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ABSTRACT

Metformin is extensively prescribed as a first-line medication for the management of type 2 diabetes (T2D), a
condition frequently coexisting with kidney disease, cardiovascular diseases (CVDs), and retinopathy. The
widespread use of metformin is attributed to its well-established safety profile. Notably, platelets play a crucial
role in arterial thrombosis, a significant factor contributing to the development of CVDs and cerebrovascular
diseases. Our previous study has demonstrated that metformin may reduce collagen-induced platelet activation in
human subjects, indicating a positive impact on platelet function. However, its mechanisms in platelet activation
stimulated by other agonists remain not fully understood, especially regarding the effect of metformin on thrombin-
induced platelet activation. In this study, metformin inhibited platelet aggregation stimulated by thrombin in a
concentration-dependent manner. Metformin suppressed P-selectin expression, [Ca’*]i mobilization, ATP-release,
and as well as protein kinase C (PKC), Akt and p38 mitogen-activated protein kinase (MAPK). In conclusion,
metformin can potentially function as a nutritional agent for long-term use at a low dose to prevent cardiovascular

diseases (CVDs) or other chronic diseases.
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Introduction

Platelets, which are blood cells without a nucleus, participate in
the normal process of blood clotting and the formation of arterial
blood clots, which can lead to various cardiovascular diseases
(CVDs) and cerebrovascular diseases. Platelets adhere todamaged
blood vessel walls, where they release active substances that
initiate the aggregation of platelets when there is disruption to the
vessel surface [1]. Various physiological factors (such as collagen,
thrombin, ADP) activate platelets by interacting with specific
receptors on their membranes. These factors have the potential
to enhance platelet activation through two primary mechanisms.
Firstly, they facilitate the synthesis of thromboxane A2 (TxA2)

from arachidonic acid (AA) or the secretion of ADP from dense
granules within the platelets. Upon release, ADP binds to two
major purinergic receptors (P2Y 1 and P2Y12), which play a crucial
role in amplifying plateletactivation triggered by other aggregating
factors [2]. Inhibiting platelet activation holds significant
importance as it can substantially reduce the risk of life-threatening
events,such as vascular death, myocardial infarction, and ischemic
stroke, especially in individuals with atherosclerotic vascular
diseases. Additionally, individuals with diabetes, especially
type 2 diabetes (T2D), are at an elevated risk of developing
cardiovascular complications due to hyperglycemia-related factors
that can causedamage to blood vessel walls. This damage promotes
platelet adhesion and aggregation, further increasing the risk of
atherosclerotic events, such as myocardial infarction and ischemic
stroke.
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Metformin, a well-established first-line medication for T2D, is
widely used due to its safety and affordability, making it the most
commonly prescribed drug for T2D treatment [3]. As a biguanide
derivative, metformin effectively lowers blood glucose levels
by regulating energy metabolism, including inhibiting hepatic
gluconeogenesis, reducing glucose absorption, and enhancing
glucose utilization in peripheral tissues [4]. Extensive research
has demonstrated that metformin possesses beneficial effects on
inflammation, aging-related diseases, obesity, CVDs, chronic
kidney disease, inflammatory bowel disease, cancers, osteoporosis,
and periodontitis [4]. Clinical trials have shown the beneficial
effects of metformin on cardiovascular diseases. For instance,
metformin has been found to reduce mortality and thrombotic
complications associated with diabetes, such as endothelial
dysfunction, myocardial infarction, acute myocarditis, and chronic
heart failure [5-8]. Metformin treatment has been observed to
inhibit platelet aggregation in healthy human subjects [9] and
patients with Type I diabetes [10]. It also reduces oxidative stress in
vivo, leading to decreased platelet activation by increasing plasma
levels of vitamins A and E or reducing levels of platelet superoxide
anions in patients with type 2 diabetes [11,12]. Our previous study
showed that metformin inhibited platelet aggregation stimulated
by collagen and moderately inhibits thrombin stimulation [13].
Concurrently, we also found that metformin clearly reduces
pulmonary thromboembolism without prolonging bleeding time
as compared with heparin [13]. Collectively, metformin shows
promise as a therapeutic agent for preventing arterial blood clot
formation. Although that study examined the inhibitory effects
of metformin, its mechanisms in platelet activation remain not
fully understood, especially regarding the effect of metformin
on thrombin-induced platelet activation. Therefore, this study
aimed to investigate the underlying mechanisms of metformin in
thrombin-induced human platelet activation.

Materials and Methods

Chemicals and Reagents

Metformin, luciferin-luciferase, heparin, prostaglandin E{
(PGE1), phenylmethylsulfonyl fluoride, sodium orthovanadate,
sodium pyrophosphate, aprotinin, leupeptin, sodium fluoride,
bovine serum albumin (BSA), and thrombin were purchased from
Sigma Aldrich (St. Louis, MO, USA), and anti-phospho-p38
MAPK (Thr'®/Tyr!82) polyclonal antibody (pAb) was purchased
from Affinity (Cincinnati, OH,USA). Anti-phospho-Jun N-terminal
kinase (JNK) (Thr'®/Tyr'®), anti-SAPK/INK, anti-phospho-
(Ser) protein kinase C (PKC) substrate pAbs and anti-Akt,
anti-p38 mitogen-activated protein kinase (MAPK) monoclonal
antibodies (mAbs) were purchased from Cell Signaling (Beverly,
MA, USA). Anti-phospho-Akt (Ser*”®) pAb was purchased from
BioVision (Mountain View, CA, USA). Anti-pleckstrin, and
extracellular signal-regulated kinase (ERK) 1 (phosphate Thr*?/
Tyr**) + ERK2 (phosphate Thr'®/Tyr'®") pAbs were purchased
from GeneTex (Irvine, CA, USA). The FITC-anti-human CD42P
(P-selectin) mAb was obtained from BioLegend (San Diego,CA,
USA). Protein assay dye reagent concentrate was supplied by Bio-
Rad Laboratories (Hercules, CA, USA), while Fura 2-AM was
provided by Molecular Probes (Eugene, OR, USA). The stock

solution of metformin (100 mM) was dissolved in phosphate-
buffered saline (PBS) and stored at 4°C until use.

Platelet Preparation, Aggregation, and ATP-Release Reaction
After obtaining approval from the Institutional Review Board
of Taipei Medical University (TMU-JIRB-N201812024) in
accordance with the Declaration of Helsinki guidelines, human
platelet suspensions were prepared as described previously [14].
Blood samples were collected from healthy human volunteers aged
between 20 to 35 years who had not taken any medication for the
14 days prior to collection. The collected blood was mixed with
an acid-citrate-dextrose solution (9:1, v/v) and centrifuged at 120
x g for 10 min. The resulting supernatant was supplemented with
EDTA (2 mM) and heparin (6.4 U/mL) for 5 min before undergoing
another centrifugation at 500 x g for 10 min. The platelet pellet
obtained was resuspended in SmL of Tyrode's solution and kept
at 37°C for 10 min. Following another spin at 500 x g for 10 min,
the washing procedure was repeated. The washed platelets were
then suspended in Tyrode's solution containing BSA (3.5 mg/mL).
Platelet numbers were counted using a Coulter counter (Beckman
Coulter, Miami, FL, USA). The concentration of washed platelet
suspensions is approximately 3.6 x 10%—1.2 x 10°cells/mL for
following studies. The final Ca** concentration in the Tyrode's
solution was 1 mM.

Following the protocol described by Chen et al. [14], platelet
aggregation was assessed using a Lumi-Aggregometer (Payton
Associates, Scarborough, ON, Canada). Prior to the addition of
thrombin to the platelet suspensions, they were preincubated
with various concentrations of metformin (2-10 mM) or PBS
(an isovolumetric solvent control) for 3 min. The reaction was
allowed to proceed for 6 min, and the extent of aggregation was
quantified in light transmission units. To measure the ATP release,
a luciferin-luciferase mixture (20 plL) was added 1 min before
the addition of agonists, and the amount of ATP released in the
experimental group was compared with that of the control using
an F-7000 spectrometer (Hitachi, Tokyo, Japan) following the
manufacturer's instructions.

Intracellular [C32+]i Mobilization and FITC-P-Selectin
Expression in Human Platelets

The supernatant collected from the centrifuged citrated whole
blood was subjected to an incubation step with Fura 2-AM (5 uM)
for 1 h. Human platelets were prepared andadjusted to have 1 mM
Ca?* concentration. The relative intracellular Ca*" ion concentration
([Ca?*]i) was measured using excitation wavelengths of 340 and
380 nmand an emission wavelength of 500 nm [15].

Additionally, washed platelets were preincubated with either PBS
or metformin (5 and10 mM), along with FITC-conjugated anti-P-
selectin monoclonal antibody (2 pg/mL),for 3 min. Subsequently,
these platelets were stimulated with thrombin (0.02 U/mL).
The fluorescence-labeled platelets were then identified in the
suspensions using a flow cytometer (FACScan system; Becton
Dickinson, San Jose, CA, USA). Data were collected from
approximately 50,000 platelets in each experimental group, and the
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platelets were recognized based on their forward and orthogonal
light-scattering characteristic profiles.

Immunoblotting

The platelet suspensions were initially treated with metformin
at concentrations of 5 and 10 mM, as well as PBS, and then
thrombin (0.02 U/mL) was added to induce platelet activation.
After the reaction was completed, the platelets were directly
resuspended in 200 puL of a lysis buffer containing HEPES (50
mM, pH 7.4), NaCl (50mM), Triton X-100 (1%), EDTA (5 mM),
and various supplements including leupeptin(2 pg/mL), aprotinin
(10 pg/mL), sodium pyrophosphate (5 mM), NaF (10 mM), PMSF
(1 mM), and sodium orthovanadate (1 mM). The samples were
incubated in the lysis buffer for 2 h. Lysates with 60 pg of protein
were separated using 12% sodium dodecylsulfate 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 NacCl)
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
(diluted1:1000 in TBST) for 2 h. The optical density of the protein
bands was quantified usinga video densitometer and Bio-profil
Biolight software, version V2000.01 (Vilber Lourmat, Marne-la-
Vallée, France). The relative expression of targeted protiens was
calculated after normalized to their respective total proteins.

Statistical Analysis

The results are presented as mean + standard error of the mean,
and the value of n represents the number of experiments conducted
in this study. Differences among the experimental groups were
analyzed using one-way analysis of variance (ANOVA), followed
by the Student-Newman-Keuls posthoc test. A p-value of less than
0.05 was considered statistically significant. Statistical analysis
was performed using SAS Version 9.2 (SAS, Cary, NC, USA).

Results

Metformin's Effect on Inhibiting Human Platelet Aggregation
and Granule Secretion

Figure 1 demonstrates the concentration-dependent suppression
of thrombin (0.02 U/mL)-induced platelet aggregation in washed
human platelets by metformin (2-10 mM). P-selectin serves
as a crucial biomarker for platelet activation. In its normal state,
P-selectin is expressed on the inner face of a-granules. However,
when platelets are activated, they expose the inner face of the
granules to the outer parts of the cells [16].

Metformin significantly reduced thrombin-stimulated FITC-P-
selectin expression in the flow cytometry study (Figure 2A). The
results are depicted in the right panel of Figure 2A (a, resting
control [Tyrode’s solution], 161.3 + 24.8; b, collagen-activated
platelets, 1833.7 £+ 93.6; ¢, metformin 5 mM, 1315.7 £55.2; d, 10
mM, 636.3 + 160.5;n = 4). Furthermore, several lines of evidence
support the direct association between platelet activation and the
release of granular contents, including Ca?* and ATP. This release
triggers a significant increase in platelet aggregation, leading

to strong platelet activation. As presented in Figure 2B and C,
metformin significantly suppressed both the [Ca*"]i mobilization
and ATP-release reaction stimulated by thrombin. The relative
data are expressed as inhibition percentages on the right hand side
of each figure (B, [Ca®']i mobilization: metformin 5 mM, 78.0
+ 7.0%; 10 mM, 47.5 £ 10.1%, n = 4; C, ATP-release reaction:
metformin 5 mM, 60.1 £ 13.2%; 10 mM, 26.3 £+ 6.4%, n = 4).
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Figure 1: Inhibition of thrombin-induced platelet aggregation by
metformin. (A) Washed human platelets were preincubated with either a
solvent control (PBS) or various concentrations of metformin (2, 5, and
10 mM) before being stimulated with thrombin (0.02 U/mL) to induce
platelet aggregation. The bar diagrams in (B) illustrate the corresponding
statistical analyses. The data are expressed as the mean + standard errorof
the mean (n=4). "p <0.05, “p <0.01 and ""p < 0.001 vs PBS + thrombin
group.

Regulatory Activity of PKC and Akt by Metformin

PKC and Akt (protein kinase B) are two important signaling
molecules involved in the activation of platelets, and their
relationship with thrombin plays a crucial role in platelet function
[17]. Thrombin, a key enzyme in the coagulation cascade,
activates platelets through the protease-activated receptors (PARs)
on the platelet surface. Uponbinding of thrombin to PARs, it leads
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Figure 2: Metformin's inhibitory effects on surface P-selectin expression, relative [Ca*']i mobilization, and ATP-release in human platelets. Washed
platelets were preincubatedwith either PBS or metformin (5 and 10mM). Following preincubation, platelets were treated with thrombin (0.02 U/mL)
to induce platelet activation. (A) Surface P-selectinexpression (MFI; mean fluorescence intensity) is depicted in fluorescence images as follows: a) Tyrode’s
solution, b) collagen-activated, ¢) metformin 5 mM, and d) metformin 10 mM. (B) Relative [Ca®']i mobilization and (C) ATP release (AU; arbitrary unit). The
corresponding statistical analyses are presented in the bar diagrams.Results are expressed as mean =+ standard error of the mean (n = 4). "p < 0.05, "p <0.01
and ™"p <0.001 vs PBS + Tyrode’s solution (A) or thrombin group (B and C); #p< 0.01 and “#p < 0.001vs PBS + thrombin group (A).

to the activation of PKC and subsequent activation of Akt. Akt
activation is mediated by PKC-dependent phosphorylation events
[18]. Activated Akt then regulates various downstream signaling
pathways involved inplatelet activation, such as granule secretion,
integrin activation, and cytoskeletal rearrangement. Metformin
decreased significantly PKC (p-p47) and Akt activation in
thrombin-activated platelets (Figure 3A and B). These results
uggest that metformin blocks PKC/Akt signaling pathway.

Influence of Metformin in MAPKSs Activation

The MAPK pathway serves as a crucial mediator in transmitting
thrombin signals and orchestrating platelet responses during
hemostasis and thrombus formation. Metformin (5 and 10 mM)
reduced p38 MAPK, while ERK1/2 and JNK1/2 phosphorylation
were slightly inhibited but not significantly. These findings
strongly suggest that the p38 MAPK molecule plays a crucial
role in mediating the antiplatelet effects of metformin (Figure 4).
Consequently, the inhibition of p38 MAPK activation appears to

Food Sci Nutr Res, 2023

Volume 6 | Issue 2 | 4 of 8



p-p47 . - -
t-p47 | — - G S
tf = Tyrl)de’s
metiormmn solution PBS 5 10

thrombin - o + +

B

p-Akt | ' “* .
XX X
metformin Tyrode’s
' solution PBS S 10
thrombin _ + " i

= 6
S5 2
5° I
- t 4 1
L= l
==
- 3 ##
S T
£ e I
= 21 gr#
=T I
~S11
ES
0
F Tyrode's
metformin sohifion PBS 5 10
thrombin - 3 4 i
= 5 b kkk
=} I
= 4 - 1
5€
2
) 3 1
23 C
2 2 i .
£=
i "E 1 1
: S
< 0
2 Tyrode's
metfnrml-n soltitien PBS 5 10
thrombin - + 5 e

Figure 3: Regulatory effect of metformin in protein kinase C (PKC) and Akt. Washed platelets were preincubated with either PBS or metformin (5 and 10
mM), followed by treatment with thrombin (0.02 U/mL) for immunoblotting analysis of (A) PKC (p-47) and (B) Akt 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, #p < 0.01 and **p < 0.001 vs PBS + thrombin group.

be a criticalfactor contributing to the antiplatelet effects observed
with metformin treatment.

Discussion

In our studies, we have found that metformin could inhibit
collagen [13] and thrombin- induced platelet activation to prevent
thrombotic-related diseases. Studies have shown that metformin
can influence various cellular processes, including mitochondrial
function, inflammation, and oxidative stress, all of which are
closely connected to nutrient sensing and metabolism [19,20].
Additionally, metformin has been associated with the modulation
of gut microbiota, a critical factor in nutrient absorption and
metabolism [21]. Furthermore, preclinical and clinical studies have
demonstrated that metformin supplementation may mimic certain
physiological responses triggered by caloric restriction, leading
to improvements in lifespan and age-related diseases [22]. These
findings provide intriguing insights into the potential of metformin
as a nutrient agent, highlighting its multifaceted effects on cellular
and metabolic processes beyond its antidiabetic properties.

Platelet activation is triggered by different agonists, including
collagen, thrombin, AA, U46619, which show their effects through

interactions with specific receptors on platelet membranes. In
this study, metformin has effective on thrombin-induce platelet
aggregation. The findings of this study shed light on the critical
role of thrombin in platelet activation and hemostasis. Thrombin,
a serine protease, plays a crucial role in platelet activation and
hemostasis. Upon vascular injury, thrombin is generated through
the coagulation cascade, leading to the conversion of fibrinogen to
fibrin and the formation of a stable blood clot. Thrombin interacts
with platelets through protease- activated receptors (PARs),
specifically PAR-1 and PAR-4, expressed on the platelet surface
[17]. The binding of thrombin to PARs induces conformational
changes, leading to intracellular signaling cascades. Thrombin
activates several downstream pathways in platelets, including
the phospholipase C (PLC), PKC, MAPKs and RhoA/Rho
kinase pathways [23]. These pathways contribute to platelet
shape change, granule secretion, and integrin activation. Platelet
shape change involves reorganization of the actin cytoskeleton,
leading to platelet spreading and the formation of filopodia and
lamellipodia. The intricate mechanism of thrombin-platelet
interaction emphasizes the interplay of signaling pathways and
molecular events that regulate platelet activation and contribute
to hemostasis.
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Figure 4: Effect of metformin on mitogen-activated protein kinase (MAPK) phosphorylation in platelets. Washed platelets were preincubated with
either PBS or metformin at concentrations of 5 and 10 mM, followed by treatment with thrombin (0.02 U/mL). Immunoblotting was performed to
assess the phosphorylation levels of (A) p38 MAPK, (B) ERK1/2, and (C) JNK1/2. Results are expressed as the mean + standard error of the mean (n
=4). "p<0.01 and ""p <0.001 vs Tyrode’s solution; *p < 0.01 vs PBS + thrombin group.

Thrombin binding to its receptor, PARs, leads to the activation
of phospholipase C (PLC), resulting in the hydrolysis of
phosphatidylinositol ~ 4,5-bisphosphate  (PIP2) into inositol
trisphosphate (IP3) and diacylglycerol (DAG). IP3 triggers calcium
release fromintracellular stores, leading to a rise in intracellular
calcium levels [23]. DAG, in conjunction with calcium, activates

PKC isoforms. Activated PKC phosphorylates a variety of
substrates, including key proteins involved in platelet activation.
One of the critical targets of PKC is the integrin allbf3, which

undergoes conformational changes and shifts to a high-affinity
state for fibrinogen binding, thereby promoting platelet aggregation
[24]. This study found that metformin reduced thrombin-induced
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PKC activation, suggesting that PKC plays a crucial role in
thrombin-induced plateletactivation.

Three isoforms of Akt (Aktl, Akt2, and Akt3) are expressed
in platelets [25], and knockout of any one of them reduces low-
dose thrombin- and U46619-induced platelet secretion and the
secretion-dependent second-wave aggregation [23]. Kroner et
al. reported that thrombin-dependent phosphorylation of AktS*7
in platelets was not completely inhibited by the PI3K inhibitor
LY294002 but was substantially inhibited by inhibitors of PKC
isoforms a or § [17]. We noted that PKC and Akt phosphorylation
were abolished by metformin. This cross-talk between PKC and
Akt signaling pathways exemplifies the intricate coordination
of intracellular events involved in thrombin- induced platelet
activation and highlights the significance of PKC-mediated Akt
activation in regulating platelet function.

Activation of the MAPK pathway involves three major kinases:
ERK, JNK, and p38 MAPK. Thrombin induces the phosphorylation
and activation of these MAPKs, leading to the regulation of various
platelet responses [26]. The physiopathological roles of JNKs and
ERKSs in platelets remain unclear, but might entail the suppression
of alIbPB3 integrin activation or the negative regulation of platelet
activation [27]. Nevertheless, p38 MAPK provides a crucial signal
for platelet activation [28]. Among the numerous downstream
targets of p38 MAPK, the most physiologically relevant in platelets
is cytosolic phospholipase A2, which catalyzes arachidonic acid
release to produce TxA2 [28]. Moreover, other study indicated that
activation of p38 MAPK, which in turn initiates NF-«xB activation,
and ultimately induces platelet activation by thrombin [14]. This
study demonstrated that p38 MAPK, but not ERKs or JNKs,
activation is inhibited by metformin in thrombin-induced human
platelets. p38 MAPK pathway is essential for the generation of
pro-inflammatory mediators and cytokines in platelets, linking
thrombin signaling to various inflammatory processes.

Conclusion

Metformin efficiently diminished platelet activation by interfering
with the PKC/Akt and p38 MAPK signaling pathways stimulated
in humans. Because of the widespread use of metformin and its
well-established safety and no toxicity profile, it could serve as
a promising nutritional agent for CVDs or other chronic diseases
when used in the long term at a low dose.
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