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Core tip: Doxorubicin (Dox) is an effective chemothera-
peutic agent, but known to cause cardiotoxicity and 
hepatotoxicity. Cellular stress can alter proteome acety-
lation status in various experimental models, which has 
been associated with a proapoptotic environment. The 
effects of Dox on hepatic lysine acetylation status has 
not been studied. The study revealed five interesting 
findings that open the door for new areas of investiga-
tion: (1) Dox induces proteome lysine deacetylation; 
(2) lysine deacetylation is, at least in part, due to a 
decrease in histone acetyltransferase activity; (3) lysine 
deacetylation is likely not associated with an apoptotic 
environment; (4) Dox-induced hepatic injury is associ-
ated with caspase-12 activation; and (5) caspase-12 
activation is not involved in apoptosis induction. These 
results may in the future translate to lysine acetylation 
homeostasis and/or caspase-12 as therapeutic targets.
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Abstract
AIM: To determine if doxorubicin (Dox) alters hepatic 
proteome acetylation status and if acetylation status 
was associated with an apoptotic environment. 

METHODS: Doxorubicin (20 mg/kg; Sigma, Saint Lou-
is, MO; n  = 8) or NaCl (0.9%; n  = 7) was administered 
as an intraperitoneal injection to male F344 rats, 6-wk 
of age. Once animals were treated with Dox or saline, 
all animals were fasted until sacrifice 24 h later. 

RESULTS: Dox treatment decreased proteome lysine 
acetylation likely due to a decrease in histone acetyl-
transferase activity. Proteome deacetylation may likely 
not be associated with a proapoptotic environment. Dox 
did not increase caspase-9, -8, or -3 activation nor poly 
(adenosine diphosphate-ribose) polymerase-1 cleavage. 
Dox did stimulate caspase-12 activation, however, it 
likely did not play a role in apoptosis induction. 

CONCLUSION: Early effects of Dox involve hepatic 
proteome lysine deacetylation and caspase-12 activa-
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in treating various cancers, but proven to cause cardio-
toxicity. Mechanisms of  cardiotoxicity have not been 
distinctly defined, but published literature has suggested 
that the induction of  oxidative stress, apoptosis and mi-
tochondrial dysfunction are involved[1-3]. In addition to 
proven toxicity in cardiac tissue, hepatic tissue reveals 
molecular and morphological signs of  toxicity[4-9]. Since 
oxidative stress has been shown to play a role in both 
cardiac and hepatic toxicity, the use of  antioxidants as 
a preventative measure has been widely studied. How-
ever, supplementation with antioxidants in clinical trials 
have only shown limited protection[10]. Thus, additional 
research is essential to determine additional mechanisms 
involved in Dox-induced toxicities. Therefore, the aim of  
this study was to determine the role of  proteome lysine 
acetylation dyshomeostasis and apoptosis in Dox-induced 
hepatic toxicity.

Lysine acetylation is a common posttranslational 
modification[11]. Lysine acetylation regulates function of  
histones, proteins affecting the ubiquitin-proteosome 
system, transcription factors, cytoskeletal components, 
energy generating enzymes, and oxidative stress defense 
proteins[11]. In various experimental models, cellular 
stress has been shown to alter proteome lysine acetyla-
tion status, causing deacetylation, and thereby affecting 
the apoptotic environment[12]. Moreover, normalization 
of  the lysine acetylation status has been shown to pre-
vent stimulation of  apoptotic pathways[12]. The effects of  
Dox on proteome acetylation status is unknown, thus, 
we aimed to make this determination. We hypothesized 
that Dox-induced cellular injury and stress would lead to 
lysine deacetylation and may contribute to Dox-induced 
toxicity. Acetylation status is determined by activity of  
histone acetyltransferases (HATs) and histone deacety-
lases (HDACs)[11,13]. Thus, we also investigated potential 
mechanisms of  deacetylation by assessing general HDAC 
activity and expression of  sirtuins, one of  several known 
classes of  HDACs, as well as HAT activity.

Secondly, we aimed to determine if  the proteome ly-
sine acetylation status was associated with a proapoptotic 
environment, as shown in other experimental models. 
Apoptosis can be activated by a variety of  specific sig-
naling pathways (e.g., receptor-mediated, mitochondrial-
mediated, endoplasmic reticulum (ER)-mediated, etc.), 
depending on the initiating stimulus, and is associated 
with a distinct apical caspase[14]. These apical caspases 
converge on caspase-3, which is considered the central 
executioner of  apoptosis. Activation of  caspase-3 is 
responsible for the demise of  the cell and most of  the 
characteristic morphology associated with apoptosis, such 
as DNA fragmentation, cell shrinkage, and membrane 
blebbing. Thus, we assessed the content and activation of  
apical caspases and the activity of  caspase-3 to determine 
if  the proteome acetylation status was associated with the 
apoptotic environment in this experimental model. Fur-
thermore, the effects of  Dox on apical caspases and their 
role in hepatic toxicity have not been previously studied. 

MATERIALS AND METHODS 
Animals and experimental design
The institutional Research Review Board approved all 
protocols and procedures. Male F344 rats, 6-weeks of  
age, were purchased from Charles River (Wilmington, 
MA). The rats were arbitrarily separated into groups 
and were housed in a light controlled and temperature 
(22 ℃ ± 2 ℃) controlled facility. Doxorubicin (20 mg/
kg; Sigma, Saint Louis, MO; n = 8) or NaCl (0.9%; n = 
7) was injected intraperitoneal (IP). The dose of  doxo-
rubicin used in this study is equivalent to clinical doses 
used in humans that are pharmacologically scaled for use 
in rats[15,16]. Food and water was withheld from all ani-
mals during the experimental period (24 h). Doxorubicin 
administration can cause up to an approximate 70% de-
crease in both food and water intake within several hours 
of  administration and typically persists for numerous 
days[17]. All other investigations examining the effects of  
Dox on the liver in laboratory animals did not control for 
differences in food and water intake, thus the Dox group 
was nutrient deficient while the control group received 
plenty of  food and water. As a result, it was not possible 
to distinguish between the effects of  Dox and the effects 
of  anorexia. Anorexia has been shown to alter hepatic 
oxidative stress, autophagy, mitochondrial morphology, 
survival signaling, and many more processes[18-21]. Thus, to 
control for Dox-induced anorexia we fasted all animals. 
After exposure to ether, rats were sacrificed by disloca-
tion of  the cervical spine. Tissues were excised immedi-
ately following sacrifice, saline rinsed and frozen in liquid 
nitrogen. Tissues were stored at -80 ℃ until analysis.

Western analysis
Liver samples were homogenized (Power Gen 125, Fisher 
Scientific, Pittsburgh, PA) in ice-cold phosphate-buffered 
saline (2.68 mmol/L KCl , 1.75 mmol/L KH2PO4, 

137 mmol/L NaCl, 10 mmol/L Na2HPO4, 5 mmol/L 
EDTA). Ten uL/mL of  Halt Phosphatase Inhibitor 
Cocktail and 10 uL/mL of  Halt Protease Inhibitor Cock-
tail (Pierce Biochemicals, Rockford, IL) was added to 
the buffer immediately before homogenization. The ho-
mogenate was centrifuged at 660 × g at 4 ℃ for 10 min. 
The supernatant was used for biochemical analysis. The 
Bicinchoninic Acid Protein Assay Kit (Sigma, Saint Louis, 
MO) was used to assess protein concentration. Samples 
were run in quadruplicate. 

Protein (proteome) lysine acetylation and protein 
content of  sirtuin 1 (Sirt1), sirtuin 3 (Sirt3), poly (ADP-
ribose) polymerase-1 (PARP-1), and procaspase-1, -8, 
-9, -12 were determined by standard wet Western blot 
analysis. Proteins (50 ug) were separated on tris/glycine 
4%-20% separating polyacrylamide PAGEr Gold Precast 
Gels (Lonza, Rockland, ME) under denaturing conditions 
and transferred to nitrocellulose membranes. Membranes 
were blocked in PBS blocking solution containing 5.0% 
powdered milk for one hour at room temperature. Mem-
branes were incubated in primary antibody overnight 
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at 4 ℃ (dilution of  1:1000; antibodies were purchased 
from Santa Cruz Biotechnology, INC, Santa Cruz, CA, 
sc-137254, sc-7150, sc-56036, sc-166320, sc-81663, 
sc-21747, sc-271014, sc-15404, sc-99143, sc-32268). 
Membranes were incubated with secondary HRP-linked 
antibody, with a dilution of  1:10000, for two hours shak-
ing at room temperature. Bands of  interest were imaged 
using SuperSignal West Pico Chemiluminescent Substrate 
(Pierce Biochemicals, Rockford, IL) and the Kodak 
IS4000R Imaging System (Carestream Health, Inc., New 
Haven, CT). To assess equal loading of  protein, ponceau 
staining (Pierce Biochemicals, Rockford, IL) of  the ni-
trocellulose membranes was used. Whole lane analysis 
for each sample was used to determine densitometry of  
Ponceau staining. Data are presented as arbitrary units of  
densitometry calculated by subtracting the background 
intensity from the mean intensity of  each band. Arbitrary 
OD for each band was normalized to the densitometry 
of  Ponceau staining of  each lane to account for variances 
in loading. The utilization of  Ponceau staining as a repro-
ducible alternative to actin in assessing equal loading has 
been validated [22].

HDAC activity 
An HDAC Colorimetric Assay (BioVision, Milpitas, CA) 
was purchased to determine HDAC activity. The manu-
facturer’s instructions were followed. Samples were run 
in triplicate. Data are expressed as arbitrary OD/protein 
concentration as determined by the BCA Assay.

HAT activity
Histone acetyltransferse activity was measured using a 
HAT Colorimetric Assay Kit (BioVision, Milpitas, CA). 
The manufacturer’s instructions were followed. Samples 
were run in triplicate. Data are expressed as arbitrary 
OD/protein concentration as determined by the BCA 
Assay.

Caspase-3 activity
A Caspase-3 Colorimetric Assay Kit (BioVision, Milpitas, 
CA) was used to determine caspase-3 activity. The manu-
facturer’s instructions were followed. Samples were run 

in triplicate. Data are expressed as arbitrary OD/protein 
concentration as determined by the BCA Assay.

Statistical analysis 
For statistical analysis, a Student’s t-test was used. P < 0.05 
was deemed statistically significant. Data is presented 
as mean ± SEM. For all analysis the n = 8 for the Dox 
group and n = 7 for the control group.

RESULTS
Proteome lysine acetylation status
Since proteome lysine deacetylation has been associated 
with pro-apoptotic environment and cellular injury in al-
ternative experimental models, we determined the effects 
of  Dox on acetylation status in the liver. Dox promoted 
proteome lysine deacetylation of  treated animals (42.88 
± 2.06 vs 32.03 ± 1.00, P = 0.002; control vs Dox, respec-
tively; Figure 1). Proteins of  molecular weight between 
30-80 kDa appear to be most affected, as we did not 
observe protein bands detected by the lysine acetylation 
antibody above or below these molecular weights. These 
results suggest that early effects of  acute Dox toxicity in-
volve proteome lysine deacetylation. 

Protein content of Sirt1 and Sirt3 
Sirtuins are a class of  HDACs that have recently been 
under intense investigation, in part, due to their potential 
role in longevity[23]. To investigate the potential mechanism 
of  Dox-induced deacetylation, we investigated the ef-
fects of  Dox on the expression of  Sirt1 and Sirt3, two of  
the most studied lysine deacetylases in the sirtuin family. 
Despite significant deacetylation, Sirt1 content was not 
affected by Dox treatment (128.57 ± 6.10 vs 122.89 ± 4.09, 
control vs Dox, respectively, P = 0.44) nor Sirt3 (27.14 ± 
2.69 vs 28.00 ± 2.28, control vs Dox, respectively, P = 0.81; 
Figure 2). 

Interestingly, a prominent band of  approximately 
45 kDa was detected in the liver with the Sirt1 antibody. 
Dox treatment increased the content of  this species 
compared to control (139. 0 ± 4.25 vs 107.86 ± 4.06, re-
spectively, P = 0.0001). It is possible that this species is 
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a cleaved fragment of  Sirt1. A recent study has shown, 
in chondrocytes, that Sirt1 can be cleaved into a 75 kDa 
fragment that plays a role in regulation of  apoptosis[24]. 
The antibody used in this study does not target the 75 
kDa fragment, however, the species detected may be the 
approximately 45 kDa remnant of  the cleaved Sirt1. 

HDAC activity
We also assessed general HDAC activity to determine if  
deacetylases might be responsible for the Dox-induced 
proteome lysine deacetylation. We did not observe a dif-
ference between Dox treated and control animals (0.120 
± 0.020 vs 0.151 ± 0.017, respectively, P = 0.29; Figure 
3A). Thus, the data suggests that HDACs may not be re-
sponsible for the observed proteome lysine deacetylation 
in Dox treated animals. 

HAT activity 
Since the proteome deacetylation did not appear to be 
due to increased HDAC activity, we assessed HAT activ-
ity. Dox decreased hepatic HAT activity (0.209 ± 0.006 
vs 0.189 ± 0.004, P = 0.017, Figure 3B). Thus, the data 
suggest that the Dox-induced proteome deacetylation is, 
at least in part, due to decreased HAT activity in livers of  
treated animals. 

Expression and activation of apical caspases
Caspase-9: To evaluate the influence of  Dox treatment 
on the stimulation of  apoptosis mediated by mitochon-
dria, we determined the content of  procaspase-9 and the 
presence of  any cleavage products representing the active 
caspase. Dox treatment increased procaspase-9 content 
in the liver (46.86 ± 1.66 vs 56.22 ± 1.96, control vs Dox, 

respectively, P = 0.003; Figure 4). No cleavage products 
were detected. The results suggest that activation of  the 
mitochondrial-mediated apoptotic pathway may not con-
tribute to early mechanisms of  hepatic toxicity. 

Caspase-8: To evaluate the influence of  Dox treatment 
on the stimulation of  receptor-mediated apoptosis, we 
determined the content of  procaspase-8 and any po-
tential cleavage products. Dox treatment did not affect 
content of  procaspase-8 or its activation (33.81 ± 2.38 
vs 33.99 ± 2.40, control vs Dox, respectively, P = 0.96; 
Figure 5). There was no statistical difference in the pres-
ence of  lower molecular weight bands between treatment 
groups (data not shown). The results suggest that activa-
tion of  caspase-8 by receptor-mediated mechanisms may 
not contribute to early mechanisms causing acute hepatic 
toxicity.

Caspase-12: Caspase-12 has been implicated in stimulat-
ing apoptosis in response to ER dysfunction and calcium 
dyshomeostasis[25-27], therefore, we assessed the content 
of  procaspase-12 and any potential cleavage products. 
Hepatic procaspase-12 (50 kDa) content in Dox treated 
animals tended to be lower than those of  control ani-
mals (38.66 ± 5.82 vs 56.0 ± 6.98, respectively) , however 
statistical significance was not reached (P = 0.075). The 
content of  the cleavage product of  caspase-12 (40 kDa) 
was significantly increased by Dox treatment (78.11 ± 
7.73 vs 43.0 ± 5.91, Dox vs control, respectively, P = 0.004; 
Figure 6). 

Caspase-1: Caspase-1 is an inflammatory caspase in-
volved in the processing of  proinflammatory cytokines. 

380WJBC|www.wjgnet.com August 26, 2014|Volume 5|Issue 3|

Dirks-Naylor AJ et al . Dox-induced hepatotoxicity

140

120

100

  80

  60

  40

  20

    0

N
or

m
al

iz
ed

 O
D

Control                         Dox
121 kDa

45 kDa

35

30

25

20

15

10

  5

  0
N

or
m

al
iz

ed
 O

D
Control                         Dox

Sirt1 Sirt3

Figure 2  Protein content of Sirt1 and Sirt3. Doxorubicin (Dox) did not affect the expression of Sirt1 or Sirt 3 in liver of treated animals. Representative Western blot 
shows 120 kDa Sirt1. A 45 kDa species detected by the Sirt1 antibody is also shown. Sirt: Sirtuin.



Aside from its implicated role in apoptosis, caspase-12 
has been shown to play a role in the inflammatory pro-
cess[28]. Caspase-12 is a dominant negative effector of  
caspase-1. Since we observed processing of  caspase-12, 
we assessed expression and activation of  caspase-1 to 
determine if  processing of  caspase-12 affected expres-
sion or activation of  caspase-1. Dox treatment did not 
affect expression of  procaspase-1 (52.9 ± 10.33 vs 38.2 
± 6.23, control vs Dox, respectively, P = 0.22). There was 
no statistical difference in the presence of  lower mo-
lecular weight bands between treatment groups (data not 
shown), suggesting that Dox did not lead to its activation 
(Figure 7).

Markers of  apoptosis: Caspase-3 is considered the cen-
tral executioner of  apoptosis and cleaves a plethora of  
substrates which lead to the demise of  the cell and to the 
classical morphological characteristics of  apoptosis, such 
as DNA fragmentation. Thus, we measured caspase-3 ac-
tivity to assess activation of  apoptosis. Dox did not affect 
the activity of  caspase-3 activity in treated animals (0.193 
± 0.061) compared to control animals (0.134 ± 0.016, 
P = 0.45, Figure 8A). PARP-1 is an enzyme involved in 
DNA repair. Upon stimulation of  apoptosis, PARP-1 is 
cleaved by various proteases, including caspase-3, in order 
to disengage the repair process. Thus, PARP-1 cleavage 
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Figure 4  Protein content of procaspase-9. Doxorubicin (Dox) increased the 
hepatic expression of procaspase-9. Representative Western blots show the 
band corresponding to procaspase-9; no bands of lower molecular weight rep-
resenting cleavage products were present. aP < 0.050, control vs Dox.
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is a commonly used marker of  apoptosis. In the current 
study, Dox treatment did not lead to the cleavage and in-
activation of  PARP-1. We analyzed PARP-1 and all cleav-
age products, but only included the data for the 89 kDa 

cleavage product since this is the product produced via 
cleavage by caspase-3 (88.86 ± 5.83 vs 91.1 ± 8.59, con-
trol vs Dox, respectively, P = 0.84, Figure 8B and C). The 
results suggest that apoptosis did not occur in response 
to acute Dox treatment, at least 24 h post injection under 
these experimental conditions. Figure 9 shows Ponceau 
staining of  the samples used in all of  the representative 
Western blots. 

DISCUSSION
Recently, it has been shown that cellular stress can cause 
cellular deacetylation of  nuclear and cytoplasmic proteins 
and that normalization of  the acetylation status can pro-
tect cells from injury and death[12,29]. Furthermore, caloric 
restriction, an intervention shown to provoke protection 
against cellular insults and to increase longevity, increases 
acetylation status of  the mitochondrial proteome in the 
liver, heart, and kidney[30]. However, the effects were tis-
sue specific in that caloric restriction did not alter acetyla-
tion status of  the mitochondrial proteome in the brain 
and caused deacetylation in brown adipose tissue[30]. Since 
proteome lysine deacetylation may be a marker of  cel-
lular stress in various tissues, we investigated the effects 
of  Dox on proteome lysine acetylation status in the liver 
which was previously unknown. It was found that acute 
Dox treatment promoted lysine deacetylation which is 
consistent with the notion that an imbalance in acetyla-
tion status favoring deacetylation may signify cellular 
stress in the liver. Proteins most affected by Dox appear 
to be those with a molecular weight between 30-80 kDa. 

Acetylation status is determined by the activities of  
HATs and HDACs. Sirt1 and Sirt3 are members of  the 
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class Ⅲ HDACs, nicotinamide adenine dinucleotide 
(NAD+)-dependent enzymes, and are the most studied 
of  the seven sirtuins[13]. Sirt1 primarily targets nuclear and 
some cytoplasmic proteins while Sirt3 targets mitochon-
drial proteins. Although acute Dox treatment induced 
proteome lysine deacetylation, Dox did not affect the 
protein content of  Sirt1 or Sirt3 nor the overall HDAC 
activity. However, it did decrease HAT activity. These re-
sults suggest that proteome lysine deacetylation may not 

be due to a generalized increase in HDAC activity and 
may rather be due to a decrease in HAT activity. 

No studies have previously reported the influence of  
Dox administration on protein levels of  Sirt1 or Sirt3. 
However, a previous study reported that Dox administra-
tion increased the mRNA content of  Sirt1 in the heart 
of  treated mice[2]. The discrepancy could be due to tissue 
specific differences or differences in experimental design. 
A reduction in food intake and low nutrient availability 
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increases the expression of  Sirt1, as well as Sirt3[31-33]. To 
control for changes in food intake, we fasted both the 
control and treatment groups. Zhang et al did not control 
for Dox-induced changes in food intake and thus it can-
not be determined if  changes in Sirt1 expression are a 
direct effect of  Dox or an indirect effect of  anorexia.

Western analysis of  Sirt1 revealed two prominent 
bands of  120 kDa and 45 kDa in the liver. The 120 kDa 
band corresponds to the expected molecular weight of  
Sirt1. It is unknown what the 45 kDa species is at this 
time. However, since this species was responsive to Dox 
treatment we searched the literature for possibilities. 
Three studies by the same group reported that Sirt1 can 
be cleaved under inflammatory conditions into a 75 kDa 
fragment in chondrocytes[24,34,35]. This fragment is void 
of  deacetylation activity but shown to associate with cy-
tochrome c on the mitochondrial membrane and to pre-
vent apoptosis[24]. The cleavage of  human Sirt1 occurs at 
amino acid residue 533 with the N-terminus being the 75 
kDa fragment[34]. Our C-terminus Sirt1 antibody does not 
detect the N-terminus 75 kDa fragment, but may be de-
tecting the C-terminus 45 kDa fragment. The content of  
this fragment increased with Dox treatment in the liver, 
possibly representing an increase in Sirt1 cleavage as a 
mechanism to prevent apoptosis in stressed hepatocytes. 
Future investigation is required to identify this Dox-
responsive species.

To determine if  proteome deacetylation was associ-
ated with a proapoptotic environment, as shown in other 
experimental models, we assessed the content and activa-
tion of  several apical caspases associated with specific 
apoptotic stimuli. Activity of  caspase-3 and cleavage of  
PARP-1 were also assessed. To our knowledge, this is the 
first investigation on the effects of  acute Dox administra-
tion on the hepatic expression and activation of  apical 
caspases. Our data suggests that acute Dox treatment is 
not likely associated with apoptosis induction. Dox ad-
ministration did not stimulate the activation of  caspase-9, 
caspase-8, caspase-3 or induce cleavage of  PARP-1 in 
the liver under these experimental conditions. However, 
Dox treatment did increase the activation of  caspase-12. 
Caspase-12 has been implicated in both apoptosis and 
inflammation. Early work suggested that in response to 
ER stress and calcium dyshomeostasis, caspase-12 can 
be activated by m-calpain and then induces apoptosis 
via cleavage of  caspase-9 with consequent activation of  
caspase-3[25-27]. Our data suggests that caspase-12 may 
not be involved in apoptosis induction since we did not 
detect an increase in caspase-9 cleavage, caspase-3 activity 
or PARP-1 cleavage. In fact, more recent reports sug-
gest that caspase-12 is incapable of  cleaving caspase-9 
or caspase-3. It was reported that the catalytic activity 
of  caspase-12 was confined to autoprocessing and was 
unable to cleave other substrates[28,36]. Thus, caspase-12 
may be playing a role in the inflammatory process rather 
than apoptosis. Caspase-12 has been shown to be an in-
hibitor of  caspase-1. Caspase-12 binds procaspase-1 and 
prevents its activation and consequent cytokine process-

ing[28]. Both procaspase-12 and the processed form of  
caspase-12 have been found to be a part of  the caspase-1 
inhibitory complex[28]. However, the role of  caspase-12 
cleavage in regulating the inflammatory response is un-
known at this time, but has been suggested as a means 
for temporal limitation of  the inhibitory effect of  cas-
pase-12[28]. The effects of  Dox on the expression and 
activation of  caspase-1 were assessed, but we did not 
observe an effect. Procaspase-12 has also been shown to 
have an inhibitory effect on NF-κB[37]. Thus, autopro-
cessing of  caspase-12 may lead to decreased suppression 
of  NF-κB and increased expression of  anti-apoptotic 
proteins helping to protect the liver from Dox-induced 
apoptosis. This hypothesis is speculative and further stud-
ies are required to discern the role of  caspase-12 in Dox-
induced injury. In summary, lysine deacetylation likely is 
not associated with an apoptotic environment. However, 
a limitation is the lack of  deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) to verify the 
lack of  apoptosis induction. With this limitation, it can-
not be conclusively ruled out that apoptosis independent 
of  caspase activation or PARP-1 cleavage did not occur. 

Although, our results suggest that Dox does not likely 
induce apoptosis, at least at this early time point under 
these experimental conditions, a previous study reported 
that Dox may induce apoptosis in the liver via the ac-
cumulation of  p53, decreased expression of  Bcl-xL, and 
cytochrome c release from mitochondria[5]. Cytochrome c 
release stimulates apoptosis via caspase-9 activation, how-
ever, they did not assess caspase-9 activity. Our results 
differ from Patel et al[5] in that we found that Dox does 
not increase caspase-9 activation. In the current study, we 
report that Dox increases the content of  procaspase-9 
with no evidence of  cleavage products. We have also 
found that Dox decreases the activity of  caspase-9 and 
mitophagy in hepatic tissue of  these animals (data will be 
published elsewhere). We hypothesize that the decreased 
caspase-9 activity may be due to increased mitophagy, 
by the elimination of  damaged mitochondria susceptible 
to cytochrome c release[38] and thus may be a protective 
response to an initial insult induced by Dox. Our results 
may contrast from Patel et al. due to differences in experi-
mental design as there were several relevant disparities [5]. 
First, Patel et al[5] used an extremely high dose of  Dox (60 
mg/kg) which was three times the dose used in the cur-
rent study. Secondly, our animals were fasted to control 
for the anorexic effect of  Dox, while Patel et al[5] did not 
account for this variable. Therefore, the Dox animals 
were severely deficient in nutrients while the control ani-
mals were not. Thirdly, Patel et al[5] assessed Dox induced 
hepatic damage 48 h after treatment, while we examined 
toxicity at 24 h post treatment. It is possible that hepatic 
apoptosis may occur at a later time point due to the in-
direct effects of  progressing peripheral organ damage, 
such as progression of  heart failure. Animals treated with 
Dox usually show signs of  heart failure within days of  
treatment which varies depending on the dose admin-
istered. Heart failure is known to cause liver damage[39]. 
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Alternatively, complete fasting (compared to a 50%-70% 
reduction) of  the animals had an unintended protective 
effect against Dox-induced hepatic apoptosis. Recently, it 
was shown that fasting prior to Dox treatment, but then 
fed ad libitum upon treatment, protected against cardiac 
toxicity by means of  autophagy induction[40]. The absence 
of  an ad-libitum fed Dox group and control group does 
not allow the determination of  the effects of  fasting on 
the variables assessed in our study. Yet, the objective was 
simply to eliminate this external variable. More studies 
are necessary to determine if  fasting extends similar pro-
tection against hepatotoxicity. 

Early effects of  acute Dox treatment include altered 
proteome acetylation homeostasis favoring lysine deacet-
ylation. The mechanism of  proteome lysine deacetylation 
likely involves decreased activity of  HATs, rather than 
increased activity of  HDACs. In our experimental model, 
lysine deacetylation does not appear to be associated with 
an apoptotic environment. Acute Dox treatment did not 
increase cleavage of  caspase-9, cleavage of  caspase-8, 
cleavage of  PARP-1, or caspase-3 activity. Dox treatment 
did stimulate caspase-12 activation, however, its activa-
tion does not appear to play a role in apoptosis induction. 
Thus, early mechanisms of  hepatic toxicity may not in-
volve induction of  apoptosis, at least under these experi-
mental conditions. The liver may be able to engage an early 
protective response against an initial Dox-induced insult. 
Further damage to the liver, which may include apopto-
sis, may occur at later time points as damage to peripheral 
organs progresses and may be an indirect effect of  Dox. 
Alternatively, fasting of  the animals in our experimental 
design may have provoked a protective response which 
prevented apoptosis. Further studies are required to dis-
cern the role of  proteome lysine deacetylation, as well as 
the role of  caspase-12, in Dox-induced hepatic toxicity. 
It is not clear whether lysine deacetylation and caspase-12 
activation contribute to toxicity or play a role in a protec-
tive response. Clarification will elucidate the potential of  
acetylation homeostasis and caspase-12 as therapeutic 
targets against Dox-induced toxicity.
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