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Abstract: Beyond haemostasis and thrombosis, platelets are increasingly recognized for
playing a crucial role in modulating immunoinflammation. Toll-like receptors (TLRs)
constitute the first line of defence against infection and injury, with their engagement
stimulating thrombotic and immune responses in platelets. Hence, anti-platelet drugs
have been used to treat patients with infections and inflammation. However, due to
the increased risk of bleeding with current anti-platelet drugs, alternative therapeutic
targets need to be identified to ameliorate the consequences of inflammation-driven platelet
hyperactivation. Previously, we demonstrated that resting platelets exhibit a metabolic
plasticity that facilitates fuel selection flexibility, while in contrast, thrombin-stimulated
platelets become highly glycolytic. Since multiple aspects of platelet activation require
energy in terms of ATP, we investigated metabolic alterations in TLR1/TLR2-activated
platelets. In this study, we have demonstrated that TLR1/TLR2-induced platelet activation
reprogrammed platelets to upregulate glycolysis via CD36-linked mechanisms. In addition,
we showed that this glycolytic flux is controlled by hexokinase (HK), which plays a crucial
role in TLR1/TLR2-induced platelet aggregation. Targeting platelet metabolism plasticity
may offer a novel strategy to inhibit platelet function in TLR-initiated diseases.

Keywords: metabolic reprogramming; platelet activation; toll-like receptor

1. Introduction
Though primarily involved in haemostasis and thrombosis, platelets are increasingly

recognized for playing a crucial role in orchestrating and sustaining the immunoinflam-
matory response [1]. Platelets can drive thrombo-inflammation via platelet–leucocyte
interaction in infectious inflammatory conditions, including sepsis and infection [2], as
well as sterile inflammatory cardiovascular diseases [3]. In vitro and in vivo studies have
demonstrated that during infection, platelets and bacteria physically interact, leading to
platelet activation and aggregation [4]. A family of pattern recognition receptors, known as
toll-like receptors (TLRs) constitutes the first line of defence against infection and injury,
recognising both pathogen-specific, pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs). To date, ten members of the TLR family
have been reported in platelets, including TLR 1, 2, 4, 5, 6, and 10, which are expressed on
the platelet surface, as well as intracellular TLR 3, 7, 8, and 9 [5]. The presence of these TLRs
in platelets highlights their prevalent innate immune sensor role within the bloodstream.
The role of platelet TLRs has been extensively studied [5]. Platelet TLR1/TLR2 engagement
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stimulates a range of thrombotic fibrinogen [6] and PAC1 binding [7,8], aggregation [6,9],
and ATP [6,10] and ADP [9] release and immune (platelet–leucocyte aggregation [6,7] and
inflammatory mediator release [7,11]) responses. In addition, CD36 is a highly abundant
class B scavenger receptor expressed on the surface of platelets, with about 16,700 copy
numbers per human platelet [12], recognising PAMPs, DAMPs, and lipoprotein-associated
molecular patterns [13]. We have previously reported that CD36 is capable of transducing
plasma lipid stress into platelet hyperactivity and thrombosis through the binding of oxi-
dised low-density lipoproteins [14,15]. Biswas et al. have demonstrated that cooperation of
TLR2, TLR6, and CD36 is required for the hyperactivation of platelets induced by oxidised
phospholipids [16], and CD36 has been shown to promote sterile inflammation via complex
formation with TLR2/TLR6 [17] and TLR4/TLR6 heterodimers [18]. Anti-platelet drugs
are being used to treat sepsis patients to ameliorate platelet function; however, due to the
increased bleeding risk associated with these drugs, they are discontinued in critically ill
patients [19]. In addition, it is reported that despite treatment with anti-platelet agents, TLR-
mediated platelet activation can continue to occur [8]. Therefore, the identification of new
therapeutic targets is urgently required to inhibit pathogen-stimulated platelet activation.

We and others have reported that the activation of platelets involves dramatic increases
in ATP demand [20–23]. Upon activation, in common with other myeloid cells, platelets
adopt a highly glycolytic phenotype regardless of nutrient availability, a process termed
metabolic reprogramming [24], a phenotype analogous to the Warburg effect seen in
cancer cells [25]. The aim of this study is to explore the possibility of targeting platelet
metabolism as a new therapeutic intervention to prevent TLR-mediated platelet activation.
We hypothesised that TLR-induced platelet activation causes platelets to undergo glycolytic
metabolism reprogramming.

2. Materials and Methods
2.1. Human Platelet Isolation

Human-washed platelets (WPs) were isolated from blood taken from healthy vol-
unteers, and all human work was approved by the School of Medicine Research Ethics
Committee (MREC 19-006 and MREC 23-001, University of Leeds). Human blood was taken
from drug-free volunteers by venepuncture using acid citrate dextrose (ACD; 29.9 mM
sodium citrate, 113.8 mM glucose, 72.6 mM NaCl and 2.9 mM citric acid, pH 6.4) as
an anticoagulant. Platelet-rich plasma (PRP) was obtained by centrifugation of whole
blood at 100× g at 20 ◦C for 20 min. PRP was treated with 200 nM PGI2 (Sigma, Dorset,
UK) and centrifuged at 1000× g for 10 min. The platelet pellet was then suspended in
90% (v/v) Modified Tyrode’s buffer (150 mM NaCl, 5 mM HEPES, 0.55 mM NaH2PO4,
7 mM NaHCO3, 2.7 mM KCl, 0.5 mM MgCl2, 5.6 mM glucose, pH 7.4) and 10% (v/v) ACD
and then spun once more at 1000× g for 10 min in the presence of 200 nM PGI2. Platelets
were finally re-suspended in Modified Tyrode’s buffer and counted using a Beckman
Coulter Counter Z1 and adjusted to the indicated concentration.

2.2. Murine Platelet Isolation

All animal husbandry, housing, and procedures were carried out in line with the
regulations and guidelines of the University of Leeds Central Biological Services Facility
under the Animals (Scientific Procedures) Act 1986 and carried out under the United
Kingdom Home Office approved project licence (PP0499799). Animals received standard
rat and mouse no. 1 maintenance diet (RM1, Special Diet Services, Witham, UK) and water
from Hydropac pouches. All mice were housed in individually ventilated cages (GM500,
Techniplast, Buguggiate, Italy) with 12 h light/dark cycles at 21 ◦C and 50–70% humidity.
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Whole-body CD36 knockout (denoted as CD36KO) (Jackson Laboratory, Bar Harbour, ME,
USA) wild-type (denoted as WT) mice were all on C57BL/6 backgrounds.

Murine blood was obtained by the inferior vena cava and was drawn into 1 mL
syringes with 200 µL of ACD. Whole blood was diluted to a final volume of 2 mL with
Modified Tyrode’s buffer. Diluted whole blood was centrifuged at 100× g for 5 min to
isolate platelet-rich plasma (PRP), blood was diluted further to a final volume of 1 mL,
and then it was centrifuged again at 100× g for 5 min. The final PRP was removed and
pooled, then centrifuged at 1000× g for 6 min. The platelet pellet was then resuspended in
Modified Tyrode’s buffer and adjusted to 2.5 × 108 platelets/mL.

2.3. Light Transmission Platelet Aggregation

WPs (2.5 × 108 platelets/mL) were incubated with inhibitors or Modified Tyrode’s
buffer at the indicated concentration at 37 ◦C for 15 min before aggregation with the
addition of 20 µg/mL Pam3CSK4 (Invitrogen, Carlsbad, CA, USA), and it was monitored
under constant stirring (600 rpm) for 6 min using Helena AggRAM (Helena Biosciences
Europe, Gateshead, UK). To examine the effect of HK and CD36 on Pam3CSK4-induced
platelet aggregation, WPs were pre-treated with vehicle, 2-deoxyglucose (50 mM 2DG,
Sigma), 3-bromopyruvate (30 µM 3BP, Stratech, Ely, UK), or sulfo-N-succinimidyl oleate
(1 µM SSO, Santa Cruz, Dallas, TX, USA) for 15 min before the addition of Pam3CSK4.

2.4. Bioenergetic Profiles

The Agilent Seahorse XFe96 Analyser (Agilent Technologies, Cheshire, UK) was used
to measure the platelet extracellular acidification rate (ECAR, a measure of glycolysis)
and oxygen consumption rate (OCR, a measure of oxidative phosphorylation). The XF
cell culture microplate was coated with 22.4 µg/mL Cell-Tak adhesive [26] (Corning Inc.,
Corning, NY, USA) for 1 h at 37 ◦C and was washed with PBS twice prior to experi-
ments. WPs (2 × 108 platelets/mL, 50 µL) resuspended in Seahorse XF DMEM medium
(pH 7.4, Agilent Seahorse Bioscience, Cheshire, UK) supplemented with 5 mM glucose,
1 mM pyruvate, and 2 mM glutamine were seeded onto each well and subjected to 1 min,
100× g centrifugation in two opposite directions. The volume of each well was adjusted to
180 µL with DMEM. Platelets were stimulated with vehicle, 0.05 U/mL thrombin (Sigma), or
20 µg/mL Pam3CSK4 in the Agilent Seahorse real-time ATP rate assays, which were carried
out according to the manufacturers’ instructions (Agilent Seahorse Bioscience, Cheshire,
UK, 103592-100). In brief, the electron transport chain inhibitors 1.5 µM oligomycin and
0.5 µM rotenone/antimycin A were injected sequentially to allow for the calculation of
oxidative phosphorylation, as well as glycolysis-mediated ATP production rates (mito,
glyco) from resulting OCR and ECAR. MitoATP and glycoATP production rates were
obtained from the Agilent Seahorse real-time ATP rate assay report generator.

2.5. Hexokinase Activity Assay

WPs (5 × 108 platelets/mL) were pre-treated with vehicle, 2DG, or 3BP for 15 min
followed by 20 µg/mL Pam3CSK4 treatment for 30 min. Then, an equal volume of CelLyt-
icTM MT cell lysis reagent (Sigma) was added to the platelet suspension and was rested
on ice for 30 min before centrifugation at 14,000× g for 2 min at 4 ◦C in the presence of
protease and phosphatase inhibitors. Platelet cytosolic fractions were aliquoted for HK
activity, a colorimetric assay (Abcam, Cambridge, UK, ab136957) which was carried out
according to the manufacturers’ instructions.

2.6. Statistical Analyses

Results are expressed as means ± SD, and statistical analyses were undertaken us-
ing Prism 9.5 (Graphpad, Boston, MA, USA). Comparisons between groups were per-
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formed by an unpaired t-test with Welch’s correction, a one-way ANOVA, or a two-way
ANOVA with post hoc Tukey’s test correction. p values of less than 0.05 were considered
statistically significant.

3. Results and Discussion
3.1. TLR1/TLR2 Engagement Induces Platelet Aggregation via CD36-Mediated Mechanism

The dimerization of TLR2 with its co-receptor TLR1 enables it to identify a range
of pathogens. Previous studies have demonstrated that synthetic triacylated lipopep-
tide Pam3CSK4, which activates the innate immune system through TLR1/TLR2 het-
erodimers [27,28], induces platelet aggregation, α- and dense granule secretion, and
platelet–neutrophil aggregate formation [6]. In contrast, lipopolysaccharide (LPS), a
TLR2/TLR4 agonist, does not elicit classical platelet activation [29]. The mechanism
underlying TLR1/TLR2-induced platelet activation remains unclear. CD36 promotes in-
flammation via TLR2/TLR6 [17] and TLR4/TLR6 [18]; we therefore tested the role of CD36
in TLR1/TLR2-activated platelet aggregation.

We first confirmed that Pam3CSK4 induces platelet aggregation in human platelets
and observed a dose-dependent increase in aggregation following the treatment of platelets
with increasing concentrations of Pam3CSK4 (Figure 1a,b). SSO, a CD36-blocking agent,
has been shown to inhibit CD36 by irreversibly binding to the lysine 164 [30]. When SSO
was used to pre-treat the human platelets before Pam3CSK4 stimulation, platelet aggre-
gation was significantly inhibited (Figure 1c). In CD36KO murine platelets, Pam3CSK4-
induced aggregation was inhibited compared to the WT group (Figure 1d). These data
have demonstrated that platelet aggregation initiated by TLR1/TLR2 activation occurs via
the CD36-mediated pathway in both human and murine platelets.

Figure 1. TLR1/TLR2-stimulated platelet aggregation occurs through a CD36-mediated mech-
anism. WPs (2.5 × 108 platelets/mL) from healthy volunteers were stimulated with either
10, 15, or 20 µg/mL of Pam3CSK4 and aggregation was recorded for 6 min. Representative ag-
gregation traces (a); the percentage of aggregation (b), expressed as mean ± SD (n = 3). WPs
(2.5 × 108 platelets/mL) from healthy volunteers were pre-treated with vehicle (V) or 1 µM SSO
for 15 min before the addition of 20 µg/mL Pam3CSK4 in the aggregation experiment (c). WPs
(2.5 × 108 platelets/mL) isolated from WT and CD36KO were stimulated with 20 µg/mL Pam3CSK4
in the aggregation experiment (d). Data are expressed as mean percentage of aggregation ± SD
(n = 4–5). Data were analysed by a one-way ANOVA followed by a post hoc test (Tukey’s) or unpaired
t-test: * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.2. TLR1/TLR2-Mediated Platelet Activation Is Glycolytically Driven

Previously, we and others have reported that the activation of platelets requires dra-
matic increases in the demand of ATP [20–23]. Therefore, we examined the contribution
of ATP production rates from glycolysis and mitochondrial oxidative phosphorylation on
TLR1/TLR2-mediated platelet activation. To address this, an ATP rate assay was measured
by using the Seahorse bioenergetic analyser. Under basal conditions, there is approximately
80% of mitoATP and 20% of glycoATP, indicating that platelets predominantly rely on
ATP produced from mitochondria in the quiescence state (Figure 2). When platelets were
activated by physiological haemostasis agonist thrombin, glycoATP was significantly up-
regulated, whereas mitoATP remain unaffected. However, when platelets were challenged
by Pam3CSK4, ATP produced from glycolysis was significantly enhanced and those from
mitochondria appeared to slightly increase but did not reach significance. This indicates
that TLR1/TLR2-mediated platelet activation is mainly glycolytically driven. Interest-
ingly, Claushuis et al. (2019) have reported that the stimulation of platelets with LPS, a
TLR2/TLR4 agonist, did not cause classical platelet activation but induced an increase in
mitochondrial maximal respiration [29]. The inhibition of TLR4 prior to LPS stimulation
abolished the increase in maximal respiration, which was not observed when TLR2 was
inhibited, indicating that the mitochondrial effect in response to LPS is primarily mediated
via TLR4. Taken together, these observations suggest that the activation of specific TLR
isoforms regulates different metabolic pathways in platelets.

Figure 2. Changes in ATP production rates in response to Pam3CSK4 and thrombin. WPs
(2 × 108 platelets/mL) from healthy volunteers were stimulated with vehicle (V), 0.05 U/mL throm-
bin, or 20 µg/mL Pam3CSK4 and the mito- (red) and glyco-ATP (black) production rates were
measured using the Agilent Seahorse real-time ATP rate assay. Data are expressed as mean ± SD
(n = 4). Data were analysed by a two-way ANOVA followed by a post hoc test (Tukey’s): * p < 0.05,
**** p < 0.0001.

3.3. Inhibition of HK Prevents TLR1/TLR2-Mediated Platelet Aggregation

As Pam3CSK4 activation increased the level of glycoATP in platelets, we then eval-
uated whether this increase in glycolysis was essential for Pam3CSK-mediated platelet
activation or whether the level of mitoATP was sufficient to meet cellular ATP require-
ments. Hexokinase (HK) catalyses the first step in glucose metabolism in the cells, con-
verting glucose to glucose-6 phosphate. HKs exist as three isoforms (HK 1–3) and the
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related glucokinase [31]. Proteomic and biochemical studies indicate that HKs are ex-
pressed in platelets [12,32]. When platelets were pre-treated with a pan-HK inhibitor,
2DG [33,34], Pam3CSK4-induced aggregation was reduced to 70% (Figure 3a). Moreover,
greater inhibition (approximately 50%) was observed following pretreatment with HK2-
specific inhibitor 3BP [35]. In further support of the TLR1/TLR2-dependent regulation
of glycolysis, Pam3CSK4 was found to significantly upregulate HK activity in platelets,
which was abolished in the presence of both 2DG and 3BP (Figure 3b). Taken together,
these data demonstrated that TLR1/TLR2-induced platelet aggregation and activation
require metabolic reprogramming and an increase in platelet glycolysis that is mediated by
HK activation.

Figure 3. TLR1/TLR2-induced platelet aggregation is HK-dependent. WPs (2.5 × 108 platelets/mL)
from healthy volunteers were pre-treated with vehicle (V), 50 mM 2DG, or 30 µM 3BP for 15 min
before the addition of 20 µg/mL Pam3CSK4 in the aggregation experiment (a). Results are expressed
as mean percentage of aggregation ± SD (n = 3–7). WPs (5 × 108 platelets/mL) were pre-treated with
vehicle (V), 50 mM 2DG, or 30 µM 3BP for 15 min prior to stimulation with or without 20 µg/mL
Pam3CSK4 for 30 min (b). HK activity was determined. Data are expressed as mean ± SD (n = 3).
Data were analysed by a one-way ANOVA followed by a post hoc test (Tukey’s): * p < 0.05, ** p < 0.01.

4. Conclusions
We have demonstrated for the first time that TLR1/TLR2-induced platelet activation

rewires platelets to upregulate glycolysis to support platelet activation via CD36-mediated
mechanisms. In addition, we showed that HK, a key enzymatic step controlling glycolytic
flux, plays a critical role in TLR1/TLR2-induced platelet aggregation. In conclusion,
targeting platelet metabolism plasticity may be explored as a novel strategy to inhibit
TLR-initiated platelet function.

Author Contributions: L.T.C., formal analysis, investigation, methodology, writing—original draft
preparation, review, and editing; J.S.K., investigation; M.M., investigation; M.A., investigation;
C.D., investigation, writing—review and editing; A.J.U., investigation, writing—review and editing;
K.M.N., funding acquisition, project administration, writing—review and editing. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the British Heart Foundation grant numbers RG/16/5/32250
and RG/F/22/110067.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the School of Medicine Research Ethics Committee of University of
Leeds (MREC 19-006 and 20 September 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Cells 2025, 14, 906 7 of 8

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Scherlinger, M.; Richez, C.; Tsokos, G.C.; Boilard, E.; Blanco, P. The role of platelets in immune-mediated inflammatory diseases.

Nat. Rev. Immunol. 2023, 23, 495–510. [CrossRef] [PubMed]
2. Assinger, A.; Schrottmaier, W.C.; Salzmann, M.; Rayes, J. Platelets in Sepsis: An Update on Experimental Models and Clinical

Data. Front. Immunol. 2019, 10, 1687. [CrossRef]
3. von Hundelshausen, P.; Weber, C. Platelets as immune cells: Bridging inflammation and cardiovascular disease. Circ. Res. 2007,

100, 27–40. [CrossRef] [PubMed]
4. Fitzgerald, J.R.; Foster, T.J.; Cox, D. The interaction of bacterial pathogens with platelets. Nat. Rev. Microbiol. 2006, 4, 445–457.

[CrossRef]
5. Hally, K.; Fauteux-Daniel, S.; Hamzeh-Cognasse, H.; Larsen, P.; Cognasse, F. Revisiting Platelets and Toll-Like Receptors (TLRs):

At the Interface of Vascular Immunity and Thrombosis. Int. J. Mol. Sci. 2020, 21, 6150. [CrossRef] [PubMed]
6. Rivadeneyra, L.; Carestia, A.; Etulain, J.; Pozner, R.G.; Fondevila, C.; Negrotto, S.; Schattner, M. Regulation of platelet responses

triggered by Toll-like receptor 2 and 4 ligands is another non-genomic role of nuclear factor-kappaB. Thromb. Res. 2014,
133, 235–243. [CrossRef]

7. Marín Oyarzún, C.P.; Glembotsky, A.C.; Goette, N.P.; Lev, P.R.; De Luca, G.; Baroni Pietto, M.C.; Moiraghi, B.; Castro Ríos, M.A.;
Vicente, A.; Marta, R.F.; et al. Platelet Toll-Like Receptors Mediate Thromboinflammatory Responses in Patients with Essential
Thrombocythemia. Front. Immunol. 2020, 11, 705. [CrossRef]

8. Hally, K.E.; La Flamme, A.C.; Harding, S.A.; Larsen, P.D. The effects of aspirin and ticagrelor on Toll-like receptor (TLR)-mediated
platelet activation: Results of a randomized, cross-over trial. Platelets 2019, 30, 599–607. [CrossRef] [PubMed]

9. Keane, C.; Tilley, D.; Cunningham, A.; Smolenski, A.; Kadioglu, A.; Cox, D.; Jenkinson, H.F.; Kerrigan, S.W. Invasive Streptococcus
pneumoniae trigger platelet activation via Toll-like receptor 2. J. Thromb. Haemost. 2010, 8, 2757–2765. [CrossRef]

10. Fälker, K.; Klarström-Engström, K.; Bengtsson, T.; Lindahl, T.L.; Grenegård, M. The toll-like receptor 2/1 (TLR2/1) complex
initiates human platelet activation via the src/Syk/LAT/PLCγ2 signalling cascade. Cell Signal 2014, 26, 279–286. [CrossRef]

11. Klarström Engström, K.; Brommesson, C.; Kälvegren, H.; Bengtsson, T. Toll like receptor 2/1 mediated platelet adhesion and
activation on bacterial mimetic surfaces is dependent on src/Syk-signaling and purinergic receptor P2X1 and P2Y12 activation.
Biointerphases 2014, 9, 041003. [CrossRef]

12. Burkhart, J.M.; Vaudel, M.; Gambaryan, S.; Radau, S.; Walter, U.; Martens, L.; Geiger, J.; Sickmann, A.; Zahedi, R.P. The first
comprehensive and quantitative analysis of human platelet protein composition allows the comparative analysis of structural
and functional pathways. Blood 2012, 120, e73–e82. [CrossRef] [PubMed]

13. Chen, Y.; Zhang, J.; Cui, W.; Silverstein, R.L. CD36, a signaling receptor and fatty acid transporter that regulates immune cell
metabolism and fate. J. Exp. Med. 2022, 219, e20211314. [CrossRef] [PubMed]

14. Magwenzi, S.; Woodward, C.; Wraith, K.S.; Aburima, A.; Raslan, Z.; Jones, H.; McNeil, C.; Wheatcroft, S.; Yuldasheva, N.;
Febbriao, M.; et al. Oxidized LDL activates blood platelets through CD36/NOX2-mediated inhibition of the cGMP/protein
kinase G signaling cascade. Blood 2015, 125, 2693–2703. [CrossRef] [PubMed]

15. Berger, M.; Raslan, Z.; Aburima, A.; Magwenzi, S.; Wraith, K.S.; Spurgeon, B.E.J.; Hindle, M.S.; Law, R.; Febbraio, M.;
Naseem, K.M. Atherogenic lipid stress induces platelet hyperactivity through CD36-mediated hyposensitivity to prostacyclin:
The role of phosphodiesterase 3A. Haematologica 2020, 105, 808–819. [CrossRef]

16. Biswas, S.; Zimman, A.; Gao, D.; Byzova, T.V.; Podrez, E.A. TLR2 Plays a Key Role in Platelet Hyperreactivity and Accelerated
Thrombosis Associated With Hyperlipidemia. Circ. Res. 2017, 121, 951–962. [CrossRef]

17. Hoebe, K.; Georgel, P.; Rutschmann, S.; Du, X.; Mudd, S.; Crozat, K.; Sovath, S.; Shamel, L.; Hartung, T.; Zähringer, U.; et al. CD36
is a sensor of diacylglycerides. Nature 2005, 433, 523–527. [CrossRef]

18. Stewart, C.R.; Stuart, L.M.; Wilkinson, K.; van Gils, J.M.; Deng, J.; Halle, A.; Rayner, K.J.; Boyer, L.; Zhong, R.; Frazier, W.A.; et al.
CD36 ligands promote sterile inflammation through assembly of a Toll-like receptor 4 and 6 heterodimer. Nat. Immunol. 2010,
11, 155–161. [CrossRef]

19. Valerio-Rojas, J.C.; Jaffer, I.J.; Kor, D.J.; Gajic, O.; Cartin-Ceba, R. Outcomes of severe sepsis and septic shock patients on chronic
antiplatelet treatment: A historical cohort study. Crit. Care Res. Pract. 2013, 2013, 782573. [CrossRef]

20. Holmsen, H.; Kaplan, K.L.; Dangelmaier, C.A. Differential energy requirements for platelet responses. A simultaneous study of
aggregation, three secretory processes, arachidonate liberation, phosphatidylinositol breakdown and phosphatidate production.
Biochem. J. 1982, 208, 9–18. [CrossRef]

https://doi.org/10.1038/s41577-023-00834-4
https://www.ncbi.nlm.nih.gov/pubmed/36707719
https://doi.org/10.3389/fimmu.2019.01687
https://doi.org/10.1161/01.RES.0000252802.25497.b7
https://www.ncbi.nlm.nih.gov/pubmed/17204662
https://doi.org/10.1038/nrmicro1425
https://doi.org/10.3390/ijms21176150
https://www.ncbi.nlm.nih.gov/pubmed/32858930
https://doi.org/10.1016/j.thromres.2013.11.028
https://doi.org/10.3389/fimmu.2020.00705
https://doi.org/10.1080/09537104.2018.1479520
https://www.ncbi.nlm.nih.gov/pubmed/29869943
https://doi.org/10.1111/j.1538-7836.2010.04093.x
https://doi.org/10.1016/j.cellsig.2013.11.011
https://doi.org/10.1116/1.4901135
https://doi.org/10.1182/blood-2012-04-416594
https://www.ncbi.nlm.nih.gov/pubmed/22869793
https://doi.org/10.1084/jem.20211314
https://www.ncbi.nlm.nih.gov/pubmed/35438721
https://doi.org/10.1182/blood-2014-05-574491
https://www.ncbi.nlm.nih.gov/pubmed/25710879
https://doi.org/10.3324/haematol.2018.213348
https://doi.org/10.1161/CIRCRESAHA.117.311069
https://doi.org/10.1038/nature03253
https://doi.org/10.1038/ni.1836
https://doi.org/10.1155/2013/782573
https://doi.org/10.1042/bj2080009


Cells 2025, 14, 906 8 of 8

21. Doery, J.C.; Hirsh, J.; Cooper, I. Energy metabolism in human platelets: Interrelationship between glycolysis and oxidative
metabolism. Blood 1970, 36, 159–168. [CrossRef] [PubMed]

22. Verhoeven, A.J.; Gorter, G.; Mommersteeg, M.E.; Akkerman, J.W. The energetics of early platelet responses. Energy consumption
during shape change and aggregation with special reference to protein phosphorylation and the polyphosphoinositide cycle.
Biochem. J. 1985, 228, 451–462. [CrossRef]

23. Verhoeven, A.J.; Mommersteeg, M.E.; Akkerman, J.W. Comparative studies on the energetics of platelet responses induced by
different agonists. Biochem. J. 1986, 236, 879–887. [CrossRef]

24. Aibibula, M.; Naseem, K.M.; Sturmey, R.G. Glucose metabolism and metabolic flexibility in blood platelets. J. Thromb. Haemost.
2018, 16, 2300–2314. [CrossRef] [PubMed]

25. Potter, M.; Newport, E.; Morten, K.J. The Warburg effect: 80 years on. Biochem. Soc. Trans. 2016, 44, 1499–1505. [CrossRef]
[PubMed]

26. Kramer, P.A.; Chacko, B.K.; Ravi, S.; Johnson, M.S.; Mitchell, T.; Darley-Usmar, V.M. Bioenergetics and the oxidative burst:
Protocols for the isolation and evaluation of human leukocytes and platelets. J. Vis. Exp. 2014, 85, 51301. [CrossRef]

27. Mai, K.; Chui, J.J.; Di Girolamo, N.; McCluskey, P.J.; Wakefield, D. Role of toll-like receptors in human iris pigment epithelial cells
and their response to pathogen-associated molecular patterns. J. Inflamm. 2014, 11, 20. [CrossRef]

28. Cioanca, A.V.; McCluskey, P.J.; Eamegdool, S.S.; Madigan, M.C. Human choroidal melanocytes express functional Toll-like
receptors (TLRs). Exp. Eye Res. 2018, 173, 73–84. [CrossRef]

29. Claushuis, T.A.M.; Van Der Veen, A.I.P.; Horn, J.; Schultz, M.J.; Houtkooper, R.H.; Van ‘t Veer, C.; Van Der Poll, T. Platelet Toll-like
receptor expression and activation induced by lipopolysaccharide and sepsis. Platelets 2019, 30, 296–304. [CrossRef]

30. Kuda, O.; Pietka, T.A.; Demianova, Z.; Kudova, E.; Cvacka, J.; Kopecky, J.; Abumrad, N.A. Sulfo-N-succinimidyl oleate (SSO)
inhibits fatty acid uptake and signaling for intracellular calcium via binding CD36 lysine 164: SSO also inhibits oxidized low
density lipoprotein uptake by macrophages. J. Biol. Chem. 2013, 288, 15547–15555. [CrossRef]

31. Wilson, J.E. Isozymes of mammalian hexokinase: Structure, subcellular localization and metabolic function. J. Exp. Biol. 2003,
206, 2049–2057. [CrossRef] [PubMed]

32. Fidler, T.P.; Middleton, E.A.; Rowley, J.W.; Boudreau, L.H.; Campbell, R.A.; Souvenir, R.; Funari, T.; Tessandier, N.; Boilard, E.;
Weyrich, A.S.; et al. Glucose Transporter 3 Potentiates Degranulation and Is Required for Platelet Activation. Arterioscler. Thromb.
Vasc. Biol. 2017, 37, 1628–1639. [CrossRef] [PubMed]

33. Li, Y.; Tian, H.; Luo, H.; Fu, J.; Jiao, Y.; Li, Y. Prognostic Significance and Related Mechanisms of Hexokinase 1 in Ovarian Cancer.
Onco Targets Ther. 2020, 13, 11583–11594. [CrossRef] [PubMed]

34. Wang, H.; Wang, L.; Zhang, Y.; Wang, J.; Deng, Y.; Lin, D. Inhibition of glycolytic enzyme hexokinase II (HK2) suppresses lung
tumor growth. Cancer Cell Int. 2016, 16, 9. [CrossRef]

35. Pedersen, P.L. 3-Bromopyruvate (3BP) a fast acting, promising, powerful, specific, and effective “small molecule” anti-cancer
agent taken from labside to bedside: Introduction to a special issue. J. Bioenerg. Biomembr. 2012, 44, 1–6. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1182/blood.V36.2.159.159
https://www.ncbi.nlm.nih.gov/pubmed/5427451
https://doi.org/10.1042/bj2280451
https://doi.org/10.1042/bj2360879
https://doi.org/10.1111/jth.14274
https://www.ncbi.nlm.nih.gov/pubmed/30151891
https://doi.org/10.1042/BST20160094
https://www.ncbi.nlm.nih.gov/pubmed/27911732
https://doi.org/10.3791/51301
https://doi.org/10.1186/1476-9255-11-20
https://doi.org/10.1016/j.exer.2018.04.014
https://doi.org/10.1080/09537104.2018.1445841
https://doi.org/10.1074/jbc.M113.473298
https://doi.org/10.1242/jeb.00241
https://www.ncbi.nlm.nih.gov/pubmed/12756287
https://doi.org/10.1161/ATVBAHA.117.309184
https://www.ncbi.nlm.nih.gov/pubmed/28663252
https://doi.org/10.2147/OTT.S270688
https://www.ncbi.nlm.nih.gov/pubmed/33204111
https://doi.org/10.1186/s12935-016-0280-y
https://doi.org/10.1007/s10863-012-9425-4

	Introduction 
	Materials and Methods 
	Human Platelet Isolation 
	Murine Platelet Isolation 
	Light Transmission Platelet Aggregation 
	Bioenergetic Profiles 
	Hexokinase Activity Assay 
	Statistical Analyses 

	Results and Discussion 
	TLR1/TLR2 Engagement Induces Platelet Aggregation via CD36-Mediated Mechanism 
	TLR1/TLR2-Mediated Platelet Activation Is Glycolytically Driven 
	Inhibition of HK Prevents TLR1/TLR2-Mediated Platelet Aggregation 

	Conclusions 
	References

