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Thapsigargin (TG), a sarco/endoplasmic reticulum (ER) Ca2+-ATPase (SERCA) inhibitor, has been widely used as an 

agonist for platelet aggregation for decades. In this study, we investigated the effect of TG on the release of lactate 

dehydrogenase (LDH) for platelets and elucidated its mechanism. Platelet LDH release and platelet aggregation were 

increased by TG treatment; 1,000 nM of TG induced the complete lysis of platelets. Other agonists such as collagen 

(2.5 μg/mL), thrombin (0.1 U/mL), and ADP (10 mM) did not induce significant platelet LDH release despite platelet 

aggregation. Finally, we investigated the effects of pharmacological inhibitors on TG-induced platelet aggregation and 

LDH release. SP600125, a JNK inhibitor, and LY294002, a PI-3K inhibitor, inhibited TG-induced platelet LDH release 

but not platelet aggregation. Forskolin, an adenylyl cyclase activator, also inhibited LDH release without affecting platelet 

aggregation by TG. These results suggest that the TG-induced platelet aggregation was accompanied by LDH release 

but regulated by a different signaling pathway. 
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Platelets are non-nucleated cells that are formed by 

detaching from megakaryocyte cells. Resting-state platelets 

circulate in the blood for 7 to 10 days. Platelets are activated 

by a variety of agonists such as collagen, ADP, arachidonic 

acid, and epinephrine, resulting in altered structure, aggre- 

gation, and the formation of a blood clot. Platelet aggregation 

is a normal response of the body to various pathophysi- 

ological phenomena. Lactate dehydrogenase (LDH) is a 

hydrogen-transfer enzyme that is found in the cytoplasm of 

most cells. The secretion of LDH is widely used to assess 

cell viability and late-stage apoptosis. Platelets carry all the 

LDH isoenzymes including LDH-1 to LDH-5 (Patton et al., 

1994). Therefore, platelet LDH has been measured to deter- 

mine anti-platelet drug toxicity. Exposure to TG resulted in 
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an elevation of cytosolic Ca2+ levels by preventing Ca2+ 

sequestration by the ER in cells (Brüne and Ullrich, 1991). 

Therefore, it has been widely used to investigate the role of 

intracellular Ca2+ in various cellular events, including platelet 

activation (Huang and Kwan, 1998). Thapsig argin induced 

LDH release in several cell lines such as SK-N-SH neuro- 

blastoma cells, PC12 cells, and SH-SY5Y cells (McGinnis 

et al., 2001; Janyou et al., 2015). Recent studies explored 

the use of the TG analog mipsagargin as a therapeutic drug 

(Mahalingam et al., 2016). However, the use of mipsagargin 

has been associated with thrombocytopenia as a drug-related 

adverse event in clinical trials. Nonetheless, few studies have 

reported the pathophysiological changes in platelets induced 

by TG. In this study, we investigated the effect of TG on 

LDH release by platelets. We also investigated whether 

LDH release could be controlled without affecting platelet 

aggregation caused by TG. 

All reagents including TG (Fig. 1A) were obtained from 

Sigma-Aldrich (St Louis, MO, USA) unless indicated other- 

wise. Collagen, thrombin, and ADP were purchased from 

CHRONO-LOG (Chrono-Log Corp, Havertown, PA, USA). 

To obtain washed platelets, blood drawn from the vena cavae 

of Wistar rats was dissolved in 1/5 volume of acid-citrate 

dextrose (ACD) solution and centrifuged at 1,000 rpm for 

7 min. The supernatant containing platelet-rich plasma (PRP) 

was centrifuged again at 500 rpm for 7 min to re move red 

blood cells (RBCs). The PRP was centrifuged at 2,000 rpm 

for 7 min and the platelet pellets were resuspended in Tyrode 

buffer. A complete blood cell (CBC) analyzer (Advia 2120i, 

Germany) confirmed that the separated platelets were not 

contaminated with either white blood cells (WBCs) or RBCs 

(data not shown). The platelet concentration in each experi- 

Fig. 1. Effect of thapsigargin (TG) on platelet aggregation and LDH release from platelets. Platelets (4×108 cells/mL) were incubated with
TG in the presence of CaCl2 (1 mM) at 37℃ for 6 min. (A) Chemical structure of TG. (B) TG induced platelet aggregation. (C) Exposure 
to 1,000 nM TG completely lysed the platelets. (D) LDH was released from platelets by treatment with 100 to 1,000 nM TG. 
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ment was adjusted to 4×108 cells/mL. Ethical approval for 

this procedure was granted by the Institutional Animal 

Care and Use Committee of the Dongnam Institute of 

Radiological and Medical Sciences (DI-2019-008). Platelet 

aggregation was evaluated photometrically as previously 

described (Kim et al., 2014). Briefly, the washed platelets 

(WP) were preincubated with either various pharmacological 

inhibitors or vehicle for 1 min at 37℃ in the presence of 

1 mM CaCl2 and then further incubated with thapsigargin 

for 6 min. After that, the aggregation rate was determined. 

Thapsigargin was incubated at 37℃ for 6 min and then 

centrifuged at 350 × g at room temperature for 3 min. A 

100 μL aliquot of the supernatant was used to measure LDH 

leakage from platelets and quantified using the FUJI DRY-

CHEM 4000i (Fuji, Tokyo, Japan). The total amount of 

released LDH was calculated as a percentage of the total 

LDH leakage measured in washed platelets completely lysed 

with 0.1% Triton X-100. The results are presented as the 

mean ± standard error of the mean (SEM). We considered a 

P-value of less than 0.05 as statistically significant. Statistical 

analysis was performed using SPSS ver. 18.0. 

To determine the toxic effect of TG on platelets, we first 

performed a light transmission assay. As shown in Fig. 1B, 

the platelets were aggregated up to 85% at 100 nM TG. 

Surprisingly, we also found that 1,000 nM TG treatment 

completely lysed the platelets (Fig. 1C). LDH is a cyto- 

plasmic enzyme rapidly released by damaged cells. Hence, 

we evaluated the LDH release from platelets treated with TG. 

We observed that platelet LDH release was also increased 

by TG treatment, similar to the platelet aggregation response 

to TG (Fig. 1D). To determine whether LDH release fol- 

lowing TG treatment was a TG-dependent effect, LDH 

release from treatment with other agonists such as collagen 

(2.5 μg/mL), thrombin (0.1 U/mL), and ADP (10 μM) was 

also investigated. As shown in Fig. 2A, all of the agonists 

induced platelet aggregation, which means that our experi- 

mental system was normal. However, LDH release was only 

induced by TG, and no significant level of LDH release was 

observed by treatment with other agonists (Fig. 2B). These 

results indicated that the platelet aggregation reaction caused 

by agonists was not necessarily accompanied by the release 

of LDH. To investigate the correlation between the TG-

induced platelet aggregation reaction and LDH release, we 

analyzed TG-induced light transmission and platelet LDH 

levels in a time-dependent manner. As shown in Fig. 3A, 

platelet aggregation started within 1 minute after 100 nM 

TG treatment, followed by the release of LDH at the same 

time or shortly thereafter. Fig. 3B shows the corresponding 

images of platelets after TG treatment. These results showed 

a close correlation between TG-induced platelet aggregation 

and LDH release, and TG-induced platelet aggregation re- 

actions appeared to precede LDH release. Since MAPKs are 

involved in the platelet activation process, we next assessed 

whether MAPKs participated in the regulation of TG-

induced platelet activation and LDH release using MAPK-

specific inhibitors such as PD90859 (an ERK 1/2 inhibitor), 

SB203580 (a p38 MAPK inhibitor), and SP600125 (a JNK 

inhibitor). As shown in Fig. 4, none of the three inhibitors 

inhibited TG-induced platelet aggregation. Only SP600125 

inhibited TG-induced LDH release. PI3K-Akt pathways 

A 

B 

Fig. 2. Comparison of the effect of various agonists on LDH release
from platelets. Platelets (4×108 cells/mL) were incubated with 
various agonists as indicated in the presence of CaCl2 (1 mM) at 
37℃ for 6 min. (A) Platelet aggregation and (B) LDH release 
were evaluated. 
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are pivotal regulator axes governing platelet activation and 

aggregation. Hence, we also assessed whether PI3K-Akt 

pathways participated in regulating TG-induced platelet 

activation and LDH release using the PI3K specific inhibitor 

LY294002. As shown in Fig. 5, LY294002 did not inhibit 

TG-induced platelet aggregation and LDH release. Elevated 

intracellular cAMP concentrations have been reported to 

promote platelet stabilization in the presence of agonist-

initiated platelet aggregation. Hence, we also assessed whether 

the cAMP production participated in regulating TG-induced 

platelet activation and LDH release using the adenylyl 

cyclase activator forskolin. As shown in Fig. 6, forskolin 

did not inhibit TG-induced platelet aggregation and LDH 

release. 

TG, an inhibitor of the sarco/endoplasmic reticulum (ER) 

Ca2+-ATPase (SERCA), has been widely used as an agonist 

of platelet aggregation since the early 1990s (Brüne and 

Ullrich, 1991). Although there have been various reports 

related to the increase in intracellular Ca2+ influx in platelets 

treated with TG and the subsequent platelet aggregation, 

there have been no reports on platelet lysis and LDH release 

by TG treatment. Here, we showed the complete lysis of 

and LDH release from platelets treated with TG for the first 

time. In this regard, a recent report also suggested the role of 

the thapsigargin-based prostate-specific membrane antigen 

(PSMA)-activated prodrug mipsagargin as an anti-cancer 

drug, and clinical trials reported thrombocytopenia as a drug-

related adverse event (Mahalingam et al., 2016). As broad-

spectrum protein kinase C (PKC) inhibitors reduce secretion 

and aggregation, the PKC family is generally considered a 

Fig. 6. Effect of cAMP stimulator on TG-induced platelet aggre-
gation and LDH release from platelets. Platelets (4×108 cells/mL) 
were incubated with or without forskolin at 37℃ for 1 min with 
stirring, followed by the addition of TG. Additional incubation was
performed for 6 min. The cells were then centrifuged to measure 
the LDH released into the supernatant. Platelet aggregation (A) and
LDH release (B) are shown as bar graphs. ***P < 0.001 versus 
100 nM TG-treated platelets. 

A 

B 

Fig. 5. Effect of PI-3K inhibitors on TG-induced platelet aggre-
gation and LDH release from platelets. Platelets (4×108 cells/mL) 
were incubated with or without LY294002 at 37℃ for 1 min with 
stirring, followed by the addition of TG. Additional incubation was
performed for 6 min. The cells were then centrifuged to measure 
the LDH released into the supernatant. Platelet aggregation (A) 
and LDH release (B) are shown as bar graphs. *P < 0.05, **P < 
0.01 versus 100 nM TG-treated platelets. 
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positive platelet activation regulator (Harper and Poole, 

2010). In our experiments, Ro 31-8220, a PKC inhibitor, 

also strongly inhibited TG-induced platelet aggregation and 

LDH release (data not shown). Until this stage, TG-induced 

platelet aggregation and LDH release were thought to sub- 

stantially share a common signaling pathway. The results 

suggest that LDH is released only after platelet aggregation 

induced by TG treatment (Fig. 3), implying that only the 

pathological response (LDH release) of platelets to TG was 

targeted and controlled, without affecting the physiological 

response (platelet aggregation). To control the LDH release 

from platelets without affecting platelet aggregation by TG, 

agents that were reported to inhibit platelet aggregation 

were used. In this study, we found three pharmacological in- 

hibitors that specifically controlled the LDH release induced 

by TG in platelets: SP600125 (a JNK MAPK inhibitor), 

LY294002 (a PI-3K inhibitor), and forskolin (an adenylyl 

cyclase activator). Several studies reported the role of 

MAPK in agonist-induced platelet aggregation via integrin 

activation and thrombus formation. Three subgroups of MAP 

kinases have been defined, extracellular signal-regulated ki- 

nases (ERKs), p38, and c-Jun NH2-terminal kinases (JNKs). 

JNKs have been implicated in the apoptosis of diverse cells 

(Engedal et al., 2002; Wu et al., 2019) but little is known 

about either the activation or role of JNK in platelets com- 

pared to the other two ERKs and p38 MAPK (Adam et al., 

2008). In this study, we showed that the role of JNK in TG-

induced platelet activation was mediated by the inhibition 

of LDH release by TG without affecting platelet aggregation. 

The other two MAPK inhibitors did not inhibit platelet LDH 

release by TG treatment. Phosphoinositide 3-kinases (PI3Ks), 

also called phosphatidylinositol 3-kinases, are involved in 

cellular functions including platelet activation. In our study, 

the pan-PI3K inhibitor LY294002 inhibited TG-induced 

LDH release from platelets. LY294002 (5 to 20 μM) had no 

inhibitory effect on the TG-induced platelet aggregation. In 

a previous report, the pan-PI3K inhibitor LY294002 (20 μM) 

inhibited collagen-induced platelet aggregation. In addition, 

the inhibition of PI 3-kinase by wortmannin (20 nM) or 

LY294002 (20 μM) abolished platelet secretion and aggre- 

gation, as well as phospholipase C (PLC) activation (Yi et al., 

2014). This was thought to be due to the difference in the 

mechanisms by which the agonists (collagen versus thapsi- 

gargin) used acted on platelets, and an in-depth study on this 

is needed in the future. Elevated intracellular cAMP concen- 

trations have been reported to promote platelet stabilization 

in the presence of agonist-initiated platelet aggregation. By 

activating the protein kinases that phosphorylate the Ca2+ 

pump, Ca2+ uptake into the dense tubular system is decreased, 

resulting in the inhibition of platelet activation cascades 

(Collazos and Sanchez, 1987; Liu et al., 2009). Forskolin, a 

diterpene obtained from coleus forskolin, directly stimulates 

adenylyl cyclase to increase cAMP levels in platelets. 

Forskolin also had a vaso-relaxing effect in an in vivo ex- 

perimental model (Christenson et al., 1995). Furthermore, 

forskolin reduced whole blood platelet aggregation and ATP 

release induced by collagen and ADP in a dose-dependent 

fashion (Kariya et al., 1985). Therefore, it was expected to 

prevent TG-induced platelet aggregation. In this study, we 

found that forskolin inhibited TG-induced LDH release from 

platelets without inhibiting platelet aggregation. This was 

thought to be because TG directly increased Ca2+ influx in 

the cytoplasm through Ca2+ store-activated Ca2+-channels 

without binding platelet receptors (Huang and Kwan, 1998). 

This means that only LDH release was controlled, without 

affecting platelet aggregation by TG. Advances in the treat- 

ment and prognosis of disease based on the correlation 

between platelets and serum LDH levels suggest an asso- 

ciation between elevated LDH levels and thrombocytopenia. 

Patton et al. reported that serum LDH and platelet counts 

were predictive biomarkers of survival in patients with 

thrombotic thrombocytopenic purpura (Patton et al., 1994). 

A negative correlation between serum LDH levels and 

platelet counts in patients with immune thrombocytopenia 

was also reported (Al-Samkari and Kuter, 2019). 

In conclusion, the results of this study provide evidence 

that 1) TG induced both platelet aggregation and LDH 

release, 2) LDH release by TG was not an event independent 

of TG-induced platelet aggregation but a sequential event, 

and 3) only LDH release was precisely controlled, without 

affecting the platelet aggregation reaction by TG. Although 

the exact mechanism of LDH release caused by TG remains 

elusive, our data suggest a role for platelets in response to 

pathophysiological stress that causes platelet death or damage 
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such as thrombocytopenia. 
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