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Abstract
Clopidogrel is a widely prescribed prodrug with anti-thrombotic activity through irreversible inhibition of the P2Y12 recep-
tor on platelets. It is FDA-approved for the clinical management of thrombotic diseases like unstable angina, myocardial 
infarction, stroke, and during percutaneous coronary interventions. Hepatic clopidogrel metabolism generates several distinct 
metabolites. Only one of these metabolites is responsible for inhibiting the platelet P2Y12 receptor. Importantly, various 
non-hemostatic effects of clopidogrel therapy have been described. These non-hemostatic effects are perhaps unsurprising, 
as P2Y12 receptor expression has been reported in multiple tissues, including osteoblasts, leukocytes, as well as vascular 
endothelium and smooth muscle. While the “inactive” metabolites have been commonly thought to be biologically inert, 
recent findings have uncovered P2Y12 receptor-independent effects of clopidogrel treatment that may be mediated by under-
studied metabolites. In this review, we summarize both the P2Y12 receptor-mediated and non-P2Y12 receptor-mediated effects 
of clopidogrel and its metabolites in various tissues.
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Introduction

Platelets are activated by several endogenous chemical 
mediators, including adenosine diphosphate (ADP), throm-
bin, and thromboxane. One therapeutic strategy to inhibit 
the pathological action of platelets in thrombotic diseases is 

selective inhibition of one specific receptor pathway, such 
as ADP-induced activation of purinergic receptor 2Y12 
(P2Y12). The P2Y12 receptor is a G-protein coupled recep-
tor (GPCR) that drives platelet activation. Activation of the 
P2Y12 receptor inhibits adenylyl cyclase thereby decreas-
ing the generation of cAMP within the platelet. Activation 
of the P2Y1 receptor on platelets increases IP3 production 
to increase cytoplasmic calcium. P2Y12 and P2Y1 receptor 
activation increase intracellular calcium concentration which 
induces platelet shape change and aggregation. Additionally, 
activation of platelets through other agonists, such as arachi-
donic acid and collagen, causes secretion of ATP/ADP-con-
taining dense granules resulting in subsequent activation of 
the P2Y12 receptor, thereby potentiating platelet aggregation 
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[1]. Therefore, it is crucial to inhibit this receptor. However, 
it is common to combine therapeutic agents to inhibit mul-
tiple platelet activation pathways. Dual anti-platelet therapy 
is commonly used for the treatment of thrombotic diseases 
and involves the combined administration of low-dose aspi-
rin, which inhibits the cyclooxygenase-dependent activation 
pathway, with a P2Y12 receptor antagonist. Clopidogrel is 
the favored P2Y12 receptor antagonist for long-term dual 
anti-platelet therapy. Indications for its use include percuta-
neous coronary intervention (balloon angioplasty and stent 
implantation), acute coronary syndrome, and secondary pre-
vention post-coronary artery bypass graft.

An early thienopyridine anti-platelet agent, ticlopidine, 
was associated with severe hematological side effects 
including leucopenia and thrombocytopenia. To address 
these adverse effects, thousands of analogs of ticlopidine 
were generated in the hope of identifying novel compounds 
with improved risk/benefit profiles. One such analog, clopi-
dogrel, underwent preclinical evaluation starting in 1987 
with ultimate approval for use in the USA, coming in 1997, 
and a worldwide launch in 1998 [2]. Interestingly, at the 
time of its approval, the molecular target of clopidogrel was 
unknown, although its action was known to be unique from 
aspirin, sulfinpyrazone, and dipyridamole. Early thienopyri-
dine anti-platelet agents were known to inhibit the platelet 
ADP receptor [3]. Subsequently, it was recognized that 
clopidogrel was also a potent inhibitor of ADP-mediated 
platelet aggregation [4–11]. The discovery of the P2Y12 
receptor in 2000 [2, 12, 13] paved the way for its identifica-
tion as the primary pharmacologic target of clopidogrel in 
2001 [14].

Clopidogrel is a prodrug that requires hepatic bioac-
tivation to generate the active metabolite responsible for 
inhibiting platelets [15]. The active metabolite of clopi-
dogrel (H4) inhibits platelets through covalent interac-
tions, forming disulfide bridges, with cysteine residues 
within the ligand binding domain (Cys17 and Cys270) of 
the P2Y12 receptor [16]. Interestingly, the identity of the 
active metabolite and enzymes (CYP450s) responsible for 
its formation were a mystery at the time of clopidogrel’s 
approval. In fact, the clinical pharmacokinetics of clopi-
dogrel were determined using the plasma concentration 
of the primary circulating metabolite (SR26334) as a sur-
rogate [17]. This carboxylic acid derivative is a product of 
esterase-dependent metabolism and is not responsible for 
inhibiting platelet aggregation. The chemical structure of 
the active metabolite was characterized in 2000 [18], and 
the important enzymes involved in its formation were sys-
tematically identified with the last one proposed in 2011 [2, 
19]. The pharmacology of SR26334 and other clopidogrel 
metabolites has not been extensively investigated, although 
ample evidence suggests meaningful biological effects of 
these abundant metabolites.

Clopidogrel metabolism

To accelerate the anti-platelet effects, clopidogrel is pre-
scribed at an initial loading dose of 300 mg followed by 
a maintenance dose of 75 mg/day. Clopidogrel is readily 
absorbed in the intestine and then converted into several 
distinct metabolites by a variety of metabolic enzymes, 
including carboxylic esterase 1 (CES1), members of the 
cytochrome P450 family (CYP450s), and paraoxonase 1 
(PON1). Approximately 85% of the prodrug is converted 
into the carboxylic acid metabolite (SR26334) by CES1, 
while only about 5% of the prodrug is ultimately converted 
into the active metabolite (H4) by a two-step CYP450-
mediated process (Fig. 1). The enzymes CYP2C19 and 
CYP3A4 are critically important for the catalysis of these 
reactions [20–24]. While it is clear that H4 is responsible 
for inhibiting the P2Y12 receptor on platelets, the bio-
logical effect(s) of the other metabolic products remain 
unknown.

The complex nature of clopidogrel metabolism has sig-
nificant potential to induce variation in patient responses. 
A decrease in the anti-platelet activity is observed in 
patients with loss of function polymorphisms in CYP2C19 
(*2 and *3 alleles) [25–27]. Patients with CYP2C19 poly-
morphism have decreased H4 concentrations and increased 
SR26334 concentrations [26, 28]. Insufficient clopidogrel 
conversion to H4 results in poor clinical response, and 
therefore CYP2C19 loss of function carriers have lim-
ited protection from thrombotic events when treated with 
clopidogrel compared to individuals with normal enzyme 
function [26]. Due to interpatient variability and the 
potential for lack of clinical response, the United States 
Food and Drug Administration added a Black Box Warn-
ing to (1) warn patients about the reduced effectiveness for 
those who do not effectively metabolize the prodrug, (2) 
inform clinicians to evaluate patients for CYP2C19 activ-
ity, and (3) instruct clinicians to select other anti-platelet 
therapeutics for those who do not effectively metabolize 
clopidogrel [29].

Clopidogrel response is further complicated by vari-
ous interactions with other drugs. CES1, CYP2C19, and 
CYP3A4 are commonly involved with the metabolism 
of other pharmaceuticals. Therefore, induction or inhi-
bition of these enzymes by other pharmaceutical agents 
could affect the bioactivation and clinical response of 
clopidogrel. For instance, omeprazole, a commonly pre-
scribed proton pump inhibitor used in the treatment of 
gastroesophageal reflux disease, competitively inhibits 
CYP2C19 and, in doing so, modifies the bioactivation 
of clopidogrel. Previous studies demonstrate that platelet 
inhibition decreased in patients receiving both omepra-
zole and clopidogrel compared to the patients receiving 
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clopidogrel alone [25, 30]. Furthermore, ethanol con-
sumption also impacts clopidogrel metabolism by increas-
ing the formation of the H4 metabolite resulting in an 
increase in platelet inhibition [31]. There is decreased 
SR26334 metabolite concentration with ethanol (3 g/kg) 
consumption which appears to result from a shift from 
the CES1 metabolic pathway toward CYP450-mediated 
metabolism [32].

Type II diabetes and insulin resistance have been identi-
fied as risk factors for diminished clopidogrel response. 
Generation of H4 is decreased by 40% in diabetic patients 
compared to non-diabetic patients [33–35]. Diet-induced 
obese (DIO) mice, which are a useful model of human type 
II diabetes, have a diminished response to the clopidogrel 
prodrug yet respond normally to a conjugate of the active 
metabolite that does not require enzymatic activation [36]. 

Interestingly, DIO IL-1 receptor knockout (IL-1R−/−) mice 
were able to overcome the clopidogrel resistance as a con-
sequence of increased CYP450 expression and therefore 
increased H4 generation [36]. Ultimately, it appears diabe-
tes downregulates CYP2C19, resulting in reduced forma-
tion of the active metabolite and diminished anti-platelet 
effects.

Most of the metabolites of clopidogrel are electro-
philic species that may unselectively bind to cellular and 
circulating macromolecules. While not all binding events 
lead to damaging biological effects, previous reports 
indicate these reactive metabolites can cause various 
effects. The primary objective of this review is to present 
a comprehensive list of all the reported off-target effects 
of clopidogrel (Fig. 2).

N

S

COOCH3

Cl

H

N

S

COOH

Cl

H

N

S

COOCH3

Cl

H
HO

N

S

COOCH3

Cl

H

N

S

COOCH3

Cl

H

N

S

COOCH3

Cl

H+O

M5 M6M3, M4

M8

Clopidogrel (M0)
SR25990C

SR26334 (M1)
Carboxilic acid

N

S

COOCH3

Cl

H

O

SR121683 (M2)
2-Oxo-clopidogrel

Thiolactone

N

HS

COOCH3

Cl

H

HOOC

N

HS

COOCH3

Cl

H

HOOC

2 cis diastereomers
H3 and H4 (active metabolite)

1 endo isomer (M15)

pi
pe
rid
in
e

m
et
ab
ol
ism

PO
N1

CYPs

N

S

COOCH3

Cl

H

M7

N

S

COOH

Cl

H

M10

thio
phe

ne

me
tab

olis
m

M13

CYPs

N

S

COOCH3

Cl

H

O

Thiolactone S-oxide (M11)
O

N

S

COOCH3

Cl

H

O

O

M16

N

HO

COOCH3

Cl

H

HOOC

M17

N

S

COOH

Cl

H

O

M14

esterase

+O

esterase

++

N

S

COOH

Cl

H

M9

N

S

COOCH3

Cl

H

HOOC

OH

Sulfenic acid (M12)

C
Y

P
s

GSH

Fig. 1   The proposed bioactivation pathway of the clopidogrel prod-
rug is dependent upon a complicated, multistep, enzyme-dependent 
metabolic process. The majority of the ingested prodrug is hydro-
lyzed by esterases (including CES1) to form the carboxylic acid 
metabolite (SR26334 or M1). The remaining clopidogrel is metabo-
lized by CYP450 enzymes (primarily CYP2C19 and CYP3A4), 

producing various chemical products (M2-M17) including M13, the 
metabolite responsible for inhibiting the P2Y12 receptor. M13 repre-
sents a mixture of diastereomers of which only one, H4, has clinical 
relevance [120]. Metabolism information is summarized from previ-
ous reports [2, 118, 121–123]
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Off‑target clopidogrel effects

Non‑hemostatic P2Y12 receptor‑mediated effects 
of clopidogrel

Clopidogrel treatment is prescribed for the inhibition of the 
P2Y12 receptor on platelets to prevent activation and aggre-
gation. While efficacious in that mechanism, several other 
non-hemostatic P2Y12 receptor effects have been described. 
Platelets interact with leukocytes and endothelial cells dur-
ing stress and inflammation [37]. Additionally, platelets 
express Toll-like receptors, allowing for interactions with 
neutrophils and monocytes to initiate immune responses 
[37]. The P2Y12 receptor is also suggested to be expressed 
in microglia [38–40], smooth muscle, and endothelial cells 
[41–44]. Furthermore, the P2Y12 receptor is putatively 
expressed in several other tissues including the brain, repro-
ductive organs, thyroid, lung, adrenal gland, tongue, esopha-
gus, kidney, liver, colon, bladder, heart, skin, spleen, lymph 
node, pituitary gland, retina, salivary gland, stomach, gull 
bladder, adipose tissue, tonsil, appendix, and bone marrow 
[45]. However, it is important to note that tissue-specific 
expression is difficult to rigorously demonstrate, as samples 
are often contaminated with platelets. Adequate antibodies 
for the P2Y12 receptor do not exist; therefore, only RT-PCR 
is useful for investigating receptor expression. While the 
focus of clopidogrel actions has been on platelets, the pro-
posed broad tissue-specific expression of the P2Y12 recep-
tor likely enables multiple mechanisms whereby clopidogrel 
treatment mediates non-hemostatic P2Y12 receptor effects. 
Due to the complex interactions platelets have with other 
circulating cells and the vessel wall, as well as the reputed 

broad expression of the P2Y12 receptor within the body, it 
is difficult to distinguish which clopidogrel effects are medi-
ated by local P2Y12 receptor inhibition versus indirect effects 
of platelet inhibition.

Modulation of atherogenesis and the progression 
of atherosclerosis

Atherosclerosis is an immunoinflammatory disease of 
medium to large arteries that results in the deposition of 
fatty plaques on the artery wall. Atherosclerosis is not life-
threatening itself, but occlusive thrombus formation due to 
plaque rupture can induce downstream ischemia resulting in 
unstable angina, stroke, or myocardial infarction. Endothe-
lial cells, leukocytes, and smooth muscle cells are all cellular 
mediators of atherosclerosis. Lipoprotein particles penetrate 
the endothelial layer into the subendothelial space, where 
they become pro-inflammatory. The endothelium is then 
activated by inflammatory cytokines to express adhesion 
molecules that recruit blood-borne cells to the atheroscle-
rotic lesion. The inflammation leads to the recruitment of 
monocytes and T-lymphocytes [46]. As the disease pro-
gresses, intimal smooth muscle cells heal and repair the 
arterial injury. Smooth muscle cells stabilize the plaque, 
decreasing the chance of rupture but also narrowing the 
vascular lumen, thereby reducing blood flow [46, 47].

Several studies have demonstrated clopidogrel’s abil-
ity to reduce atherosclerosis [48–52]. Activated platelets 
release platelet-derived growth factor, which causes the 
secretion of matrix metalloproteinase-2. Matrix metallo-
proteinases degrade several extracellular matrix proteins to 
promote inflammation [53]. Platelets also induce monocyte 

Fig. 2   Clopidogrel effects 
have been described in various 
tissues in both P2Y12 receptor-
dependent and independent 
manners
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chemotactic protein-1 (MCP-1) and vascular cell adhesion 
molecule-1 (VCAM-1) expression in endothelial cells, which 
initiates monocyte recruitment and plays a role in atheroscle-
rotic lesion formation [54, 55]. Indeed, the patients receiv-
ing clopidogrel have a significant reduction in atherosclerotic 
plaque inflammation [56]. Clopidogrel has also been reported 
to significantly reduce atherosclerotic lesion formation and 
reduce the inflammatory response in ApoE-deficient mice, a 
useful animal model for understanding the pathophysiology 
of atherosclerosis [48, 57]. Bone marrow transplants were 
performed in P2Y12 receptor knockout mice to differentiate 
between vessel wall or platelet-derived effects. Atheroscle-
rotic lesions were reduced in vessel wall depleted of the P2Y12 
receptor, indicating the vessel wall P2Y12 receptor is involved 
in the development of atherosclerosis [58]. In a rabbit model 
of atherosclerosis, animals were fed a high cholesterol diet 
followed by balloon injury to the iliac artery. The rabbits were 
treated with clopidogrel throughout the study and monitored 
for the development of atherosclerosis. Treatment with clopi-
dogrel significantly reduced vascular inflammation and ath-
erosclerotic lesion formation while decreasing the expression 
of P-selectin, intracellular adhesion molecule-1, VCAM-1, 
and MCP-1 [49].

Inhibition of hypertension‑associated inflammation

Angiotensin II (Ang II) activates the angiotensin type 1 
receptor and upregulates Toll-like receptor 4. This activates 
the myeloid differentiation primary response protein 88 
(MyD88) and mitogen-activated protein kinase (MAPK). 
MAPK activates nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-kB), resulting in a release of pro-
inflammatory mediators. Ang II also causes the oxidation 
of NADPH to generate reactive oxygen species (ROS) [59]. 
Moreover, Ang II-mediated inflammation induces platelet 
activation and subsequent platelet-monocyte binding leading 
to monocyte activation. Platelet-monocyte binding enhances 
vascular inflammatory responses [60]. Both an increase in 
pro-inflammatory mediators and the generation of ROS 
lead to hypertension. Therefore, chronic Ang II administra-
tion is commonly used as a model of hypertension in rats 
and mice. Since platelets are involved in Ang II-associated 
hypertension, the inhibition of platelets was assessed with 
clopidogrel treatment. Phenylephrine contraction and acetyl-
choline relaxation were impaired in mesenteric arteries from 
Ang II mice and rats. Interestingly, clopidogrel treatment 
prevented these effects in an endothelium-dependent manner 
[60–62]. Additionally, clopidogrel treatment improved the 
structure of hypertensive arteries. Chronic Ang II-treated 
mice exhibit vascular remodeling and increased stiffness due 
to elevated arterial pressure. Aortas collected from these 
animals have increased wall thickness, increased wall-to-
lumen ratio, and exhibit impaired vasodilation. Clopidogrel 

treatment decreased the hypertension-associated changes 
in aortic structure. [60, 62]. Ang II-treated mice also 
develop increased vascular oxidative stress, an effect that 
is completely abolished by clopidogrel treatment. Vascular 
NADPH oxidase (NOX)1, NOX2, and NOX4 mRNA and 
protein levels are increased with Ang II treatment, and con-
comitant treatment with clopidogrel decreases these levels 
[60, 62]. The beneficial effects of clopidogrel in hyperten-
sion are likely due to reduced infiltration of macrophages in 
the aorta, since macrophages are the main source of ROS 
in vessels, as well as decreased platelet-monocyte binding 
[60, 63].

Inhibition of angiogenesis

The healing of gastric ulcers requires cell proliferation and 
angiogenesis. Ischemic tissues release leukotriene B to 
attract leukocytes and macrophages. These cells phagocytize 
the necrotic tissue and release pro-inflammatory cytokines to 
activate fibroblasts, endothelial, and epithelial cells [64]. As 
a result, endothelial cells migrate, proliferate, and re-estab-
lish the microvascular network [65]. Rats were subjected to 
an experimental model of gastric ulceration involving the 
luminal application of acetic acid. Twenty-four hours later, 
daily clopidogrel therapy was initiated, and ulcer healing 
was observed. Clopidogrel treatment increased ulcer size 
and therefore delayed gastric ulcer healing. Moreover, clopi-
dogrel decreased the number of microvessels at the ulcer 
base. Protein and mRNA expressions of several angiogenic 
growth factors (vWF, FGFR2, VEGF, VEGFR2, PDGFRA, 
and pERK) were significantly decreased with clopidogrel 
treatment, and angiogenesis was reduced. Clopidogrel inhib-
ited angiogenesis by inhibiting the VEGF-VEGFR2-ERK 
signaling transduction pathway [66]. The effect of clopi-
dogrel could be partially explained by the inhibition of plate-
let activation thereby leading to a reduction in the release of 
platelet-derived growth factor; however, further studies are 
required to determine the exact mechanism of action.

Inhibition of Ras/Raf/MEK/ERK signaling pathway

Activation of the P2Y12 receptor in human lung epithelial 
(A549) cells leads to Ras/Raf/mitogen-activated protein 
kinase (MEK)/extracellular-signal-regulated kinase (ERK) 
signaling, and inhibition of that pathway has been linked 
to various biological effects [67–69]. The Ras/Raf/MEK/
ERK signaling pathway allows for communication between 
cell surface receptors and downstream transcription factors, 
which induce cellular proliferation, differentiation, and sur-
vival. Several RNA viruses induce the Ras/Raf/MEK/ERK 
signaling to potentiate their replication [70]. Clopidogrel 
was examined as a novel treatment for influenza since it 
targets the same cellular signaling pathway. Calu-3 human 

257Purinergic Signalling (2022) 18:253–265



1 3

bronchial epithelium cells, a common cell line used to study 
influenza infection, were tested to evaluate the effects of 
clopidogrel. In vitro clopidogrel treatment decreased the 
percentage of influenza-infected Calu-3 cells, and pre-
treatment with clopidogrel reduced viral replication [71]. 
These results suggest that inhibition of influenza replication 
is linked to the inhibition of the P2Y12 receptor signaling 
pathway by clopidogrel. However, the clopidogrel prod-
rug is not readily metabolized in vitro, and therefore it is 
unclear whether the effects observed were due to P2Y12 
receptor inhibition by the active metabolite or an alterna-
tive mechanism.

Ras/Raf/MEK/ERK is also a dominant cancer signal-
ing pathway [72]. Mutations of Ras lead to constitutively 
active Ras proteins, thereby preventing apoptosis. Since 
apoptosis regulation has been an attractive chemothera-
peutic treatment target, chemical inhibitors of this signal-
ing pathway have been considered as potential treatment 
candidates for many types of cancers [73]. Breast cancer 
cells have been demonstrated to cause direct and indirect 
activation of platelets by ADP, thromboxane A2, and met-
alloproteinases [74–76]. Activated platelets release metal-
loproteinases, which degrade the vascular basement mem-
brane resulting in tumor growth and metastasis [77]. As a 
result, clopidogrel is hypothesized to possess anti-cancer 
properties. In an experimental model of mammary cancer 
(transplant of mouse mammary adenocarcinoma 4T1 cells 
into recipient mice), clopidogrel alone did not have signifi-
cant anti-tumor activity. However, the anti-tumor effects 
of 5-fluorouracil, cyclophosphamide, and mitoxantrone 
were potentiated by concomitant clopidogrel treatment 
[78]. The protective mechanism can be explained by both 
a decrease in invasive tumor cells and a decrease in the 
accumulation of platelets within the tumors. In addition, 
clopidogrel administered with a nitric oxide donor effec-
tively inhibits metastasis by normalizing endothelial func-
tion [79]. Conversely, clopidogrel decreased the efficacy of 
doxorubicin, cisplatin, and tamoxifen [78]. These agents 
are all CYP3A4 substrates, and therefore clopidogrel may 
affect the metabolism of these chemotherapeutics reducing 
their efficacy.

Interestingly, clopidogrel may also have utility as a cancer 
preventative agent. In a prospective trial investigating cancer 
prevention, the patients receiving clopidogrel with and with-
out aspirin were monitored for cancer development. Clopi-
dogrel use was associated with a decreased incidence of all 
cancers, including colorectal cancer, which was reduced by 
20–30% [80, 81]. Together with the anti-cancer effects out-
lined above, these results suggest that clopidogrel may be 
a beneficial adjunctive agent to existing cancer therapeu-
tic strategies. However, these were observational studies; 
therefore, they do not provide definitive conclusions to the 
anti-cancer benefits of clopidogrel.

Regulation of bone homeostasis and bone marrow function

The P2Y12 receptor is suggested to be expressed in the bone 
and bone marrow of rats and mice [40, 45]. The expression 
of the P2Y12 receptor in the bone marrow is unsurprising as 
megakaryocytes are located within the bone marrow. Pro-
longed exposure to clopidogrel has effects on bone mass 
and bone cell function. Clopidogrel treatment decreased 
osteoblast number by 50% and reduced cell viability. Bone 
formation, bone marrow density, and collagen production 
decreased after clopidogrel treatment [82]. In addition, adi-
pogenic transcription factor levels increased 4.4-fold, and 
adipocytes increased by 60% with clopidogrel treatment. 
The reduction in osteoblast number is likely due to clopi-
dogrel’s action on precursor cells causing them to follow an 
adipogenic differentiation pathway rather than the osteoblas-
tic pathway, leading to an increase in adipocytes [82]. Since 
osteoblasts express the P2Y12 receptor, it suggests these 
effects result from clopidogrel-mediated receptor inhibition, 
but this has not yet been confirmed. Contrasting to these 
previous studies; however, clopidogrel also enhanced new 
bone formation in rabbits and mice [83, 84]. These results 
highlight how differences in dosage, treatment duration, and 
species play a crucial role in the effects of clopidogrel.

Non‑P2Y12 receptor effects of clopidogrel

Metabolites of clopidogrel are primarily considered “inac-
tive” simply owing to their lack of inhibition of the platelet 
P2Y12 receptor, the primary target of H4. However, many 
of the other metabolites are structurally similar to H4. In 
addition, members of the P2Y receptor family share a high 
degree of similarity in both sequence and structure, while 
their expression has been demonstrated in a diverse number 
of cell types and tissues. Therefore, simply assuming that 
clopidogrel metabolites are biologically “inactive” due to a 
lack of platelet inhibition is short-sighted. There may be, in 
fact, clopidogrel metabolites with understudied but entirely 
unique pharmacology. Furthermore, several clopidogrel 
metabolites are electrophilic species, increasing the likeli-
hood that they may unselectively interact with macromol-
ecules like DNA or proteins, leading to idiosyncratic effects.

Regulation of hematopoiesis

In human patients, clopidogrel treatment reduced white 
blood cell (WBC) count. A month after clopidogrel was 
discontinued, WBC count increased. Interestingly, ticagre-
lor treatment (a structurally distinct reversible P2Y12 recep-
tor antagonist) did not alter WBC count. However, when 
the patients who received ticagrelor were transitioned to 
clopidogrel treatment, a reduction in WBC count was then 
observed [85]. No change in WBC count with ticagrelor 
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indicates the mechanism to which clopidogrel decreases 
WBC counts is P2Y12 receptor-independent. Future studies 
are required to determine the mechanism underlying clopi-
dogrel’s effect on circulating WBCs.

Inhibition of inflammation

Lipopolysaccharide (LPS) is frequently used to induce 
experimental inflammation in animals. LPS activates mul-
tiple intracellular signaling pathways and transcription 
factors, including NF-kB [86]. Active NF-kB increases 
inflammatory cytokines, chemokines, and adhesion mole-
cules while regulating cell proliferation, differentiation, and 
apoptosis [87]. Clopidogrel inhibits the degradation of IKBα 
and the phosphorylation of p65, thereby suppressing NF-kB 
signaling, reducing inflammatory cytokines, and prevent-
ing apoptosis [88]. When clopidogrel was administered to 
LPS-treated rats, inflammatory lung and liver injury were 
reduced. Clopidogrel also reduced the pro-inflammatory 
cytokine levels in these animals [89]. To determine if these 
effects were a consequence of P2Y12 receptor inhibition, 
LPS was administered to P2Y12 receptor knockout mice. 
TNF-α, IFN-γ, IL-10, IL-6, IL-4, and keratinocyte-derived 
chemokine cytokine levels were higher in P2Y12 recep-
tor–knockout LPS-treated mice than wild-type LPS-treated 
mice suggesting that the P2Y12 receptor is protective in this 
model of inflammation. Interesting, P2Y12 receptor–knock-
out LPS-treated mice administered clopidogrel exhibited 
a decrease in inflammation. These results indicate that 
clopidogrel has P2Y12 receptor-independent effects capa-
ble of reducing inflammation [90]. The effects were also 
confirmed in a human model of LPS-induced inflammation 
[91]. Clopidogrel treatment reduced IL-6, TNF-α, and CCL2 
in LPS-treated human volunteers. Furthermore, the patients 
undergoing primary percutaneous coronary intervention 
who were on clopidogrel avoided increases in high sensitiv-
ity C-reactive protein, a marker of systemic inflammation 
[92]. This beneficial effect of clopidogrel provides evidence 
towards the use of clopidogrel in the treatment of inflamma-
tory diseases.

Change in vascular function

P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14 
receptors are expressed on the vascular smooth muscle 
and endothelium [44, 93, 94]. The relative expression of 
P2Y receptors varies between vessel beds, and therefore 
the actions of purinergic modulators differ depending on 
the vessel assessed. Clopidogrel affects the vasculature, 
both acutely and chronically [60–62, 66, 95–101]. Acute 
responses relate to the modulation of vascular function, 
including the induction of vasodilation and the inhibition 
of vasoconstriction. Chronic responses involve changes in 

vessel structure, including regulation of vascular remodeling 
and the inhibition of angiogenesis.

Clopidogrel induces acute vascular changes without 
hepatic metabolism [99, 102]. Clopidogrel was administered 
to Langendorff-prepared guinea pig isolated hearts that were 
perfused retrogradely through the aorta. An ultrasonic flow-
meter monitored coronary flow. Clopidogrel increased coro-
nary flow in a concentration-dependent manner, mediated by 
endothelium-derived nitric oxide [97]. Another study evalu-
ated caudal arteries isolated from rats and then treated with 
clopidogrel. Clopidogrel caused a concentration-dependent 
increase in vasodilation in these vessels. However, in contra-
diction to the previous study, this finding was not related to 
endothelium-derived nitric oxide [99]. The opposing results 
might be explained by the differences in the specific physiol-
ogy of each vessel.

Additional studies evaluated tail arteries isolated from 
clopidogrel-treated rats. Perfusion pressure was meas-
ured after adding 2-(methylthio)adenosine 5′-diphosphate 
(2MeSADP), an analog of ADP that activates the P2Y1, 
P2Y12, and P2Y13 receptors. Clopidogrel treatment did not 
impair constriction in response to 2MeSADP [98]. Further-
more, the aorta from clopidogrel-treated mice was analyzed 
for contraction to 2MeSADP, and again clopidogrel did not 
affect 2MeSADP contraction [96]. Our group evaluated the 
2MeSADP-mediated vasoconstriction in middle cerebral 
arteries (MCA) from rabbits treated with clopidogrel. Again, 
clopidogrel did not alter 2MeSADP constriction compared 
to vehicle-treated rabbits [95]. These data strongly sug-
gest that clopidogrel does not inhibit P2Y1-, P2Y12-, and 
P2Y13-receptor mediated contraction.

To further evaluate the effects of clopidogrel on puriner-
gic receptors in the vasculature, our group subsequently ana-
lyzed P2Y2-, P2Y4-, P2Y6-, P2Y11-, and P2Y14-mediated 
vasoconstriction in rabbit MCA. P2Y11 did not produce a 
response in MCA and P2Y4-, P2Y6-, and P2Y14-mediated 
vasoconstriction was not impaired by clopidogrel pretreat-
ment. However, clopidogrel significantly inhibited endothe-
lium-dependent P2Y2-mediated vasoconstriction (Fig. 3) 
[95].

Changes in vascular structure

Changes in vascular structure are commonly associated with 
interventional vascular procedures. Intimal hyperplasia is 
a complication from stent placement, endarterectomy, and 
vascular reconstruction procedures. To evaluate preventa-
tive therapeutics, rats were subjected to carotid endarter-
ectomy. Coadministration of clopidogrel and pravastatin, a 
hydroxymethylglutaryl coenzyme-A (HMG Co-A) reductase 
inhibitor used to treat dyslipidemia, significantly decreased 
intimal hyperplasia and serum cholesterol levels. Pravastatin 
treatment alone did not reduce intimal hyperplasia [101]. 
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Interestingly, clopidogrel alone also did not decrease intimal 
hyperplasia [100]. Further studies are required to identify the 
synergistic mechanism underlying simultaneous administra-
tion of pravastatin and clopidogrel. It remains to be deter-
mined whether this treatment strategy could be a valuable 
therapy for reducing intimal hyperplasia in a clinical setting.

Clopidogrel‑associated bleeding cannot be explained 
by platelet inhibition alone

Clopidogrel is associated with adverse bleeding, particu-
larly cerebral microbleeds and intracerebral hemorrhages 
[103–107]. For instance, 30–40% of the patients who have 
received clopidogrel for at least 1 year had cerebral micro-
bleeds, and the patients who received clopidogrel for more 
than 5 years have an increased risk of not only cerebral 
microbleeds but also macroscopic bleeding [106–109]. 
Cerebral microbleeds increase the likelihood of recurrent 
intracerebral hemorrhage [110]. This is a significant public 
health concern because dual anti-platelet therapy increases 
the risk of intracerebral hemorrhage by 42% [111].

Most attribute the adverse bleeding observed with clopi-
dogrel to the anti-platelet properties of the drug. However, 
several groups have recently discovered that this is not the 
case. The patients with CYP2C19 polymorphisms, who can-
not form the H4 active metabolite, have indistinguishable 
bleeding events compared to those with normal CYP2C19 
function [112]. Selatogrel is a reversible antagonist of the 
P2Y12 receptor that produces comparable anti-thrombotic 
effects to clopidogrel, albeit with a wider therapeutic win-
dow. Crescence and colleagues compared tail blood loss and 
bleeding time in selatogrel- and clopidogrel-treated mice. 
Their results revealed that bleeding time in clopidogrel-
treated animals was more than eightfold longer than in 
selatogrel-treated animals. Additionally, clopidogrel treat-
ment increased blood loss 34-fold, while selatogrel treat-
ment only induced a fourfold increase in blood loss [113]. 
To further characterize the effect(s) of selatogrel treatment, 
calcium mobilization was quantified in the endothelial cell 
layer from cremaster muscle arterioles after damage by 
laser injury. Calcium mobilization was unchanged in P2Y12 
receptor–knockout mice compared to wild-type mice indi-
cating calcium mobilization is a P2Y12 receptor-independent 
mechanism. Selatogrel did not alter calcium mobilization 
in P2Y12 receptor–knockout mice compared to vehicle 
treatment, concluding that selatogrel was a highly selec-
tive P2Y12 receptor antagonist devoid of off-target effects 
[113]. However, the inhibitory effects of clopidogrel on 
calcium release in P2Y12 receptor–knockout mice were not 
determined.

Subsequently, André and colleagues evaluated clopi-
dogrel treatment in P2Y12 receptor–knockout mice and 
found a significant increase in blood loss compared to 
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vehicle-treated P2Y12 receptor–knockout mice [114]. This 
study represented one of the first reports of the potentia-
tion of bleeding by clopidogrel in P2Y12 receptor–knock-
out animals and strongly suggests that the bleeding effects 
associated with this drug are mediated, in part, by P2Y12 
receptor-independent effects.

To further characterize the adverse bleeding associated 
with clopidogrel, our group previously reported the develop-
ment of a conjugate of the H4 metabolite. In the presence of 
glutathione, the conjugate releases H4 without the require-
ment of CYP450-mediated metabolism [115, 116]. At the 
doses required for platelet inhibition, the H4 conjugate does 
not significantly increase tongue template bleeding time in 
rabbits. However, clopidogrel induced a > twofold increase 
in bleeding time at equally effective anti-platelet dosages 
[117]. Collectively, the results suggest that the H4 metabo-
lite is not entirely responsible for the increase in bleeding 
observed with clopidogrel treatment, and that P2Y12 recep-
tor-independent effects of clopidogrel metabolites may exac-
erbate or directly cause bleeding.

The key to appreciating these P2Y12 receptor-inde-
pendent effects is likely a complete map of the structure 
and pharmacology of clopidogrel metabolites. The M15 
metabolite was the first to be assessed for non-platelet, 
non-P2Y12 receptor effects in the body. The M15 endo 
metabolite of clopidogrel undergoes spontaneous hydrol-
ysis to release hydrogen sulfide (H2S) [118]. H2S is an 
important regulator of the cardiovascular system and 
mediates intracellular signal transduction, much like 
nitric oxide or carbon dioxide. It regulates the cell cycle, 
apoptosis, and oxidative stress. H2S donors reduce throm-
bus formation and occlusion [119]. To test the ability of 
the M15 metabolite to minimize thrombus formation, 
FeCl3-mediated carotid artery injury was induced in mice 
and time to occlusion was recorded. The M15 metabolite 
was shown to prolong time to occlusion in mice signifi-
cantly. This result provides evidence that a previously clas-
sified “inactive” metabolite, M15, may be pharmacologi-
cally active through the release of H2S, thereby interfering 
with hemostasis [118]. These findings suggest that while 
specific clopidogrel metabolites have not been evaluated 
for off target bleeding, M15 represents an exciting candi-
date that might be responsible, in part, for these adverse 
effects. The understudied metabolites of clopidogrel must 
be further analyzed to evaluate this possibility.

Conclusion

Clopidogrel is an effective anti-platelet agent used to treat 
and prevent a variety of thrombotic diseases. It is clini-
cally indicated for the prevention of myocardial infarction, 

stroke, and transient ischemic attacks in high-risk individu-
als. Clopidogrel requires extensive metabolism for activation 
and is affiliated with frequent drug-drug interactions and 
interpatient variability. A significant concern with clopi-
dogrel metabolism is interpatient variability due to genetic 
mutations that affect CYP450 function. Additionally, dia-
betic patients also exhibit reduced CYP450 expression and 
are associated with decreased formation of H4. Due to these 
factors, the patients’ CYP450 activity should be evaluated 
before initiating clopidogrel therapy.

Despite clopidogrel’s extensive use in the clinical man-
agement of patients, a comprehensive understanding of the 
drug’s action in the body is still being uncovered. The P2Y12 
receptor is proposed to be expressed in numerous tissues in 
addition to platelets, including osteoblasts, microglia, and 
the vasculature. If the P2Y12 receptor is in fact expressed in 
various tissues, it is unsurprising that clopidogrel has been 
reported to possess platelet-independent effects. The struc-
tural similarity of H4 to the additional metabolites and the 
similarity of P2Y receptor family members make referring to 
these metabolites as “inactive” imprudent. Given the exten-
sive studies supporting non-platelet and non-P2Y12 recep-
tor effects in animal models, clopidogrel should be further 
evaluated clinically as it may be more than just a platelet 
P2Y12 receptor antagonist.
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