








FIGURE 2. Study of apoptosis-like features in platelets treated either with sirtinol or EX-527. Mitochondrial transmembrane potential (FL2/FL1 ratio, A),
phosphatidylserine exposure (FITC-annexin V binding, B), and ROS generation (C) were studied in control resting platelets (RP) as well as in cells pretreated either
with sirtinol or EX-527 as indicated. Data are mean � S.D. of five different experiments. *, p � 0.05 compared with DMSO-pretreated resting platelets. CCCP,
carbonyl cyanide p-chlorophenylhydrazone.

FIGURE 3. Phagocytic uptake of platelets by autologous macrophages. Shown are flow cytometry (A) and epifluorescence microscopy (B) of macrophages
coincubated with calcein-labeled platelets pretreated either with sirtinol (100 �M) or DMSO (control). a and b represent phase-contrast micrographs, whereas
a’ and b’ represent corresponding fluorescent images. Data are representative of five different experiments.
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dria in stressed cells, where it interacts with Bcl-2 family
members and induces mitochondrial outer membrane permea-
bilization through Bax activation. Acetylation prevents ubiq-
uitination of p53 and, therefore, promotes its stability by pro-
tecting it from proteasomal degradation (27). To understand
the molecular underpinnings of sirtinol- or EX-527-induced
changes, we studied the expression of acetyl-p53 in platelets
treated with the inhibitors. Progressive increments in acety-
lated p53 were observed when cells were exposed to either sirti-
nol or EX-527 in increasing concentrations (Fig. 4B), therefore
implicating p53 and Bax in sirtuin inhibition-induced apopto-
sis-like signaling in platelets. Because the total p53 level was
unchanged in the presence of inhibitors, we checked for the
presence of p53 mRNA in platelets by real-time quantitative
PCR. The critical quantity values for p53 as well as GAPDH
(endogenous control) were found to be 30.7 and 23.35,
respectively (data not shown).These data strongly support a
significant presence of p53 mRNA in platelets that could
replenish protein loss because of proteasomal cleavage. A

melt peak analysis was performed to rule out nonspecific
amplification. Amplicons of GAPDH and p53 exhibited sin-
gle sharp peaks at 83.5 °C and 85 °C, respectively, suggestive
of a lack of nonspecific amplification. To the best of our
knowledge, this is the first report of expression of p53 mRNA
in human platelets.

Bax and other proapoptotic proteins induce the release of
mitochondrial cytochrome c into the cytosol, which eventually
leads to caspase-3 activation (28). However, growing evidence
suggests that not all forms of programmed cell death are
caspase-mediated. Platelets, specifically, are known to undergo
caspase-independent cell death associated with the activation
of calpains (15, 20, 29 –31). To determine whether caspase-3 is
involved in either sirtinol- or EX-527-mediated apoptosis-like
changes in platelets, we measured its activity from cleavage of
the fluorogenic substrate DEVD-AMC in platelets pretreated
with the inhibitor or DMSO (vehicle). No significant increase in
caspase-3 activity was detected in either sirtinol- or EX-527-
treated platelets compared with control cells (Fig. 4E), consis-

FIGURE 4. Sirtinol-induced apoptosis-like changes in platelets are mediated through Bax, p53, and calpain. A, Western blots representing expression of
active Bax (top panel) and �-actin (loading control, bottom panel) in platelets pretreated with either DMSO (RP), sirtinol, EX-527, or ABT-737. B, Western blots
representing expression of acetyl-p53 (top panel) and p53 (loading control, bottom panel) in platelets pretreated with either DMSO, sirtinol, or EX-527. C and D,
corresponding densitometric analyses representative of at least five independent immunoblots each for active Bax and acetyl-p53 normalized against � actin
or p53, respectively. E, caspase-3 activity determined from the extent of cleavage of the fluorogenic substrate acetyl-DEVD-7-amido-4-methyl coumarin in
platelets pretreated with DMSO, sirtinol, EX-527, or ABT-737. F, calpain activity determined from the extent of cleavage of the fluorogenic substrate t-butoxy-
carbonyl-Leu-Met-chloromethylcoumarin in platelets pretreated with DMSO, sirtinol, EX-527, or A23187. Data are mean � S.D. of five different experiments. *,
p � 0.05 compared with DMSO-pretreated resting platelets; ns, not significant.
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tent with a lack of involvement of caspase-3 in changes medi-
ated by Sirt1 inhibition.

Next we looked for calpain activity in platelets undergoing
either sirtinol- or EX-527-induced apoptosis-like changes.
Remarkably, platelets pretreated with sirtinol (50 and 100 �M)
were found to possess a significantly higher proteolytic activity
of calpain (by 21.5 � 5% and 49 � 5%, respectively) than their
vehicle-treated counterparts (Fig. 4F), therefore implicating
calpain in sirtinol-mediated platelet cell death. Similar results
were observed in EX-527-treated platelets.

Sirtuin Inhibition Leads to a Reduction in the Number of
Reticulated Platelets and Thrombocytopenia—Apoptosis has
now been established as an important regulator of platelet life
span (14, 15, 29, 30) that determines the number of circulating
platelets. Because sirtuin inhibition transforms platelets into
the apoptotic phenotype, we investigated the impact of sirtinol
on platelet count and life span under in vivo condition. Reticu-
lated platelets are an RNA-containing younger cell population,
which were stained with thiazole orange (12). Administration
of either sirtinol (15 mg/kg) or EX-527 (20 mg/kg) into mice
resulted in a decrease in the number of reticulated platelets (by
36.5% and 40.5%, respectively, after 36 h) (Fig. 5A) as well as a
significant reduction in platelet count (by 59.94% in 12 h in
mice administered sirtinol and by 44% in 36 h in mice admin-
istered EX-527) (Fig. 5B). After 36 h of sirtinol or EX-527
administration, the number of reticulated platelets eventually
normalized (Fig. 5A). However, our experiments do not rule out
platelet damage as a cause of sirtinol-induced thrombocytope-
nia in mice. The serum concentration of sirtinol achievable
after the administered dose may not be sufficient or competent

enough to induce strong apoptosis-like events in platelets lead-
ing to platelet clearance compared with the in vitro situation
using human platelets, whereas the same serum concentration
was sufficient to suppress platelet production and cause throm-
bocytopenia. Secondly, the possibility of impaired clearance of
mouse platelets in the presence of sirtinol cannot be ruled out.
A similar result was observed in mice administered AGK-2 (15
mg/kg, data not shown).

Next, we analyzed the platelet life span in mice administered
sirtinol. Mice were injected with intravenous N-hydroxysuc-
cinimidobiotin, allowing biotinylation of circulating platelets.
The decrease in labeled platelets over time in sirtinol-treated
mice was found to be similar to that in vehicle-treated counter-
parts (Fig. 5C). These data indicate that changes in platelet life
span are unlikely to explain sirtinol-induced thrombocytopenia
and is suggestive of decreased production of platelets, as
described in mice treated with HDAC1/2-specific inhibitors
(12).

DISCUSSION

Acetylation of proteins is a posttranslational modification
catalyzed by acetyltransferases and deacetylases. Because of its
reversible character, acetyl transfer regulates several signaling
processes (32). Proteomics studies have identified thousands of
acetylated mammalian proteins (32). In platelets, aspirin acts as
an acetylating agent that transfers an acetyl group to a serine
residue in the active site of the cyclooxygenase. Recent studies
have revealed widespread abundance of protein lysine-acetyla-
tion as a vital regulation mechanism in different cells (33, 34).
Sirtuin is a NAD�-dependent acetyl-lysine deacetylase that

FIGURE 5. Sirt1 inhibition leads to a reduction in reticulated platelets and platelet count. A, relative number of reticulated platelets in a peripheral blood
sample drawn from mice pretreated with DMSO (vehicle), sirtinol (15 mg/kg), or EX-527 (20 mg/kg) at intervals of 0, 12, 36, 60, and 84 h. B, relative platelet count
in control-, sirtinol-, or EX-527-treated mice at different time points. C, relative number of biotinylated platelets in a peripheral blood sample drawn from mice
pretreated with DMSO (vehicle) or sirtinol (15 mg/kg) at intervals of 0, 12, 36, 60, and 84 h. Data are mean � S.D. of five different experiments. *, p � 0.05
compared with DMSO-pretreated resting platelets.
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belongs to the HDAC III family and is expressed in prokaryotes
as well as eukaryotes. Mammalian sirtuins are linked to healthy
aging, and, therefore, have possible therapeutic implications in
age-related pathologies, metabolic and cardiovascular disor-
ders, and inflammation (4, 35). Platelets are major players in
hemostasis and thrombosis. Although Sirt1, Sirt2, and Sirt3 are
expressed in platelets, the relevance of sirtuin-mediated signal-
ing remains obscure in these cells. Here we report, for the first
time, the regulation of platelet cell death by sirtuins. In addition
to Sirt1, Sirt2 and Sirt3 were also found to be expressed in
enucleate platelets. We demonstrate that sirtinol, AGK2, and
EX-527, pharmacologically distinct inhibitors of Sirt1/Sirt2,
induced apoptosis-like changes in platelets in vitro, which
included a drop in ��m, enhanced surface exposure of phos-
phatidylserine, and a rise in cytosolic ROS. Calpain, but not
caspase, has been found to be activated in sirtinol or EX-527-
treated platelets, which is consistent with caspase-independent
cell death described in different cells, including platelets (15, 20,
28 –30). Because platelet apoptosis is known to be mediated
through proapoptotic members of Bcl-2 (14 –15), we evaluated
the effect of sirtuin inhibition on the activation of Bax. Sirtinol-
or EX-527-pretreated platelets were found to express a signifi-
cantly higher level of conformationally active Bax than the con-
trol (untreated) counterparts. Because p53 is a known substrate
of sirtuin and an upstream regulator of Bax (36 –37), we asked
next whether Sirt1 inhibition would affect the level of post-
translationally modified p53 in platelets. In line with the above
reasoning, enhanced acetylation of p53 was observed in sirtinol
or EX-527-treated cells. Consistent with apoptosis-like pheno-
types, sirtinol-treated human platelets were found to be phago-

cytosed more efficiently by macrophages, as demonstrated in
vitro by flow cytometry and epifluorescence microscopy.
Administration of mice with either sirtinol or EX-527 led to
thrombocytopenia as well as a decrease in the number of retic-
ulated platelets, although sirtinol had no significant effect on
platelet life span in mice. The drop in number of reticulated
platelets could be attributed to decreased production of plate-
lets, as reported earlier in mice treated with HDAC1/2-specific
inhibitors (12).

Earlier studies, including ours, have attributed delimitation
of platelet life span to activities of pro- and antiapoptotic mem-
bers of the Bcl-2 family (14, 15). Proteasomal peptidase activity
promotes platelet survival through the constitutive elimination
of the conformationally active Bax. Acetyl-p53 is known to play
a determining role in the transcription-independent pathway of
Bax-mediated apoptosis (27). Acetyl-p53 is a substrate of sir-
tuin and an upstream positive regulator of Bax (36 –37). On the
basis of the evidence provided in this study, it may be surmised
that sirtuin deacetylase activity regulates platelet life span
through inhibition of p53 acetylation, which, as a consequence,
precludes Bax activation and platelet cell death (Fig. 6). Our
observations support the possibility of enhancement of platelet
life span in the presence of sirtuin activators, whereas platelets
from sirt	/	 mice are anticipated to undergo apoptosis-like
signaling and early clearance. Sirtuin may, therefore, be a
potential therapeutic target to induce apoptosis-like events in
platelets and to reduce the severity of thrombosis or thrombo-
cytosis. It has been reported recently that platelets play a critical
role in cancer cell proliferation, and, therefore, sirtuin inhibi-
tion can indirectly contribute to the anticancer effect by

FIGURE 6. The proposed role of sirtuin in the determination of platelet life span. The sirtuin inhibitor enhances acetylation of p53, which eventually
leads to the activation of proapoptotic Bax and apoptosis-like signaling in platelets. In the absence of acetylation, p53 is ubiquitinated and degraded by
the proteasome, which facilitates cell survival (27). As reported in our earlier studies, proteasomal peptidase activity promotes platelet survival
through constitutive elimination of the conformationally active Bax (15). Therefore, the proteasome and sirtuin both regulate platelet apoptosis and
survival.
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restricting the platelet count (38). Because sirtuin inhibitors are
being actively evaluated for their antitumor activity (7–9), our
observations also call for the careful consideration of their
potentially adverse effect on platelets while exploiting the ben-
efits of sirtuin inhibition in cancer therapeutics.
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