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Abbreviations: PUMA, p53 up-regulated modulator of apop-
tosis; HCC, hepatocellular carcinoma; DEN, di ethyl nitrosamine; 
PH, partial hepatectomy; ROS, reactive oxygen species; MOMP, mi-
tochondrial outer membrane permeabilization; ALD, alcoholic liver 
diseases; NAFLD, non alcoholic liver diseases comprising fatty liver 
diseases; NASH, non-alcoholic steatohepatitis; HBV, hepatitis b vi-
rus; HCV, hepatitis c virus; HCC, hepatocellular carcinoma; ACLF, 
acute or chronic liver failure; ROS, reactive oxygen species; ER, en-
doplasmic reticulum; PH, partial hepatectomy; KC, keratinocyte che-
moattractant; MIP-2, macrophage inflammatory protein-2; VEGFR, 
vegf receptor; PDGFR, pdgf receptor

Introduction 
The group of Bcl-2 family member proteins play a fundamental 

role in apoptosis and cancer development.1 The BH3 only members 
Bid, Puma, Bad, Noxa in Bcl-2 family initiate apoptosis in response 
to a broad range of stimuli and cell types.2 Within these initiator 
proteins, PUMA (P53 Up-Regulated Modulator Of Apoptosis) is 
a highly conserved apoptosis initiator and was discovered initially 
as a transcriptional target of p53.3‒5 Puma is markedly induced in a 
p53-dependent or independent manner with sense of distinct stimuli 
such as, DNA damage, oxidative stress and serum deprivation.6‒8 The 
protein indirectly dissociates Bax and Bcl-xL and release Bax to set 
off Mitochondrial Outer Membrane Permeabilization (MOMP) that 
is associated with its potent pro apoptotic activity.9 Puma can also 
directly associates with Bax to induce apoptosis10 and participates in 
the endoplasmic reticulum associated apoptotic pathway.11,12 There 

were down regulation of Puma has been reported in melanoma 
and leukaemia, in contrast the increased Puma expression leads to 
extensive apoptosis in a variety of human cancer cells in vitro as 
well as xenograft model.13,14 Inhibition of Puma with short hairpin 
RNAs suppressed p53-dependent apoptosis, endorsed the oncogenic 
transformation of primary murine fibroblasts by E1A/Ras and 
dramatically steps up El-myc-induced lymphomagenesis.15 Loss of 
Puma enhanced intestinal tumorigenesis induced by carcinogens.16 
In contrary, two independent studies also demonstrated that Puma 
dependent apoptosis is required for radiation-induced lymphoma in 
mice.17,18

Here we discuss the contrasting role of Puma in liver regeneration 
and injury. During liver injury the molecular targets of hepatocyte 
death in relation to compensatory proliferation have not been fully 
characterized still yet. There is classical thought that the apoptotic 
death secures the removal of hepatocyte with compromised genomes 
and is thought to prevent tumorigenesis. But there are emerging 
concepts implicate the excessive apoptosis as a keystone in hepatic 
fibro genesis. The loss of Puma activity can also limit the replicative 
stress by protecting bone marrow hematopoietic cells from death.18 
In contrast the Puma mediated apoptosis drives DEN induced mice 
model of HCC.16 

Liver degeneration leads to failure of hepatic 
regeneration

In our daily life liver cells are continuously exposed to a large 
number of antigenic loads that includes pathogens, toxins, tumor 
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Abstract

Hepatocytes are susceptible to injury due to its contribution in xenobiotic metabolism 
including drugs and alcohol, fatty acid metabolism and enterohepatic circulation of 
bile acids and hepato tropic viruses. On the other hand regeneration of hepatocytes is 
well-studied phenomenon essential for maintenance of its volume during chronic liver 
injury as well as acute restoration of liver volume after resection. During chronic and 
acute insult of liver apoptosis and necrosis are the most widely documented forms of 
hepatocyte cell death. Experimental evidence also demonstrates that apoptosis and 
cell proliferation are closely linked and many proteins that can induce cell death are, 
in fact, components of the cell division cycle. Apoptosis is crucial for sustain tissue 
homeostasis and its circumvention is assumed as a hallmark of cancer. Conversely, 
there are several evidences also support the contribution of pro-apoptotic Bcl-2 
family members in development of liver cancer. They also play vital role during liver 
regeneration induced by partial hepatectomy, a well characterized In vivo model of 
cell cycle progression. Here we discuss the context dependent role of specifically 
one BH3 only group of Bcl-2 family member, Puma during hepatic degeneration 
and regeneration. Up regulation and down regulation of this specific protein is 
vital for carcinogenesis as well as hepatic regeneration. The expression levels of 
Puma contributing to hepatocyte injuries, hepatic proliferation and progression of 
malignancies are also reflected in the context of potential therapeutic strategies.
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cells and dietary antigens. Hepatic injury or degeneration may 
cause different aetiologies of diseases including Alcoholic Liver 
Diseases (ALD), Non Alcoholic Liver Diseases Comprising Fatty 
Liver Diseases (NAFLD), Non-Alcoholic Steatohepatitis (NASH), 
autoimmune hepatitis, primary biliary cirrhosis, sclerosing cholangitis 
etc. Within several years only viral Hepatitis B and C (HBV, HCV) 
can cause chronic hepatitis which ultimately can progress to cirrhosis 
and Hepatocellular Carcinoma (HCC).19,20 During acute liver 
insult or in acute on chronic liver failure (ACLF),21 the liver micro 
environments are exposed to instant high levels of pro inflammatory 
cytokines such as TNF-α, IL-1α, INF-γ, caused by host derived 
(DAMPs) or pathogen derived (PAMPs) danger signals (E.g: LPS). 
These cytokines, besides further potentiating the inflammatory 
response, activate both survival and cell death pathways depending 
on the exposure and cellular context. On the other hand the activation 
of Hepatic Stellate Cells (HSCs) and their Trans differentiation into 
myofibroblast with the secretion of extracellular matrix proteins 
plays a critical role in fibro genesis. These activated HSCs engulf 
the apoptotic bodies resulting from hepatocyte death, and produce 
pro fibrogenic cytokines (such as transforming growth factor‐β 1, 
TGF‐β) and type I collagen.22 In the later stages the HSCs also trans 
differentiate into myofibroblast matrix proteins. Current information 
suggests that damaged hepatocyte cells release the nucleotides 
ATP and UTP, which can bind to purinergic G protein coupled 
P2Y2 receptors the not only present in macrophages but also 
in the HSCs.22 Therefore, emerging concepts implicate excessive 
hepatocyte death as a keystone in hepatic inflammation and fibro 
genesis by continuous HSCs activation. Pro and anti apoptotic 
activities within a particular cell decide whether the balance will tip to 
one side or the other during liver injury.

The liver is a highly regenerative organ and the predominant 70% 
to 80% hepatocyte cells regulate intermediary metabolism, detoxify 
endo and xenobiotics, manufacture critical circulating proteins and 
generate bile acid dependent bile flow. In partial hepatectomy model 
of mice the 70% surgical resection of the liver allows the normally 
quiescent hepatocytes quickly entering the cell cycle to regenerate 
the original hepatic mass. In rodents this histological restitution 
of the liver mass is accomplished within 7-10days and in humans 
this may take about 6-8weeks.23 During chronic liver injury due to 
aberrant regeneration with increased expression of TIMPs by resisting 
the scar resolving function of MMPs, the liver undergoes scarring 
by inhibiting the proliferation of mature epithelial cells with down 
regulation of CXCR7 and upregulation of CXCR4. Large number of 
hepatocyte cells undergo frequently in senescent stage.24 But after 
acute or even repetitive injury, the liver regenerates efficiently25,26 
recovering from even considerable necrosis caused by toxins or a viral 
infection. This process requires a coordinated response of immune 
cells including T cells, macrophages and eosinophils, mobilization 
of liver growth factors, matrix remodelling and a rapid but tightly 
controlled abundance of epithelial cells to sustain the cell cycle and 
proliferation of hepatocyte.24,27,28 

Suppressive mode of Puma is essential for hepatic 
regeneration

The balance between the hepatocyte proliferation and cell death 
is of the highest importance in the regenerative process.29 After 
partial hepatectomy the remnant liver generates an excess of Reactive 
Oxygen Species (ROS)30 where the pro survival Bcl-xL levels 
increase in response to oxidative stress.31 However, pro apoptotic 

Bax also increases accordingly.32 Even in normal proliferative cells 
the regulation of Endoplasmic Reticulum (ER) mediated calcium 
homeostasis by the Bcl-2 family proteins was formerly defined in 
the context of apoptosis under ER stress, oxidative stress and other 
adverse conditions.33,34 This regulation is not likely only specific to 
the apoptotic stimulation, but may rather be a constitutive aspect 
with diverse functional outcomes. Liver regeneration involves both 
proliferation and apoptosis of hepatocyte. Therefore, the occurrence of 
rare apoptotic hepatocytes during the early phase of liver regeneration 
is tricky to describe based on the expression patterns of these Bcl-2 
members.35

Chen S et al.36 explored the role of Puma and its association with 
other Bcl-2 family members in liver regeneration by comparing 
differential expression of Puma with normal livers and hepatitis as 
well as with hepatoma tissues. To understand the relationship of 
hepatocyte survival and death of regenerative hepatocyte during 
liver regeneration, they have measured the Puma mRNA and protein 
expression in mice model of 70% Partial Hepatectomy (PH) and found 
significant decrease of Puma level within 24hour post PH along with 
increased Bcl-xL expression without affecting the caspase 3 cleavage 
(Figure 1).36 Similar observation was also found in rats.32 Additionally, 
the expression of Slug protein, the transcriptional repressor of Puma37 
along with p53, Bax, Bcl-xL increased after PH. So the enforcement of 
regeneration with PH concurrently repressed the expression of Puma 
coupled with Bcl-xL up-regulation, suggesting that the synergetic 
changes of Puma and Bcl-xL may contribute to suppress apoptosis 
and resist metabolic overload. But these down regulation could not be 
explained by the accumulation of ROS,30 a common stimulus inducing 
Puma after PH or by the nuclear translocation of p53,38 also a Puma 
inducer. Chai group demonstrated the contribution of Puma to liver 
regeneration was also assessed by manipulating its expression level 
using adenovirus vectors. They used the adenoviral mediated Puma 
expression to prevent the physiological down regulation post PH 
and showed a decrease in proliferation and an increase in apoptosis 
in livers after PH, with inflammatory cell infiltration and increased 
mortality. In addition Puma expression induced potent cytokines 
Keratinocyte Chemo attractant (KC) and Macrophage inflammatory 
protein-2 (MIP-2) which is reported to increase in inflammation 
induced by Fas-mediated hepatocyte death.39 These results point 
out that the increased Puma levels may affect the expression of both 
pro survival and pro-apoptotic Bcl-2 family partners that influence 
the hepatocytes likely to die, suggesting that the Puma repression is 
necessary in the priming and progression phase of liver regeneration. 
In contrast from this regenerative liver, Puma expression showed 
an increased trend in human hepatitis, mouse model of carcinogen 
induced liver injury and hepatoma cells. In fact, the slight increase 
expression of Puma leads aberrant regeneration inducing apoptosis 
and highly expressed Puma can cause acute or sudden uncontrolled 
liver injury with inflammation.36 The above collective studies clearly 
suggest the protective low expression of Puma in hepatocyte during 
normal proliferation process and liver regeneration (Figure 1)

In the normal adult liver, hepatocytes are either mitotically 
quiescent stage or divide normally with low expression of Puma. 
Following partial hepatectomy endothelial growth factor, NF-kβ 
mediated proliferation of hepatocyte increase with down regulation 
of Puma along with up regulation of Bcl-xL to suppress apoptosis. 
In chronically injured or degenerative liver, the Puma expression 
is up regulated with increasing inflammatory signals. During HCC 
progression Puma expression is elevated only in malignant cells but 
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not in non malignant hepatocytes. Puma mediated apoptosis and the 
compensatory proliferation of malignant cells leads to carcinogenesis. 
Sorafenib treatment inhibits the proliferation of malignant cells as 

well as induces their apoptotic death, whereas the non-malignant cells 
are protected from sorafenib induced death due to low expression of 
Puma.

Figure 1 Context dependent Puma expression and regulation of hepatocyte fate during hepatocyte injury and regeneration.

Puma mediated apoptosis leads to hepatic injury and 
carcinogenesis

Apoptosis is the major mode of cell death in chronic viral 
hepatitis, though it is combined with necrosis (Necroptosis) in 
cholestatic livers. Multiple signaling pathways can activate an 
intermixed regulated apoptotic network by involving host, pathogen 
and microenvironment; including ER stress, death receptor-mediated 
cascade, ROS generation and mitochondrial dysfunction, whereas 
necrosis is an acute response. The patho physiologic role of apoptosis 
is complicated by contradictory evidences where lack of apoptosis or 
increased apoptosis may both result in carcinogenesis depending on 
the microenvironment and external influences. Our group and Qiu W 
et al.41 uncovered the long term controversy on the ambivalent role 
of the pro-apoptotic BH3 only protein Bid in tumorigenesis16,40‒42 

and Puma in carcinogen (i.e. DEN) driven liver cancer model of 
mice.16 Loss of BH3 only protein Bid43 or overexpression of Bcl-244 
suppressed DEN-induced liver cancer and hepatocyte proliferation. 
In mice deficient in NF-kB signaling45 or the anti-apoptotic Mcl-
146 developed spontaneous HCC secondary to hepatocyte death. 
Similarly Puma deficiency suppressed DEN induced compensatory 
proliferation in hepatocytes and tumor proliferation along with 
increased caspase3 activation. Detailed signaling studies revealed 
that the JNK1-dependent Puma induction mediates DEN-induced 
hepatocyte apoptosis, proliferation and carcinogenesis.41 The acute, 
Puma-mediated apoptotic response in hepatocytes is a direct cause 
of compensatory proliferation and ensuing carcinogenesis. A 
twin role of Puma and apoptosis in cancer is rather unanticipated, 
but it is not without example. Puma deficiency was reported to 

defend hematopoietic stem/progenitor cells against irradiation 
induced cell death and suppresses compensatory proliferation and 
lymphomagenesis.17,18 Several genes can either promote or suppress 
tumorigenesis depending on the context. For example and as 
mentioned the inhibition of NF-kB enhanced DEN-induced HCC 
but reduced the colitis-induced colon cancer.47 Puma and apoptosis 
were induced by TNF-α or during inflammation through NF-kB.41,48 
Interestingly, Puma-deficient HCCs or liver foci showed underlying 
proliferation long after the initial DEN abuse, but not significantly 
change in apoptosis. It may be possible that JNK1 mediated 
production of inflammatory cytokines support the induction of Puma, 
apoptosis and development of carcinogenesis beyond the initial acute 
injury phase. These findings provide additional mechanisms between 
chronic liver injury, inflammation and cancer that are consistent with 
higher levels of Puma in liver tumors compared with adjacent normal 
tissues in HCC patients.49

Protective role of Puma in non-malignant cells: The 
therapeutic implication 

Next question come up with the implication of the Puma expression 
highlighting the therapeutic treatment in patients with HCC. Till 
date Sorafenib is the well-known approved drug for the treatment of 
patients with unresectable HCC.50,51 This multi kinase inhibitor targets 
serine/threonine kinases Raf/ERK as well as receptor tyrosine kinases 
VEGF receptor (VEGFR) and PDGF receptor (PDGFR) in HCC.52 
Sorafenib reduces Mcl-1 expression, which is associated with the 
induction of apoptosis in some tumor cell lines.53,54 But till now the 
pro apoptotic properties of Sorafenib in normal hepatocyte are not 
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clear. So in the therapeutic point of view it is important to evaluate 
the potential pro-apoptotic and anti-proliferative effect of sorafenib 
in healthy hepatocyte to understand its specific target on tumor cells. 
What is the effect of sorafenib on normal proliferation and liver 
regeneration? In fact, Sorafenib would not effect on non-malignant 
cells as well as regenerative cells. Liedtke group compared Sorafenib-
dependent signalling pathways in malignant hepatoma cells versus 
healthy hepatocytes in a syngeneic background and demonstrated 
that Sorafenib similarly reduced proliferation in hepatoma cells and 
in liver post PH whereas it particularly induces apoptosis only in 
malignant hepatoma cells in vivo and in vitro.55 Most interestingly 
as mentioned above also, the apoptosis induction in malignant cells 
was associated with the vigorous expression of Puma. In addition, 
Sorafenib reduced protein levels of the anti-apoptotic mediators such 
as Mcl-1, Bcl-2 and Bcl-xL, inhibited phosphorylation of the Akt 
target Mdm2 and endorsed strong activation of the caspase-3. Other 
studies indicated that in colon carcinoma cells Sorafenib-mediated 
apoptosis was associated with the induction of Puma.56 Sonntag R 
et al.55 measured Puma gene and protein expression in stimulated 
hepatoma cells, primary hepatocytes and Sorafenib-treated mice 
after PH, respectively. Puma expression was significantly higher in 
hepatoma cells and even further induced after Sorafenib treatment 
when compared with hepatocytes. Immuno blot analysis revealed 
robust Puma protein expression in Hepa1-6 cells with or without 
Sorafenib treatment but clear decrease of Puma levels in Sorafenib 
treated primary hepatocytes. So the lower expression of Puma in 
normal hepatocytes is protecting cells from sorafenib induced cell 
death associated with Puma. After PH, Puma was drastically down 
regulated in Sorafenib-treated mice in both control and Sorafenib-
treated groups.55 TShis also suggested that the normal proliferative 
and regenerative cells were not affected with sorafenib treatment due 
to low expression of Puma. The low expression of Puma protects the 
regenerative cells from sorafenib induced possibly Puma mediated 
apoptosis. Altogether, protection from Sorafenib driven apoptosis 
was found exclusively in non-malignant hepatocytes with low Puma 
levels in vitro and in vivo. Therefore the low expression of Puma in 
hepatocyte during normal proliferation process and liver regeneration 
protect them from sorafenib induced cell death. In contract the higher 
expression of Puma in malignant cells undergoes cell death with pro 
apoptotic and anti proliferative action of this therapeutic drug. 

Conclusion
In normal proliferating processes such as liver regeneration the 

BH3 only protein Puma repression is necessary. Puma repression 
may contribute to the suppression of apoptosis and inflammation, 
thus promoting liver regeneration. The coupled reverse alterations 
of Puma and Bcl-xL may be a key cyto protective mechanism in 
response to oxidative stress stimuli after partial hepatectomy. In 
contrast during hepatitis and HCC the Puma expression increases 
with abnormal proliferating process, in agreement with above studies. 
These reverse results indicate that apoptosis is under strict control 
through the repression of Puma during the normal process, while the 
mis regulation of the apoptotic network may occur. Sorafenib can 
eliminate malignant hepatoma cells through apoptosis presumably in 
a Puma dependent manner.
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