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Abstract: Metformin is widely used as first-line medication for type 2 diabetes (T2D), the main
disease comorbid with kidney disease, cardiovascular diseases (CVDs), and retinopathy. Platelets are
crucial in platelet-dependent arterial thrombosis, which causes CVDs and cerebrovascular diseases.
Research indicates that metformin may improve these diseases; metformin reportedly reduced
platelet activation in rats. However, no reports have included human platelets. We investigated
the mechanisms underlying metformin’s effects on platelet activation by using human platelets and
evaluated its in vivo effectiveness in experimental mice. Metformin inhibited platelet aggregation
stimulated by collagen but not by arachidonic acid, U46619, or thrombin. Metformin suppressed ATP
release, [Ca2+]i mobilization, and P-selectin expression, as well as phospholipase C (PLC)γ2/protein
kinase C (PKC), p38 mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase
(PI3K)/Akt/glycogen synthase kinase-3β (GSK3β) phosphorylation. Metformin did not affect
vasodilator-stimulated phosphoprotein (VASP) phosphorylation. In the animal studies, metformin
reduced acute pulmonary thromboembolism mortality without increasing bleeding times. These
results provide insights into the role and mechanisms of metformin in human platelet activation.
Metformin decreased platelet activation by interfering with the PLCγ2/PKC, PI3K/Akt/GSK3β, and
p38 MAPK pathways through a VASP-independent mechanism. Metformin demonstrates promise as
a new class of antiplatelet agent that can inhibit platelet activation.

Keywords: human platelets; metformin; p38 MAPK; PLCγ2; pulmonary thrombosis; PI3K/Akt/GSK3β;
type 2 diabetes

1. Introduction

Type 2 diabetes (T2D), the most common type of diabetes, affects more than 462 million
people globally, or 6.28% of the world’s population [1]. T2D is the main endocrine driver
for the global burden of disease and has become the ninth leading cause of death [2].
Patients with T2D typically have several comorbid diseases, such as chronic kidney disease,
hypertension, cardiovascular diseases (CVDs), retinopathy, neurodegenerative diseases,
and cancers [3]. Among these, CVDs and chronic kidney disease are the leading causes of
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mortality in those with T2D [3]. Metformin has long been used as first-line medication for
T2D because it is safe and inexpensive; it is the most widely prescribed drug for treating
T2D [4]. Metformin is a biguanide derivative that reduces blood glucose levels through
its ability to regulate energy metabolism; this regulation involves inhibiting hepatic gluco-
neogenesis, reducing glucose absorption, and elevating glucose utilization in peripheral
tissues [5]. Numerous studies have revealed that metformin can improve inflammation,
aging-related diseases, obesity, CVDs, chronic kidney disease, inflammatory bowel disease,
cancers, polycystic ovarian syndrome, osteoporosis, and periodontitis [5].

Platelets, anucleated blood cells, participate in normal hemostasis process and arterial
thrombosis, which induces various CVDs and cerebrovascular diseases. The event of
platelet adherence and aggregation are thought to be involved in initiating intraluminal
thrombosis. While endothelial damage occurs in blood vessels, platelets adhere to the
disrupted surface, and subsequently release active biological substances, thus triggering
aggregation of the platelets [6]. Platelets are activated by a variety of physiological ago-
nists (e.g., collagen, thrombin, ADP, epinephrine, and PAF). These agonists are thought to
exert their effects by interacting with specific receptors on the platelet membranes. The
primary effects of agonists may be enhanced by secondary effects caused by the synthesis
of thromboxane A2 (TxA2) from the arachidonic acid (AA) or by the secretion of ADP
from the dense granules in platelets. ADP binds to two major purinergic receptors (P2Y1
and P2Y12), which play an important role in potentiating platelet activation induced by
other aggregating agonists [7]. Drugs that can inhibit platelet activation can also greatly
diminish the danger of critical events, such as vascular death, myocardial infarction, and
ischemic stroke, especially in patients with atherosclerotic vascular diseases. Clinical trials
have demonstrated the beneficial effects of metformin on CVDs; in one study, metformin
reduced mortality and diabetes-associated thrombotic complications, such as endothelial
dysfunction (ED), myocardial infarction, acute myocarditis, and chronic heart failure [3,8].
Metformin can directly protect injury-induced ED, which is beyond its glucose-lowering
effects [9]. Metformin markedly diminished rat platelet activation through decreasing
the extracellular mitochondrial DNA release, protection of mitochondrial function, and
thereby reducing activated platelet-induced mitochondrial hyperpolarization-associated
membrane damage [10]. Furthermore, metformin treatment could inhibit platelet aggrega-
tion in platelet-rich plasma (PRP) from the healthy human subjects [11] or type I diabetes
patients [12]. Additionally, metformin was reported to decrease in vivo oxidative stress
and reduce platelet activation through increasing plasma vitamin A and E or decreasing
platelet superoxide anion levels in T2D patients [13,14]. Together, metformin may, thus,
have potential as a therapeutic agent for arterial thrombosis. However, relatively few
studies investigated the detailed mechanisms of metformin in platelet activation. Therefore,
this study investigated the underlying mechanisms of metformin in human platelets and
further evaluated the in vivo effectiveness of metformin in experimental mice.

2. Materials and Methods
2.1. Chemicals and Reagents

Metformin, collagen (type I), luciferin–luciferase, AA, 9,11-dideoxy-11α,9α-epoxymet-
hanoprostaglandin (U46619), heparin, prostaglandin E1 (PGE1), nitroglycerin (NTG),
phenylmethylsulfonyl fluoride, sodium orthovanadate, sodium pyrophosphate, apro-
tinin, leupeptin, sodium fluoride, phorbol 12,13-dibutyrate (PDBu), bovine serum albumin
(BSA), and thrombin were purchased from Sigma Aldrich (St. Louis, MO, USA), and
anti-phospho-p38 MAPK (Thr180/Tyr182) polyclonal antibody (pAb) was purchased from
Affinity (Cincinnati, OH, USA). Anti-phospho-Jun N-terminal kinase (JNK) (Thr183/Tyr185),
anti-SAPK/JNK, anti-phospho-(Ser) protein kinase C (PKC) substrate, and anti-phospho-
phosphoinositide 3-kinase (PI3K) p85 (Tyr458)/p55 (Tyr199) pAbs and anti-Akt, anti-p38
mitogen-activated protein kinase (MAPK), anti-phospholipaseγ2 (PLCγ2), and anti-PI3K
p85 (19H8) monoclonal antibodies (mAbs) were purchased from Cell Signaling (Beverly,
MA, USA). Anti-phospho PLCγ2 mAb was obtained from Abcam (Cambridge, UK). Anti-
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phospho glycogen synthase kinase-3α/β (GSK3α/β) and anti-GSK3α/β mAbs were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-Akt (Ser473) pAb
was purchased from BioVision (Mountain View, CA, USA). Anti-vasodilator-stimulated phos-
phoprotein (VASP) (phospho Ser157), anti-VASP (phospho Ser239), anti-VASP, anti-pleckstrin,
and extracellular signal–regulated kinase (ERK) 1 (phosphate Thr202/Tyr204) + ERK2 (phos-
phate Thr185/Tyr187) pAbs were purchased from GeneTex (Irvine, CA, USA). CFTM488A
Dye and CFTM405M Dye were obtained from Biotium (Hayward, CA, USA). Bio-Rad
Laboratories (Hercules, CA, USA) and Molecular Probes (Eugene, OR, USA) supplied
protein assay dye reagent concentrate and Fura 2-AM, respectively. The FITC-anti-human
CD42P (P-selectin) mAb was obtained from BioLegend (San Diego, CA, USA). H89 and
KT5823 were purchased from Cayman Chem (Ann Arbor, MI, USA). The stock solution of
metformin (100 mM) was dissolved in phosphate-buffered saline (PBS) and stored at 4 ◦C
until use.

2.2. Platelet Aggregation, ATP Release Reaction, and Lactate Dehydrogenase Assay

After the confirmation of all procedures in this study by directives of the Declara-
tion of Helsinki, the Institutional Review Board of Taipei Medical University (TMU-JIRB-
N201812024) was further approved. All human volunteers who participated in this study
signed a consent form. Human platelet suspensions were prepared as previously de-
scribed [15]. Blood was collected from 35 healthy human volunteers (age: 20–35 years) who
had taken no medication during the 2 weeks preceding collection. The blood was mixed
with an acid-citrate-dextrose (9:1, v/v) solution. After centrifuging for 10 min at 120× g, the
resultant supernatant (PRP) from the centrifugal samples, was supplemented with EDTA
(2 mM) and heparin (6.4 U/mL) for 5 min and, again, subject to centrifugation at 500× g
for 10 min. A 5 mL Tyrode’s solution was used to resuspend the obtained platelet pellet
and kept for 10 min at 37 ◦C. After the spin at 500× g for 10 min, the washing procedure
was repeated. The washed platelets were suspended in Tyrode’s solution that contained
BSA (3.5 mg/mL). A Coulter counter (Beckman Coulter, Miami, FL, USA) was applied to
count platelet numbers. The final Ca2+ concentration was 1 mM in the Tyrode’s solution.

According to the method described by Chen et al. [15], the platelet aggregation was
measured using Lumi-Aggregometer (Payton Associates, Scarborough, ON, Canada). Be-
fore adding various agonists, namely collagen, AA, U46619, and thrombin, to the platelet
suspensions (3.6 × 108 cells/mL), they were preincubated with various concentrations of
metformin (1.2–1.8 mM) or an isovolumetric solvent control (PBS) for 3 min. The reaction
was allowed to proceed for 6 min, and the extent of aggregation was expressed in light
transmission units. To measure the release of ATP, 20 µL of a luciferin–luciferase mixture
was added 1 min before agonists were added, and the amount of ATP released in the
experimental group was compared with that of the control by using an F-7000 spectrometer
(Hitachi, Tokyo, Japan) according to the manufacturer’s instructions. Moreover, washed
platelets were preincubated with different concentrations of metformin (2–10 mM) or PBS
for 20 min at 37 ◦C. An aliquot of the supernatant (10 µL) was deposited on a Fuji Dri-Chem
slide (LDH-PIII; Fuji, Tokyo, Japan), and absorbance was read at a wavelength of 540 nm.
The highest lactate dehydrogenase (LDH) release was observed in the positive control
triton (0.5%)-treated platelets.

2.3. Intracellular [Ca2+]i Mobilization and FITC-P-Selectin Expression in Human Platelets

The supernatant that was collected from the centrifuged citrated whole blood was
incubated with Fura 2-AM (5 µM) for 1 h. As mentioned in Section 2.2, human platelets
were prepared and they were adjusted to have 1 mM Ca2+. The relative intracellular Ca2+

ion concentration ([Ca2+]i) was measured with excitation wavelengths of 340 and 380 nm
and an emission wavelength of 500 nm [16]. In addition, washed platelets at a density
of 3.6 × 108 cells/mL were preincubated with PBS or metformin (1.2 and 1.8 mM) and
FITC-conjugated anti-P-selectin mAb (2 µg/mL) for 3 min and were then stimulated with
collagen (1 µg/mL). Subsequently, fluorescein-labeled platelets were identified in the
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suspensions by using a flow cytometer (FAC Scan system; Becton Dickinson, San Jose, CA,
USA). Data were generated almost from 50,000 platelets in each experimental group, and
the platelets were recognized according to their forward and orthogonal light-scattering
characteristic profiles.

2.4. Immunoblotting

The platelet suspensions (1.2 × 109 cells/mL) were initially treated with metformin
(1.2 and 1.8 mM), PBS, PGE1 (20 nM), or NTG (10 µM), and collagen (1 µg/mL) was
subsequently added to provoke platelet activation. After the reaction was terminated,
platelets were directly resuspended in 200 µL of a lysis buffer (HEPES 50 mM, pH 7.4,
NaCl 50 mM, 1% Triton X-100, and EDTA 5 mM supplemented with leupeptin 2 µg/mL,
aprotinin 10 µg/mL, sodium pyrophosphate 5 mM, NaF 10 mM, sodium pyrophosphate
5 mM, PMSF 1 mM, and sodium orthovanadate 1 mM) for 2 h. Lysates with 60 µg of protein
were separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and the resolved proteins were transferred onto PVDF membranes and they were
blocked using TBST (10 mM Tris-base, 0.01% Tween 20, and 100 mM NaCl) containing
5% BSA for 1 h. Protein concentrations were calculated using the Bradford protein assay
(Bio-Rad). The proteins of interest were identified by using their respective primary
antibodies (diluted 1:1000 in TBST) for 2 h. The optical density of the protein bands was
quantified using a video densitometer and Bio-profil Biolight software, version V2000.01
(Vilber Lourmat, Marne-la-Vallée, France). The relative expression of targeted proteins was
calculated after being normalized to their respective total proteins.

2.5. Immunofluorescence Staining Assay

A 4% (v/v) paraformaldehyde was used to fix the resting or collagen-activated platelets
in poly-L-lysine-coated coverslips for 1 h, and they were exposed to 0.1% Triton X-100
and then incubated with 5% BSA for another 1 h. The coverslips were then stained with
either the anti-phospho PLCγ2 mAb, phospho PKC substrate pAb, or α-tubulin mAb
(all diluted 1:100 in 5% BSA) for 24 h and with goat anti-rabbit CFTM 488A Dye or anti-
mouse CFTM 405M Dye (all diluted 1:200 in 5% BSA) for 1 h to detect PLCγ2 and PKC
phosphorylation under confocal microscopy (Leica TCS SP5, Mannheim, Germany) with a
100× oil immersion objective lens.

2.6. Measurement of Pulmonary Microvascular Thrombosis in Mice

Acute pulmonary microvascular thrombosis was induced by using a formerly defined
method [17]. All procedures in this study were conducted with an affidavit of approval
of our animal use protocol from Taipei Medical University (LAC-2020-0294). The total of
60 mice were arbitrarily separated into five groups, with 12 mice in each group. Male ICR
mice (6 weeks) were intraperitoneally injected with metformin (150 and 250 mg/kg) or PBS.
After 5 min, ADP (0.7 mg/g) was injected into the mice’s tail veins. The mortality rate of
mice was evaluated 10 min after injection.

2.7. Mouse Tail Bleeding Assay

To this tail bleeding assay, 32 male ICR mice were arbitrarily separated into four
groups, with eight mice in each group. The mice were anaesthetized and metformin
(150 and 250 mg/kg) or PBS were intraperitoneally administered for 30 min. Following
total amputation of tip of the tails, they were openly positioned into normal saline at 37 ◦C.
The bleeding time was monitored until the bleeding clogged totally.

2.8. Statistical Analysis

The results are expressed as mean ± standard error of the mean, and n refers to the
number of experiments conducted in this study. Differences among the experimental
groups were analyzed using one-way analysis of variance (ANOVA), with the Student–
Newman–Keuls method employed as a post hoc test. In addition, differences between
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groups were assessed for statistical significance using the Fisher’s exact test for the study of
pulmonary microvascular thrombosis in mice. p < 0.05 indicated significance. SAS Version
9.2 (SAS, Cary, NC, USA) was applied for analyzing statistical evaluation.

3. Results
3.1. Mitigation of Human Platelet Aggregation by Metformin

As previously reported [10], metformin (1 mM) significantly diminished platelet ag-
gregation stimulated by ADP (20 µM), thrombin (0.1 U/mL), and AA (900 µM) in rat
platelets. However, with the exception of the aforementioned, no other study has reported
on platelet activation, especially in humans. This study is the first report to state that
metformin (1.2–1.8 mM) suppressed collagen-induced (1 µg/mL) platelet aggregation in
washed human platelets in a concentration-dependent manner (Figure 1A); however, met-
formin had only a slight or nonsignificant effect under stimulation by AA (60 µM), U46619
(1 µM; a prostaglandin endoperoxide analogue compound), and thrombin (0.05 U/mL;
Figures 1B–D and S1). In addition, metformin at 2–4 mM also exhibited a concentration-
dependent inhibitory effect in platelet aggregation stimulated by thrombin (Figure S2).
These results showed that the effectiveness of metformin in human platelets differed from
that of other agonists. Therefore, collagen was used as an ideal agonist to unravel the
inhibitory mechanisms of metformin in human platelet activation. In addition, the LDH
assay revealed that metformin (2–10 mM) did not change the release of LDH when it pre-
treated with platelets for 20 min, which indicates that metformin did not have a cytotoxic
effect on the platelets (Figure 1E).
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dehydrogenase (LDH) release. Washed human platelets (3.6 × 108 cells/mL) were preincubated with 
Figure 1. Effect of metformin on platelet aggregation upon stimulation with agonists and lactate
dehydrogenase (LDH) release. Washed human platelets (3.6 × 108 cells/mL) were preincubated with
a solvent control (PBS) or metformin (1.2, 1.6, and 1.8 mM) and treated with collagen ((A), 1 µg/mL),
arachidonic acid (AA; (B), 60 µM), U46619 (C), 1 µM), and thrombin ((D), 0.05 U/mL) to trigger
platelet aggregation. (E) To evaluate the cytotoxic effect of the metformin on the human platelets, the
platelets were pretreated with solvent control (PBS) or metformin (2, 5, and 10 mM) or the positive
control (0.5% Triton) for 20 min, and 10 µL of the supernatant was dropped on a Fuji Dri-Chem slide
LDH-PIII. Data are presented as mean ± standard error of the mean (n = 4). *** p < 0.001 vs. the
resting group (Tyrode’s solution); ## p < 0.01 and ### p < 0.001 vs. PBS + collagen group.
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3.2. Effects of Metformin on ATP Release, Relative [Ca2+]i Mobilization, and Surface
P-Selectin Expression

Several lines of evidence have indicated that platelet activation is directly associated
with the release of granular contents, such as ATP and Ca2+. This release results in an
upsurge in platelet aggregation, which will result in strong platelet activation. As presented
in Figure 2A,B, metformin significantly suppressed both the ATP release reaction and
[Ca2+]i mobilization stimulated by collagen. The relative data are expressed as inhibition
percentages on the right-hand side of each figure (A, ATP release reaction: metformin
1.2 mM, 81.1 ± 5.5%; 1.8 mM, 80.7 ± 9.8%, n = 4; B, [Ca2+]i mobilization: metformin
1.2 mM, 84.1 ± 4.1%; 1.8 mM, 37.8 ± 11.0%, n = 4). Furthermore, P-selectin is a key
biomarker for platelet activation. For instance, P-selectin is expressed on the inner face of
α-granules in a normal condition; however, when platelets become activated, they expose
the inner face of the granules to the outer parts of the cells [18]. As indicated in Figure 2C,
metformin significantly decreased the collagen-stimulated FITC–P-selectin expression in
the flow cytometry study; the results are presented in the right panel of Figure 2C (a, resting
control (Tyrode’s solution), 95.7 ± 14.5; b, collagen-activated platelets, 262.3 ± 14.1; c,
metformin 1.2 mM, 221.3 ± 16.8; d, 1.8 mM, 198.7 ± 7.2; n = 4).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 17 
 

a solvent control (PBS) or metformin (1.2, 1.6, and 1.8 mM) and treated with collagen ((A), 1 μg/mL), 
arachidonic acid (AA; (B), 60 μM), U46619 (C), 1 μM), and thrombin ((D), 0.05 U/mL) to trigger 
platelet aggregation. (E) To evaluate the cytotoxic effect of the metformin on the human platelets, 
the platelets were pretreated with solvent control (PBS) or metformin (2, 5, and 10 mM) or the pos-
itive control (0.5% Triton) for 20 min, and 10 μL of the supernatant was dropped on a Fuji Dri-Chem 
slide LDH-PIII. Data are presented as mean ± standard error of the mean (n = 4). *** p < 0.001 vs. the 
resting group (Tyrode’s solution); ## p < 0.01 and ### p < 0.001 vs. PBS + collagen group. 

3.2. Effects of Metformin on ATP Release, Relative [Ca2+]i Mobilization, and Surface P-Selectin 
Expression 

Several lines of evidence have indicated that platelet activation is directly associated with 
the release of granular contents, such as ATP and Ca2+. This release results in an upsurge in 
platelet aggregation, which will result in strong platelet activation. As presented in Figure 
2A,B, metformin significantly suppressed both the ATP release reaction and [Ca2+]i mobiliza-
tion stimulated by collagen. The relative data are expressed as inhibition percentages on the 
right-hand side of each figure (A, ATP release reaction: metformin 1.2 mM, 81.1 ± 5.5%; 1.8 
mM, 80.7 ± 9.8%, n = 4; B, [Ca2+]i mobilization: metformin 1.2 mM, 84.1 ± 4.1%; 1.8 mM, 37.8 ± 
11.0%, n = 4). Furthermore, P-selectin is a key biomarker for platelet activation. For instance, 
P-selectin is expressed on the inner face of α-granules in a normal condition; however, when 
platelets become activated, they expose the inner face of the granules to the outer parts of the 
cells [18]. As indicated in Figure 2C, metformin significantly decreased the collagen-stimu-
lated FITC–P-selectin expression in the flow cytometry study; the results are presented in the 
right panel of Figure 2C (a, resting control (Tyrode’s solution), 95.7 ± 14.5; b, collagen-activated 
platelets, 262.3 ± 14.1; c, metformin 1.2 mM, 221.3 ± 16.8; d, 1.8 mM, 198.7 ± 7.2; n = 4). 

 
Figure 2. Inhibitory activity of metformin in ATP release, relative [Ca2+]i mobilization, and surface 
P-selectin expression in human platelets. Washed platelets (3.6 × 108 cells/mL) were preincubated 
Figure 2. Inhibitory activity of metformin in ATP release, relative [Ca2+]i mobilization, and surface
P-selectin expression in human platelets. Washed platelets (3.6 × 108 cells/mL) were preincubated
with PBS (a solvent control) or metformin (1.2 and 1.8 mM) and treated with collagen (1 µg/mL)
to stimulate (A) ATP release (AU: arbitrary unit), (B) relative [Ca2+]i mobilization, and (C) surface
P-selectin expression (MFI: mean fluorescence intensity) (a, Tyrode’s solution; b, collagen-activated; c,
metformin 1.2 mM; and d, metformin 1.8 mM); each method is detailed in the Section 2. The respective
statistical analyses are shown in the bar diagrams. Results are expressed as mean ± standard error of
the mean (n = 4). *** p < 0.001 vs. PBS + collagen group (A,B) or Tyrode’s solution (C); # p < 0.05 vs.
PBS + collagen group (C).
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3.3. Influence of Metformin in PLCγ2-Mediated Downstream Signals

Collagen receptor glycoprotein VI (GPVI) forms a complex with the Fc receptor γ-
chain (FcRγ) containing immunoreceptor tyrosine-based activation motifs (ITAM) and is
phosphorylated by Src-family kinases, such as Fyn or Lyn [19]. In platelets, cross-linking
of the GPVI/FcRγ complex would enable the GPVI-bound Fyn or Lyn to move to a posi-
tion close enough to FcRγ that it would catalyze the phosphorylation of FcRγ ITAM. In
turn, this triggers the phosphorylation of downstream signals, leading to the activation
of a kinase cascade (i.e., PLCγ2). PLC, a phosphatase, hydrolyzes phosphatidylinositol 4,
5-bisphosphate, which yields two key secondary messengers, diacylglycerol (DAG) and
inositol trisphosphate (IP3). DAG activates PKC, triggering 47-kDa protein phosphory-
lation (pleckstrin or p47). This triggers granule secretion, which results in an increased
ATP release; the main role of IP3 is to elevate calcium influx [16]. Metformin decreased
significantly PLCγ2 phosphorylation and PKC activation (p-p47) in collagen-activated
platelets (Figures 3A and 4A). In addition, confocal microscopy revealed that metformin
(1.8 mM) reduced the phosphorylation of both PLCγ2 and PKC (green fluorescence) in
activated platelets (Figures 3B and 4B). However, metformin did not significantly reduce
phorbol 12,13-dibutyrate (PDBu; PKC activator)-induced platelet aggregation (Figure 4C),
indicating that metformin did not directly affect PKC activation. These results suggest that
metformin blocks PLCγ2-mediated downstream signaling (i.e., PKC).
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Figure 3. Effectiveness of metformin in phospholipase Cγ2 activation in platelets. Washed platelets
were preincubated with PBS or metformin (1.2 and 1.8 mM) and treated with collagen (1 µg/mL) for
immunoblotting of (A) phospholipase Cγ2 (PLCγ2) activation or (B) detecting confocal images of
phosphorylated PLCγ2 (green fluorescence) and α-tubulin (blue fluorescence) using goat anti-rabbit
CFTM 488A and anti-mouse CFTM 405M Dyes, respectively. Data are presented as mean ± standard
error of the mean (n = 4). *** p < 0.001 vs. Tyrode’s solution group; ## p < 0.01 vs. PBS + collagen
group. The confocal images are the representative of four independent experiments. Bar: 5 µm.
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Figure 4. Effectiveness of metformin in protein kinase C activation in platelets. Washed platelets
were preincubated with PBS or metformin (1.2 and 1.8 mM) and treated with collagen (1 µg/mL) for
immunoblotting of (A) protein kinase C (PKC) activation (pleckstrin; p-p47) or (B) detecting confocal
images of PKC activation (green fluorescence) and α-tubulin (blue fluorescence) using goat anti-rabbit
CFTM 488A and anti-mouse CFTM 405M Dyes, respectively. (C) For other study, washed platelets
were preincubated with PBS or metformin (1.2 and 1.8 mM) and treated with phorbol 12,13-dibutyrate
(PDBu, 150 nM) to stimulate platelet aggregation. Data are presented as mean ± standard error of
the mean (n = 4). *** p < 0.001 vs. Tyrode’s solution group; # p < 0.05 vs. PBS + collagen group.
The confocal images and profiles in (B) are the representative of four independent experiments.
Bar: 5 µm.

3.4. Regulatory Activity of PI3K–Akt–GSK3β and MAPK Activation by Metformin

A study indicated that high shear stress induces thrombus formation via PI3K/Akt/G-
SK3β [20]. PI3K stimulation is greatly involved in platelet activation and plays a critical
role in regulating Akt activation [20]. Akt (protein kinase B (Ser/Thr kinase)) is found to be
stimulated by several platelet agonists; in platelets, GSK3β, a classical enzyme, is controlled
downstream of the PI3K/Akt pathway [21]. In the present study, metformin at concentra-
tions of 1.2 and 1.8 mM markedly reduced the phosphorylation of the PI3K/Akt/GSK3β
pathway under collagen stimulation (Figure 5). The corresponding data are presented on
the right-hand side of each figure. MAPK signals are involved in many cellular activities,
such as inflammation, cell proliferation, apoptosis, and platelet activation; the MAPKs that
are most often observed in platelets are ERK1/2, JNK1/2, and p38 MAPK [22]. Metformin
(1.2 and 1.8 mM) reduced p38 MAPK but not ERK1/2 and JNK1/2 phosphorylation, indi-
cating that p38 MAPK molecule plays a vital role in the metformin-mediated antiplatelet
effects (Figure 6). These results indicate that inhibition of PI3K/Akt/GSK3β and p38 MAPK
activation may be critical contributors to the antiplatelet effects of metformin.
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Figure 5. Regulatory effect of metformin in phosphoinositide 3-kinase/Akt/glycogen synthase
kinase-3β. Washed platelets were preincubated with PBS or metformin (1.2 and 1.8 mM) and
treated with collagen (1 µg/mL) for immunoblotting of (A) phosphoinositide 3-kinase (PI3K),
(B) Akt, and (C) glycogen synthase kinase-3β (GSK3β) phosphorylation. Results are expressed
as mean ± standard error of the mean (n = 4). ** p < 0.01 and *** p < 0.001 vs. Tyrode’s solution;
# p < 0.05 and ### p < 0.001 vs. PBS + collagen group.Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 17 
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Figure 6. Regulatory activity of metformin in mitogen-activated protein kinase phosphorylation in
platelets. Washed platelets were preincubated with PBS or metformin (1.2 and 1.8 mM) and treated
with collagen (1 µg/mL) for immunoblotting of (A) p38 mitogen-activated protein kinase (p38 MAPK),
(B) ERK1/2, and (C) JNK1/2 phosphorylation. Data are expressed as mean ± standard error of the
mean (n = 4). ** p < 0.01 and *** p < 0.001 vs. Tyrode’s solution; # p < 0.05 vs. PBS + collagen group.
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3.5. Effect of Metformin in Phosphorylation of VASP

Cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP) are small cyclic monophosphates. These nucleotides are vital messengers in
several signaling pathways involved in the regulation of multiple targets, especially in
the phosphorylation of VASP. As presented in Figure 7, PGE1 (20 nM) and NTG (10 µM)
triggered VASPser157 and VASPser239 phosphorylation, respectively; treatment with H89
(a protein kinase A inhibitor; 100 µM) and KT5823 (a protein kinase G inhibitor; 10 µM)
reduced VASPser157 and VASPSer239 phosphorylation, respectively. However, metformin
(1.8 mM) had no significant effects on either type of VASP phosphorylation, indicating that
cyclic nucleotides may not participate in metformin-mediated antiplatelet activation.
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Figure 7. Influence of metformin in vasodilator-stimulated phosphoprotein (VASP) phosphorylation
in human platelets. Washed platelets (3.6 × 108 cells/mL) were directly stimulated by prostaglandin
E1 (PGE1, 20 nM), nitroglycerin (NTG, 10 µM), or metformin (1.8 mM) in the presence of H89
(100 µM) or KT5823 (10 µM) for immunoblotting of VASP phosphorylation. Results are expressed
as mean ± standard error of the mean (n = 4). *** p < 0.001 vs. PBS-treated group; ### p < 0.001 vs.
PGE1- or NTG-treated group.

3.6. Effect of Metformin on Acute Pulmonary Thrombosis and Bleeding Time in Mice

The antithrombotic therapeutic effect of metformin in mice was also evaluated with re-
spect to preventing mortality by the effect of acute pulmonary thromboembolism (Figure 8A).
Metformin at 250 mg/kg, but not 150 mg/kg, significantly reduced the ADP (0.7 mg/g)-
induced mortality rate from 100% (12 dead, n = 12; PBS) to 83.3% (10 dead, n = 12; metformin
150 mg/kg) and 50% (6 dead, n = 12; metformin 250 mg/kg). All the animals were alive in
the sham group (injected PBS without ADP; n = 12). However, heparin (1.5 U/g) had no
effects (11 dead, n = 12). We also evaluated the bleeding time through transection of the
mouse tails 30 min after metformin was intraperitoneally administered; the bleeding times
were 204 ± 50 s (PBS-treated group; n = 8), 228 ± 27 s (150 mg/kg metformin-treated group;
n = 8), 295 ± 81 s (250 mg/kg metformin-treated group; n = 8), and 526 ± 33 s (1.5 U/g
heparin-treated group; n = 8; Figure 8B). To detect if there are any rebleeding occurrences,
each mouse was separately watched for 15 min, even after the bleeding had stopped. The
results suggest that metformin reduced acute pulmonary thrombosis without significantly
prolonging bleeding time. These findings provide a possibility that metformin may be
employed in the protection of cardiovascular events and reduction in mortality in patients
with diabetes [23].
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Figure 8. Influence of metformin in acute pulmonary thromboembolism and tail bleeding time
in vivo. (A) For acute pulmonary thrombosis, PBS or metformin (150 and 250 mg/kg) or heparin
(1.5 U/g) was intraperitoneally administered to mice, and ADP (0.7 mg/g) was injected into the
tail veins. (B) The bleeding time was measured through mouse tail transection after 30 min of
intraperitoneal administration of either PBS or metformin (150 and 250 mg/kg) or heparin (1.5 U/g).
Results are expressed as mean ± standard error of the mean ((A), n = 12; (B), n = 8). *** p < 0.001 vs.
PBS-treated group. Data in (A) are presented as the percentage of mortality.

4. Discussion

Thrombotic cardiovascular diseases cause 65% death in diabetic patients. Research
has demonstrated that 10 to 40% of patients with diabetes are biochemically resistant to
aspirin treatment. Therefore, a clearer understanding of existing new therapies targeting
the underlying mechanisms on platelet activation must be established [1,2]. Studies have
reported that metformin is a potential drug candidate as it is associated with a decreased
rate of mortality in diabetes-associated CVDs and cerebrovascular diseases in those with
T2D [23–25]. The findings of this study reveal that metformin possesses significant an-
tiplatelet activity against collagen-stimulated human platelets, in addition to its other
well-known properties.

In this study, metformin was only effective on inhibiting platelet aggregation induced
by collagen but it exerted a very slight or even no effect on other agonist (i.e., AA, U46619,
and thrombin)-induced platelet activation. Platelet activation is triggered by different
physiological agonists, which show their effects through interactions with specific receptors
on platelet membranes. Among these platelet agonists, collagen plays a key role in platelet
activation. Platelets adhere to the connective tissue protein in collagen, resulting in a change
in the shape and release of granules. Adhesion is partly dependent on [Ca2+]i mobilization,
ADP/ATP release, and thromboxane A2 formation, and aggregation is entirely dependent
on this release [7]. Collagen is present in vascular subendothelium and vessel walls, acting
as a substrate for platelet adhesion; it is also an endogenous strong platelet activator. Met-
formin decreased collagen-induced platelet aggregation, which suggests that metformin
affects a unique PLC-dependent mechanism. PLC activation leads to IP3 and DAG for-
mation, which, in turn, activates PKC and induces p47 protein phosphorylation [26]. The
PLCγ family comprises isozymes 1 and 2, and PLCγ2 contributes in collagen-dependent
signaling in platelets [27]. The PKC family plays a vital role in serine/threonine kinase
phosphorylation, which considerably affects numerous signal transduction pathways in
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most cells [28]. This study found that metformin reduced collagen-induced PLCγ2/PKC ac-
tivation. However, it did not directly affect PKC activation because PDBu-induced platelet
aggregation was not reduced, suggesting that PLCγ2-mediated signaling plays a vital role
in metformin antiplatelet activity. Platelet activation is usually associated with an increase
in [Ca2+]i mobilization and ATP release, as well as surface P-selectin expression due to
granule secretion; α-granules are mostly located in platelet protein storage compartments
and contain P-selectin, membrane-associated proteins and fibrinogen, and platelet-derived
growth factor, soluble proteins. In platelet activation, α-granules exocytosis represents as a
marker and, therefore, we evaluated α-granule exocytosis via flow cytometric analysis of
P-selectin expression (Figure 2C).

Almost all the isoforms of PI3K (i.e., α, β, γ, and δ) expressed in platelet contribute
extensively in platelet activation. PI3K isoforms are crucial downstream actors of many
platelet receptors, such as GPVI (collagen receptor) and the P2Y12 (ADP receptors) and
integrin αIIbβ3 [29]. PI3Kβ is a downstream regulator of the GPVI in terms of the control
of PLCγ2 phosphorylation and Ca2+ mobilization [30]. Therefore, PI3Kβ may be a key
target in preventing arterial thrombosis. Akt is an important effector of PI3K, and its
three isoforms (Akt1, Akt2, and Akt3) are ubiquitously expressed in human platelets [20].
Akt-knockout mice reportedly showed platelet activation defects [31]. Therefore, the contri-
bution of protein kinases, particularly PI3Kβ, upon Akt activation, may establish as targets
for antithrombotic therapy. Although the downstream regulators of Akt that participate in
platelet activation remain unknown, several candidates of GSK3, such as α and β isoforms,
have been identified [32]. Both the α and β isoforms are expressed in platelets, although
GSK3β is the most abundant [33]. GSK3 inhibition may be required for full platelet re-
sponse under stimulation by some agonists. Platelet-specific PI3Kβ knockout mice showed
arterial thrombus instability under high shear stress due to diminished Akt activation and
GSK3 inhibition [20]. Nevertheless, the mechanisms underlying GSK3 regulation of platelet
activation remain unclear. Therefore, identifying the platelet substrates of GSK3 may enable
identification of new antithrombotic candidates. In summary, PI3K/Akt/GSK3β signaling
plays a dominant role in platelet activation and arterial thrombus growth in vivo.

MAPKs are serine/threonine kinases that exchange extracellular stimuli into a wide
range of cellular responses. MAPKs comprise three major subgroups, such as ERK1/2, p38
MAPK, and JNK1/2. ERK1/2 isoform is reported to involve in proliferation, adhesion,
and cell progression [34]. p38 MAPK and JNK1/2 are involved in apoptosis [34]. MAPK-
specific inhibitors and their knockout in mice demonstrate that ERK1/2, JNK1/2, and p38
MAPK are involved in platelet activation [35]. Although the mechanisms of JNK1/2 and
ERK1/2 in platelets remain unclear, research demonstrates that the inhibition of integrin
αIIbβ3 activation may be involved [36]. In addition, p38 MAPK provides a crucial signal in
aggregation caused by collagen [37]. This may explain why metformin exhibits more potent
activity in reducing collagen-stimulated platelet activation than other agonists do. Of the
several reported downstream targets of p38 MAPK, the most physiologically relevant in
platelets is cytosolic phospholipase A2, which is stimulated by various platelet agonists
to catalyze AA release to produce thromboxane A2 [38]. Moreover, both PI3K/Akt and
MAPKs are equally activated in platelets, while PKC acts as an upstream regulator of these
molecules [31].

In this study, metformin (1.8 mM) exerted no significant effects on VASPser157 and
VASPser239 phosphorylation in human platelets. Elevation of intracellular cAMP and cGMP
in platelets activates their individual protein kinase A and protein kinase G, which control
platelet activation through phosphorylation of intracellular protein substrates, namely
VASP (Ser157) and (Ser239), respectively [39]. Cyclic nucleotide elevation decreases the
Ca2+ influx and reduces the activity of cell membrane-bound calcium transporters, which
suppresses PLC/PKC signaling activation. Ke et al. [40] reported that metformin stimulates
protein kinase A activation in human umbilical vein endothelial cell; however, this study
eliminates the possibility of cyclic nucleotide/VASP signal involvement in metformin-
mediated antiplatelet activity.



Appl. Sci. 2022, 12, 7426 13 of 16

Antiplatelet therapy has reportedly been effective in reducing the mortality and mor-
bidity of CVDs. However, the antiplatelet drugs prescribed in clinical practice create
serious side effects, including bleeding, gastrointestinal toxicity, neutropenia, and thrombo-
cytopenia. A noted disadvantage on using current antiplatelet therapies is their inability to
separate the bleeding side effect [41,42]. The influence of metformin on hemostatic function
was demonstrated in our tail bleeding time experiment. We observed that metformin
prevents acute pulmonary thromboembolism in mice without a significantly prolonged
bleeding time. In addition, aspirin (1 mg/kg)-treated mice obviously prolonged bleed-
ing time (data not shown). Aspirin is one of the most well-known and widely available
antiplatelet therapies used in both primary and secondary prevention of CVDs; however,
it has the limitation of undesirable extension of bleeding time. Animal models of mi-
crovascular thrombosis are essential in understanding the effectiveness of test compounds
for treating this condition. Our study advocates the necessity for further investigation
of metformin, as it could lead novel antiplatelet drug development strategy with fewer
side effects.

5. Conclusions

Our results provide new insights into the role and mechanisms of metformin in human
platelet activation. Metformin efficiently diminished platelet activation by interfering with
the PLCγ2/PKC, PI3K/Akt/GSK3β, and p38 MAPK signaling pathways through a cyclic
nucleotide/VASP-independent mechanism (Figure 9). The present results highlight a novel
therapeutic drug for platelet abnormalities in diabetes mellitus and a general strategy for
preventing cardiovascular complications. Metformin could be a new class of antiplatelet
agent that is effective at inhibiting platelet activation.
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Figure 9. Summary scheme graphic showing suppressive signaling by metformin in human platelet
activation, acute pulmonary thromboembolism, and tail bleeding time in mice. Collagen binds to
its receptors, and then stimulates PLCγ2-PKC cascade, PI3K-Akt-GSK3β, and p38 MAPK, followed
by the suppression of platelet activation, ultimately reducing the death rate associated with acute
pulmonary thromboembolism without increasing the bleeding time.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app12157426/s1, Figure S1: Inhibitory curves of metformin in platelet
aggregation stimulated by various agonists. Washed human platelets (3.6 × 108 cells/mL) were
preincubated with a solvent control (PBS, black line) or metformin (1.2 mM, red line; 1.6 mM, green
line; 1.8 mM, blue line) and subsequently treated with (A) collagen (1 µg/mL), (B) thrombin (0.05
U/mL), (C) U46619 (1 µM), or (D) arachidonic acid (AA; 60 µM) to stimulate platelet aggregation.
The data are the representative of four independent experiments.; Figure S2: Inhibitory activity of
metformin in thrombin-induced platelet aggregation. Washed human platelets (3.6 × 108 cells/mL)
were preincubated with a solvent control (PBS) or metformin (2–4 mM) and subsequently treated
with thrombin (0.05 U/mL) to stimulate platelet aggregation. The corresponding statistical data is
displayed in the below panel. Data are expressed as mean ± standard error of the mean (n = 4).
*** p < 0.001 vs. Tyrode’s solution; ### p < 0.001 vs. PBS + thrombin group.
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