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Potential Benefits of Metformin Use in Sickle Cell Anemia

Nejc Umek® ¢, Chiedozie Kenneth Ugwoke®

Abstract

Sickle cell anemia (SCA) is one of the most important genetic disor-
ders known to mankind. Even with the impressive advances in medi-
cal science, effective treatment and cure remain challenging. Current-
ly available treatments including hydroxyurea, which is the only FDA
approved drug for SCA, and hemopoietic stem cell transplantation
all have significant limitations, so the search for new therapeutic op-
tions continues. Metformin, the traditional antidiabetic drug has re-
cently gained novel attention from accumulating molecular evidence
suggesting its pleiotropic effects and new potential applications. Our
study of these new understandings of the pharmacodynamics and
pleiotropic effects leads us to propose that the drug may be of poten-
tial therapeutic benefit in SCA. Our arguments are premised on a logi-
cal correlation of the interconnected pathophysiologic mechanisms in
SCA with current information on the molecular pharmacodynamics of
metformin. We reviewed existing evidence and deduced the diverse
effects of metformin of relevant therapeutic significance in SCA, in-
cluding enhancement of nitric oxide bioavailability, induction of fetal
hemoglobin synthesis, attenuation of the inflammatory phenotype and
beneficial effects in ischemia/reperfusion injury. Collectively, these
considerations lead us to infer that there is reasonable evidence to
support potential therapeutic adaptation of metformin in SCA.
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Introduction

Sickle cell anemia (SCA) is one of the most prevalent genetic
disorders in Sub-Saharan Africa, Middle East and India [1].
Approximately 5% of the world’s population carry a gene for
hemoglobinopathies, mainly for sickle cell disease and thalas-
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semias. Due to increased globalization and migration, there
is an increasing gene flow from high gene frequency areas
to Europe and USA. It is predicted that the global number of
newborns with SCA will increase in the next 35 years from
305,800 in 2010 to 404,200 in 2050. Nigeria and Democratic
Republic of Congo are and will probably remain the countries
with highest burden of SCA [2]. Managing patients with SCA
is a very high financial burden for their families and coun-
tries. In USA, the average lifetime cost of care is estimated to
$460,151 per patient with SCA [3].

SCA is a qualitative genetic hemoglobinopathy caused by
a single amino acid substitution in the beta globin chain of
hemoglobin (Hb), which leads to expression of an abnormal
protein called hemoglobin S (HbS). In its deoxygenated form,
this abnormal HbS polymerizes and gives the erythrocytes
their particular sickle shape. Such deformed cells are more
fragile and prone to hemolysis, so the first clinical manifes-
tation of the disease is usually severe hemolytic anemia [4].
Sickle blood cells are also less deformable and more adher-
ent to the endothelium, which favors their entrapment in the
microvasculature, resulting in local blood flow disturbances,
vaso-occlusive crises and infarction of vital organs. Resolu-
tion of such vaso-occlusive episodes leads to oxidative stress
and inflammation that contribute to vasculopathy [5]. Even
with advanced medical care, including red blood cell transfu-
sions and hydroxyurea, these vaso-occlusive events and vas-
culopathy usually result in central nervous system thrombosis,
priapism, acute and chronic pain syndromes, retinopathy, pul-
monary hypertension, heart failure, kidney failure, skin ulcera-
tions and severe infections [6].

Since 1958, metformin has been one of the most com-
monly prescribed antihyperglycemic drugs for the treatment
of type 2 diabetes mellitus [7]. Two decades ago, Verma et al
[8] and Bhalla et al [9] noticed that metformin also has di-
rect vascular effects in hypertensive rats. These effects were
also supported by large-scale clinical trials that have demon-
strated that metformin improves vascular function [10] and
reduces mortality by actions that cannot be attributed entirely
to its antihyperglycemic effects [11]. Since then, our under-
standing of molecular pharmacodynamics of metformin con-
tinues to expand with accumulating evidence, offering new
interesting insights into potential clinical applications of the
drug such as anti-cancer, anti-aging, anti-inflammatory agent,
etc. [12]. Our study of the new understanding regarding the
molecular pharmacodynamics of metformin has similarly led
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Figure 1. Mechanisms of metformin action inside the target cell. Metformin is transported into the cells through organic cation
transporters (OCTs). Inside the cell, it inhibits complex 1 of mitochondrial respiratory chain, mitochondrial glycerol-3-phosphate
dehydrogenase (mGPD) and AMP deaminase (AMPD), and stimulates the formation of AMPK heterotrimeric (afy) complex.
Metformin can inhibit mammalian target of rapamycin complex 1 (mMTORC1) through AMPK activation or through RAG GTPase
inhibition. Green arrows denote stimulatory action while red arrows denote inhibitory action.

us to propose that the drug may be potentially adapted for
therapeutic benefit in SCA. In the discussion that follows,
we shall explore relevant aspects of the pathophysiology of
SCA, and attempt to correlate how new insights in the mo-
lecular pharmacology of metformin may fit in for therapeutic
exploitation.

Molecular Pharmacology of Metformin

Molecular mechanisms of metformin action are very complex
and still partially unknown. Although the direct target of met-
formin remains unknown, its molecular pharmacodynamics is
classically divided into AMP-activated protein kinase (AMPK)
dependent and AMPK independent mechanisms [13]. AMPK
is a heterotrimeric complex that is found in almost all eukar-
yotic cells where it acts as a sensor of cellular energy state
[14]. It is mainly activated by AMP, which promotes the phos-
phorylation of AMPK by upstream kinases, like LKB1, and
prevents its dephosphorylation by protein phosphatises [15].
In vitro models have shown that metformin inhibits mitochon-
drial complex I of respiratory chain, which lowers the produc-
tion of ATP and thus increases AMP/ATP ratio [13]. At high
concentrations, metformin inhibits AMP deaminase, which
also increases AMP concentration [16]. Lately it was found
that metformin also activates AMPK directly by promoting
formation of the afy heterotrimeric complex [17]. When acti-
vated, AMPK inhibits anabolic pathways like triglyceride and
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protein synthesis and stimulates catabolic pathways like fatty
acid oxidation and glycolysis [14]. Metformin also has many
AMPK independent effects, the clinical importance of which
is still not known [18], but the main one seems to be inhibition
of mitochondrial glycerol-3-phosphate dehydrogenase which
increases the cytosol NADH/NAD™ ratio and prevents utiliza-
tion of glycerol and lactate [19] (Fig. 1).

At physiologic pH, metformin exists in cation form which
makes passive diffusion through biologic membranes almost
impossible [20]. It is transported in cells through organic cat-
ion transporters 1, 2 and 3 (OCT1, 2, 3) and multidrug and
toxin extrusion 1 and 2-K (MATE1 and MATE2-K) which are
extensively expressed in most human tissues and cell types
[21].

Effect of Metformin on Fetal Hemoglobin (HbF)
Synthesis

The induction of HbF synthesis is one of the primary targets
of therapy in SCA [6]. It is known that the mammalian tar-
get of rapamycin (mTOR) signaling pathway is one of the
key regulators of erythropoiesis [22, 23] and probably has a
significant role in the pathobiology of SCA [24]. Inhibition
of this pathway has been demonstrated to have a number of
beneficial effects in SCA. As a case in point, rapamycin is a
direct inhibitor of the mTOR pathway, and this inhibition has
been shown to induce gamma-globin gene and increase HbF
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expression in erythroid precursor cells in vitro and in vivo [24,
25] and increase erythrocyte count and hemoglobin levels in
beta-thalassemic mice models [22]. Rapamycin has also been
demonstrated to ameliorate the pain phenotype in a humanized
SCA mouse model, probably via a similar mTOR inhibition
mechanism [24].

Metformin is known to inhibit mTOR complex 1
(mTORCY1) signaling pathway via at least two different mech-
anisms. The first one is through activation of AMPK that phos-
phorylates tuberous sclerosis complex 2 (TSC2) and protein
Raptor (regulatory associated protein of mTOR) which inhibit
the mTORCI1 [26], while the second mechanism is via upregu-
lation of hexokinase II and inhibition of Rag GTPase [27, 28].
Furthermore, metformin as AMPK activator has been shown to
induce and enhance the expression forkhead transcription fac-
tor 3 (FOXO3), a positive regulator of gamma-globin elabora-
tion [29, 30], which is also involved in the erythroblast matu-
ration process in cooperation with the mTOR pathway [22].
Since hemopoietic cells express organic cation transporter
OCTNI1 which is one of the transporters of metformin [31, 32],
metformin may be of potential benefit in SCA possibly by an
increase of HbF levels via mTOR inhibition and FOXO3 ac-
tivation. Because metformin at therapeutic concentrations is a
relatively weak mTOR inhibitor and FOXO3 activator in vivo,
it is suggested that this potential of HbF elevation may be clini-
cally significant only in the context of a synergistic effect with
hydroxyurea or other HbF inducing agents in upregulation of
gamma-globin synthesis [30].

Effect of Metformin on Nitric Oxide (NO) Pro-
duction

NO is one of the most critical agents involved in the patho-
physiology of sickle cell vasculopathy. In normal endothelial
biology, NO plays key vaso-regulatory functions including
acting as central mediator of endothelial-dependent vasodila-
tation, suppression of the procoagulant phenotype induction
via inhibition of tissue factor expression, inhibition of platelet
activation and downregulation of adhesion molecule elabo-
ration, among others [33]. SCA is a chronic NO biodeficient
state characterized by enhanced consumption and impaired
generation of NO [34]. The mechanisms responsible for this
NO biodeficiency profile are varied and include a hyper-hemo-
lytic state which favors increased NO consumption by cell free
hemoglobin, increased superoxide generation with enhanced
NO scavenging and impaired endothelial NO synthase (eNOS)
activity [33]. Although it is believed that in SCA eNOS en-
zyme levels may possibly be increased as an adaptive com-
pensatory response [35], parallel evidence suggests that there
is decreased bioavailability of NO from impairment of eNOS-
NO system attributable to a number of mechanisms in the
sickle context. These include increased levels of asymmetric
dimethyl arginine (ADMA) [36], a potent inhibitor of eNOS;
decreased ApoA-1 [33]; and uncoupling of eNOS due to ar-
ginine deficiency [37], relative insufficiency of tetrahydrobi-
opterin (THB4) [38] and eNOS oxidation and monomeriza-
tion [39], with resultant generation of peroxynitrite rather than
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NO. The implications of this NO biodeficient profile in SCA
pathophysiology thus include activation of a hypercoagulable
state via inflammation-coagulation coupling, increased platelet
activation, enhanced adhesion molecule expression, impaired
endothelial-dependent vasodilatation and upregulation of pro-
inflammatory pathways [33].

Several studies have demonstrated that metformin enhanc-
es the activity of the eNOS-NO system by increasing eNOS
phosphorylation levels via AMPK [40-42]. Thus metformin by
upregulating eNOS activity potentially inhibits the pathophys-
iologic consequences of NO biodeficiency in SCA. However,
mindful that isolated upregulation of eNOS-NO system in the
context of the uninhibited inflammatory milieu of SCA and
relative THB4 and arginine deficiency [37, 38] may generate
destructive superoxides rather than NO, metformin adminis-
tration for therapeutic benefit should take into consideration
concomitant supplementation of THB4 and arginine. Moreo-
ver, since hydroxyurea increases eNOS protein levels and po-
tentiates NO generation [43], it may act synergistically with
metformin in this regard. Furthermore, acute and chronic met-
formin treatments have been shown to foster improved revas-
cularization following vaso-occlusive ischemia via AMPK-
eNOS related mechanisms [40, 44]. In addition, metformin can
significantly increase differentiation of endothelial progenitor
cells (EPC) through AMPK-eNOS-NO and AMPK-mTOR-
p70S6K pathways [45]. These cells originate from bone mar-
row [46] and have the capability of incorporating themselves
into neovessels at the site of ischemia and secreting angiogenic
growth factors [47] that can also contribute to revasculariza-
tion. While a few agents that potentiate the eNOS-NO system
have been explored for therapeutic exploitation, clinical adap-
tation of these agents has been unsuccessful on account of sig-
nificant safety limitations. Inhaled NO is difficult to administer
and needs to be intensively monitored [48], while sildenafil
hitherto used to increase effects of endogenous NO has been
discontinued due to serious side effects [49]. In this respect
therefore, metformin may be more adapted for clinical applica-
tion because of its relative proven safety profile [50].

Effect of Metformin on Inflammatory Phenotype

Inflammation biology is one of the central themes in the patho-
physiology of the SCA, and much of the clinical events of the
disease are consequent on the context of a chronic systemic
inflammatory state. The inflammatory phenotype is mainly
due to increased hemolysis and ischemia/reperfusion injury
and is characterized by chronically elevated plasma levels of
proinflammatory cytokines including tumor necrosis factor o
(TNF-a), interleukin 6 (IL-6), interleukin 1-f (IL-1p), inter-
leukin 17 (IL-17) and interleukin 8 (IL-8), and reduced level
of the anti-inflammatory cytokine, interleukin 10 (IL-10) [51,
52]. There are also raised levels of other inflammatory markers
like interferon y (IF-y), C-reactive protein (CRP), macrophage
inflammatory protein 1a (MIP-1a) and monocyte chemotactic
protein 1 (MCP-1) [53].

A growing body of evidence suggests that metformin may
exert both direct and indirect anti-inflammatory effects be-
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Figure 2. Summary of the effects of metformin on interconnected pathophysiologic processes in SCA. Green arrows denote

stimulatory action while red arrows denote inhibitory action.

yond the established antihyperglycemic action [54]. A number
of molecular mechanisms have been proposed for this anti-
inflammatory effect including the inhibition of nuclear factor
kB (NFkB) via AMPK dependent and independent pathways
[55]; activation of AMPK-eNOS-NO pathway [54]; suppres-
sion of STAT3 signaling pathway and regulation of the balance
between Th17/Treg [56]; inhibition of the stress responsive
proteins SIRT 7 and SIRT 1 which may mediate inflammation
[57]; and AMPK and poly(ADP ribose) polymerase 1 (PARP-
1) dependent upregulation of B-cell lymphoma-6 protein (Bcl-
6) which inhibits expression of proinflammatory mediators
[58]. Furthermore, it is also suggested that metformin inhibits
the formation of advanced glycation end products (AGEs) via
direct reaction between metformin and dicarbonyl precursors
of AGEs [59] and downregulates the expression of receptor for
AGEs (RAGE) through AMPK activation [60], which reduces
formation of ROS and inflammation [61].

Metformin has been reported to exert therapeutic anti-in-
flammatory effects in several inflammatory diseases including
autoimmune arthritis [62], inflammatory bowel disease [56]
and other autoimmune diseases [63] via decreased expression
of inflammatory mediators like IL-18, IL-6, IL-8, IL-2, TNF-a,
MCP-1, CRP, IFN-y, and upregulation of IL-10 [62, 64].
Therefore, metformin treatment may have therapeutic benefits
in SCA via suppression of the inflammatory phenotype and
consequent attenuation of the inflammation-dependent clinical
course and manifestations of the disease such as chronic pain,
lung injury and impaired cognitive function despite normal
brain MRI [65, 66]. Furthermore, via suppression of endotheli-
al activation and adhesion molecules expression, this potential
amelioration of inflammation may also decrease the frequency
and severity of acute vaso-occlusive events [33].

Effect of Metformin on Ischemia/Reperfusion
Injury

Ischemia/reperfusion injury is a cardinal pathophysiologic
mechanism of the inflammatory milieu and consequent vascu-
lopathic complications of SCA in various organs (acute kidney
injury, kidney failure, ischemic stroke, myocardial infarction,
skin ulcerations, etc.). The cellular insults from ischemia/rep-
erfusion injury are associated with oxidative stress and bio-
energetic crisis [4]. A cellular response to ischemic stress is
activation of AMPK, a key homeostatic energy sensor that

44

Articles © The authors | Journal compilation © ] Hematol and Elmer Press Inc™

preconditions favorable cellular bioenergetics and induces cel-
lular survival mechanisms in stressful conditions [14]. This
default cellular response is however insufficient to abort the
cellular injury in ischemia/reperfusion. AMPK activators such
as metformin therefore should potentially enhance cellular
preconditioning for ischemic events and consequently enhance
cellular tolerance and resilience to hypoxic stress. Indeed, ac-
cumulating evidence exists to support this logical inference.
Several studies have reported that acute and chronic precon-
ditioning with metformin ameliorates ischemia/reperfusion
injury in various organs like the brain, kidney, heart, liver and
skin. However, exact molecular mechanisms of these effects in
various organs are yet to be clarified.

In the brain, it was demonstrated that both acute and
chronic metformin preconditioning confers neurovascu-
lar protection against cerebral ischemia by pre-activation of
brain AMPK and inhibition of NF-kB mediated inflammatory
pathway [67, 68]. Metformin has also been noted to attenuate
post-ischemic reactive hyperemia and neuronal excitation and
promote angiogenesis and neurogenesis following cerebral
ischemia [44, 69, 70]. Collectively, the evidence highlighted
suggests a practical benefit of metformin in stroke prevention
and amelioration of cerebral ischemic injury. This benefit is of
potential significance in SCA where ischemic cerebrovascular
accidents are a major cause of morbidity and mortality.

In the kidney, ischemia/reperfusion is a form of acute kid-
ney injury and activation of AMPK has been shown to con-
fer renal protection [71]. Metformin preconditioning has been
shown to protect against renal tubular injury via attenuation
of inflammation consequent on renal ischemia/reperfusion and
inhibition of hypoxia inducible factor la (HIF-1a) accumula-
tion in renal proximal tubular epithelial cells [72, 73]. Hence,
metformin preconditioning may be potentially beneficial in
preventing acute kidney injury due to ischemia/reperfusion
and suppressing nephropathy progression in SCA patients.

In the heart, a number of studies have demonstrated that
metformin treatment suppresses inflammatory response fol-
lowing cardiac ischemia via AMPK activation, and confers
protective benefits in myocardial infarction [12, 74]. Also,
metformin has been shown to protect against cardiac ischemia
via Akt-PI3K dependent inhibition of mitochondrial perme-
ability transition pore (mPTP) opening [75]. Therefore, met-
formin could also potentially ameliorate cardiac ischemic/rep-
erfusion injury in SCA patients.

There are also few reports in literature of similar protec-
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tive effects in other organs like the skin and liver. In the liver,
metformin has been shown to prevent ischemic/reperfusion in-
duced oxidative stress via increased antioxidant activity, and
decreased ROS production and post-ischemic inflammation
[76]. Foot ulcers are common complications of SCA vasculop-
athy often requiring plastic surgical intervention. Metformin
pre-treatment has been shown to improve skin flap survival via
NO-mediated mechanism [77].

Li et al demonstrated that ischemia/reperfusion inducible
proteins (IRIP) negatively modulate the function of OCT1 and
MATEIL in cells which may cause an alteration in metformin
disposition in tissues after ischemia/reperfusion injury [78].
The clinical importance of such modulation is not known and
needs to be characterized.

Clinical Considerations for Metformin Use in
SCA

Given that metformin can act via at least four different ma-
jor points in the interconnected pathophysiology of SCA, it is
reasonable to suspect that overall clinical effect might be sig-
nificant (Fig. 2). However, while there has been compelling
evidence regarding its general safety profile in conventional
clinical use [50], there is paucity of specific data on metformin
safety in SCA. Indeed a number of adverse effects may be as-
sociated with metformin use, including reported risk of cog-
nitive impairment, and a relatively low risk of lactic acidosis
(4.3/100,000 patient-year) especially in the context of renal and
hepatic failure [50, 54]. This may be important given that ne-
phropathy and renal failure are common associated complica-
tions of SCA [6]. Hence, direct evidence is needed to clarify to
what extent the peculiar renal and hepatic pathophysiology of
SCA may limit metformin’s therapeutic adaptation. Moreover,
metformin safety in pediatric subjects has not been overwhelm-
ingly explored, and while there is not currently significant evi-
dence questioning its general safety in children [79], stronger
validation of its pediatric safety profile is needed before adap-
tation to clinical use in children who comprise the majority of
SCA patients in third world countries [2]. Meanwhile, on a pos-
itive note metformin is generally well tolerated, does not cause
hypoglycemia, and is a relatively affordable and available drug
globally [7]. Overall therefore, further evidence is needed to
clarify these concerns and objectively weigh the proposed ben-
efits of metformin use in SCA against clinical considerations.

Conclusion

In the present review, we have attempted to extend the spec-
trum of potential clinical utility of metformin by matching cur-
rent molecular evidence with clinical relevance in SCA, and
from the above considerations, we believe that there is signifi-
cant deductive evidence to support potential clinical adapta-
tion either as monotherapeutic agent or as an adjuvant to hy-
droxyurea. This potential is remarkable given the pleiotropic
molecular pharmacodynamic effects of metformin on the vari-
ous interrelated pathways and mechanisms in the pathophysi-
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ology of SCA. To the best of our knowledge, we are the first to
comprehensively explore this pharmacodynamic/pathophysi-
ologic correlation and advance a holistic molecular argument
for the potential therapeutic exploitation of metformin in SCA.
However, considering that the current evidence is largely de-
rived from preclinical studies, we propose that more specific
animal studies and subsequent human studies are needed to
conclusively validate, modify or refute these arguments.
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