic and diabetic rats [4,38].

222

520 Trends in Pharmacological Sciences, June 2017, Vol. 38, No. 6

Cell



which is involved in cell proliferation in progenitor cells under hypoxic conditions. It remains to be
determined whether long-term effects can be achieved using PGl>-hMSCs.

Another exciting perspective for local delivery includes nanostructured lipid carriers that have
been developed during the past decade and exploit the concept of using the skin as a site for
particle delivery, particularly in the context of skin damage. To stimulate encapsulation of cationic
lipids, stearylamine or 1,2-di-(9Z-octadecenoyl)-3-trimethylammonium-propane is incorporated
into drugs that contain liposomes. Enhanced vasorelaxation of murine pulmonary arteries was
observed at half the usual non-encapsulated concentrations of iloprost [12]. Other groups are
currently working on nano-encapsulation of PGl, analogs to target the systemic circulation.

Poly(lactide-co-glycolide) microspheres that encapsulate ONO-1301 have been developed to
obtain slow-release properties. The stability of microspheres containing antioxidants were
compared; 10% butylated hydroxytoluene (BHT) gave consistently better stability and a higher
area under the curve after subcutaneous injections in rats compared to microspheres without
BHT. This formulation also showed better efficacy in an angiogenesis murine sponge model
[67]. ONO-1301 has also been developed and tested per os in rats [68].

Concluding Remarks

This review has described the latest advances in targeting the PG, pathway in vascular disease
beyond PAH. This pathway involves many complex factors, for example, the multiplicity of
activated prostaglandin receptors, the difficulties of intravenous delivery, and the systemic side
effects. These were, in fact, the starting points to identify new targets and new methods of drug
delivery, and now include the development of pharmacogenetic studies and precision med-
icines (see Outstanding Questions). These advances are encouraging and demonstrate that
targeting the PGl pathway is a promising approach to the treatment of vascular disease.

The next step will be to prove that these new insights are both safe and efficient in vivo, while
also taking into account the wide complexity of the PG, pathway. The ‘old' PGl, pathway may
not yet have fully revealed its potential therapeutics.
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Geographic Variations in Controlled Trials

TO THE EDITOR: In their exploration of multi-
national clinical trial analysis, Yusuf and Wittes
(Dec. 8 issue)! appropriately emphasize the neces-
sity of distinguishing true heterogeneity across
countries from chance variation. We wish to point
out additional limitations of testing for country-
level heterogeneity.

A positive heterogeneity test could be driven
by especially low efficacy (i.e., harm) in some
countries rather than by high efficacy in others.
Trialists should consider supplementing such
tests with shrinkage estimation analysis, a statis-
tical tool that refines subgroup estimates with
the use of data beyond the subgroup. This tech-
nique provides more accurate estimates of effi-
cacy in subgroups (with confidence intervals) by
pulling subgroup findings toward the overall
mean in proportion to the uncertainty underly-
ing the results in that subgroup.??

Even when the estimate for one country indi-
cates unusually high efficacy and chance is not
the cause, the benefits may not materialize if the
trial intervention is implemented nationally, be-
cause study sites are only a small nonrandom
sample within the country. The study sites may
not represent the care system, study population,
enrollment practices, and other elements in the
country more broadly. Trialists should proceed
with caution.

Aaron L. Schwartz, Ph.D.

Harvard Medical School
Boston, MA

Ari B. Friedman, M.D., Ph.D.

Beth Israel Deaconess Medical Center
Boston, MA
arib@alumni.upenn.edu
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TO THE EDITOR: Yusuf and Wittes report exam-
ples of regional differences in the results of trials
and provide interpretation regarding whether such
differences are likely to be due to chance. A recent
and striking example of such regional differences
concerns the cardiovascular safety of glucagon-
like peptide 1 (GLP-1) analogues and inhibitors
of sodium—glucose cotransporter 2 (SGLT2). Over-
all, trials evaluating these drugs have shown a
benefit with regard to cardiovascular outcomes,
yet a subgroup meta-analysis from four trials™*
that enrolled 25,725 patients reveals significant
differences in cardiovascular outcomes according
to region (Fig. 1). The global effect size is driven
by Latin America, Africa, and Asia, whereas the
effects in Europe and North America are extreme-
ly small or nonexistent. How should we interpret
these variations?

Matthieu Roustit, Pharm.D., Ph.D.

Université Grenoble Alpes
Grenoble, France
MRoustit@chu-grenoble.fr

Charles Khouri, Pharm.D.

CHU de Grenoble
Grenoble, France

Rémy Boussageon, M.D., Ph.D.

Université de Poitiers
Poitiers, France

Figure 1 (facing page). Forest Plot of an Inverse
Variance Random Effect Meta-Analysis of Trials
That Assessed GLP-1 Analogues or SGLT-2 Inhibitors
in Patients with Type 2 Diabetes.

The trials included in the meta-analysis evaluated glu-
cagon-like peptide 1 (GLP-1) analogues and inhibitors
of sodium—glucose cotransporter 2 (SGLT2) in patients
with type 2 diabetes who were receiving treatment with
a standard-of-care regimen. The primary outcome was
cardiovascular death, nonfatal myocardial infarction, or
nonfatal stroke. Subgroups were based on geographic
region and included North America; Europe; and Latin
America, Africa, and Asia; only studies from which re-
gional data were available were included. Empagliflozin
data are from Zinman et al.,! lixisenatide data are from
Pfeffer et al.,? liraglutide data are from Marso et al.,* and
semaglutide data are from Marso et al.* RevMan soft-
ware, version 5.3 (Cochrane Collaboration), was used
for analysis. Cl denotes confidence interval.
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CORRESPONDENCE

Antidiabetic
Subgroup Drug Placebo Weight Hazard Ratio (95% Cl)
no. of patients %
Latin America, Africa, and Asia
Empagliflozin, Africa 211 102 2.0
Empagliflozin, Asia 897 450 5.1 _—
Empagliflozin, Latin America 721 360 4.4 _—
Liraglutide, Asia 360 351 2.9
Liraglutide, world except Asia, 1,268 1,218 9.4 —_—
Europe, and North America
Lixisenatide, Africa, Near East 154 142 2.3
Lixisenatide, Asia, Pacific 374 329 3.1
Lixisenatide, Latin America 972 972 7.7 =
Semaglutide, world except 752 776 5.3 e ——
Europe and North America
Subtotal 5,709 4,700 422 <P
Heterogeneity: 72=0.00; y?=6.03,
8 df (P=0.64); 12=0%
Test for overall effect: Z=4.46 (P<0.001)
Europe
Empagliflozin, Europe 1,926 959 8.3 —
Liraglutide, Europe 1,639 1,657 9.9 —
Lixisenatide, eastern Europe 776 811 7.5 _—
Lixisenatide, western Europe 354 377 4.6 —
Semaglutide, Europe 326 306 23
Subtotal 5,021 4,110 32.6 -
Heterogeneity: 72=0.04; x2=12.07,
4 df (P=0.02); 12=67%
Test for overall effect: Z=0.06 (P=0.95)
North America
Empagliflozin, North America (with Australia 932 462 6.0 e E—
and New Zealand)
Liraglutide, North America 1,401 1,446 10.0 —_—
Lixisenatide, North America 404 403 52 R
Semaglutide, United States 570 567 4.0 —
Subtotal 3,307 2,878 252 <
Heterogeneity: 72=0.00; x2=0.73,
3 df (P=0.87); 12=0%
Test for overall effect: Z=0.56 (P=0.58)
Total 14,037 11,688 100.0 <o
Heterogeneity: 72=0.02; y?=28.69,
17 df (P=0.04); 12=41%
Test for overall effect: Z=2.61 (P=0.009)
Test for subgroup differences: x?=7.95,
2 df (P=0.02); 12=74.9% . . . .
0.50 0.75 1.00 1.50 2.00
Antidiabetic Drug Placebo Better
Better

0.86 (0.45-1.65)
0.70 (0.49-1.01)
0.58 (0.39-0.86)
0.62 (0.37-1.04)
0.83 (0.68-1.03)

0.66 (0.36-1.20)
0.99 (0.60-1.63)
0.86 (0.67-1.10)
0.68 (0.48-0.98)

0.77 (0.69-0.86)

1.02
0.82
1.19
1.45
0.62
1.01

0.81-1.28
0.68-0.98
0.92-1.54
0.99-2.12
0.34-1.13
0.80-1.26

0.89 (0.65-1.21)

1.01 (0.84-1.22)
0.95 (0.67-1.35)
0.87 (0.57-1.34)
0.96 (0.84-1.10)

0.88 (0.79-0.97)
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NOTICES

THE AUTHORS REPLY: We agree with the recom-
mendations from Schwartz and Friedman about
the usefulness of shrinkage estimates to assess
the effects of treatments in subgroups. The broad-
er issue of the expected effect from implement-
ing the results of an intervention proven to be
effective in specific countries within a trial will
depend on a large number of factors that go be-
yond interpretation of subgroup results within
trials, including some that Schwartz and Fried-
man have raised.

Roustit et al. provide an example of an appar-
ent benefit with GLP-1 analogues and SGLT2
inhibitors being confined to patients enrolled
from Africa, Asia, and Latin America but not
from Europe or North America. In our view, this
is probably due to chance. First, Asians, Latin
Americans, and Africans are highly heteroge-
neous in their genetics, lifestyles, and risks of
diabetes, and so there is no biologic rationale for
putting them into a single group. The decision
to group them for this analysis was probably
data-derived. Second, we know of no rationale for
combining GLP-1 analogues or SGLT2 inhibitors,
since their mechanisms of action are quite differ-
ent from one another. Third, some trials of di-
peptidyl peptidase 4 inhibitors have not reported
such results.! Inclusion of the results from these
trials may negate the apparent interaction accord-
ing to region that was presented by Roustit et al.
Salim Yusuf, D.Phil.

Population Health Research Institute
Hamilton, ON, Canada
yusufs@mcmaster.ca

Janet Wittes, Ph.D.

Statistics Collaborative
Washington, DC

Since publication of their article, the authors report no fur-
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1 | INTRODUCTION

It is well established that endothelial dysfunction is an early predictor of
cardiovascular events in at-risk patients.x Impairments in vascular

reactivity, stemming from such endothelial dysfunction, as well as

| Charles Khouri*® | Frances Taylor? | Simon Stewart® |

t4,5

Summary

This study aimed to assess, for the first time, the change in vascular reactivity
across the full spectrum of cardiometabolic health. Systematic searches were
conducted in MEDLINE and EMBASE databases from their inception to March
13, 2017, including studies that assessed basal vascular reactivity in two or more
of the following health groups (aged >18 years old): healthy, overweight, obesity,
impaired glucose tolerance, metabolic syndrome, or type 2 diabetes with or without
complications. Direct and indirect comparisons of vascular reactivity were combined
using a network meta-analysis. Comparing data from 193 articles (7226 healthy
subjects and 19344 patients), the network meta-analyses revealed a progressive
impairment in vascular reactivity (flow-mediated dilation data) from the clinical
onset of an overweight status (-0.41%, 95% Cl, -0.98 to 0.15) through to the
development of vascular complications in those with type 2 diabetes (-4.26%,
95% Cl, -4.97 to -3.54). Meta-regressions revealed that for every 1 mmol/I
increase in fasting blood glucose concentration, flow-mediated dilation decreased
by 0.52%. Acknowledging that the time course of disease may vary between
patients, this study demonstrates multiple continuums of vascular dysfunction
where the severity of impairment in vascular reactivity progressively increases
throughout the pathogenesis of obesity and/or insulin resistance, providing informa-
tion that is important to enhancing the timing and effectiveness of strategies that

aim to improve cardiovascular outcomes.

KEYWORDS

endothelial dysfunction, insulin resistance, obesity, vascular function

possible disruptions to endothelium-independent activity and maladap-
tation to the vascular smooth muscle, increase susceptibility to endo-
thelial injury and, thus, 