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Abstract: Permeant cGMP analogs prevent the mitochondria permeability transition (MPT) in vitro. In this study, 
we explored whether 8-pCPT-cGMP prevents the MPT and decreases post-transplant damage to fatty partial liver 
grafts (FPG) in vivo. Rats were fed a control or high-fat, high-fructose diet for 2-week. Lean and fatty liver explants 
were reduced in size ex vivo to ~35% and stored in the University of Wisconsin solution with and without 8-pCPT-
cGMP (300 µM) for 2 h. After transplantation, alanine aminotransferase release (indicator of hepatocellular injury), 
hyperbilirubinemia (indicator of poor liver function), and cell death were all higher in FPG than in lean partial grafts 
(LPG). Liver regeneration increased in LPG but was suppressed in FPG. 8-pCPT-cGMP blunted graft injury, improved 
liver regeneration and function, and increased survival of FPG. Hepatic mitochondrial depolarization detected by 
intravital multiphoton microscopy of rhodamine 123 in living rats was ~3.5-fold higher in FPG than in LPG. 8-pCPT-
cGMP decreased mitochondrial depolarization in FPG almost to the level of LPG. Activation of mammalian target 
of rapamycin (mTOR), an energy sensitive kinase that stimulates cell proliferation and growth, and p70S6 kinase, 
a downstream signaling molecule of mTOR, was increased in LPG but suppressed in FPG. 8-pCPT-cGMP restored 
the activity of mTOR and p70S6 kinase in FPG. 8-pCPT-cGMP also increased activation of cAMP response element-
binding protein (CREB) and expression of cyclins D1 and E in FPG. Non-alcoholic steatosis increases injury and sup-
presses regeneration after partial liver transplantation, at least in part, due to more severe mitochondrial dysfunc-
tion. Protection of mitochondria with a cGMP analog effectively improves outcomes of FPG transplantation. 
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Introduction

Hepatic steatosis is characterized by excessive 
accumulation of fat in hepatocytes of the liver 
and is a common feature of many liver diseas-
es, such as non-alcoholic fatty liver disease 
(NAFLD, including non-alcoholic steatohepati- 
tis [NASH]), alcoholic fatty liver disease, and 
drug-induced fatty liver disease. Obesity, nutri-
tional factors, altered gut microbiome, insulin 
resistance, physical inactivity, metabolic dys- 
lipidemia, and genetic factors are risk factors 
contributing to development of NAFLD [1-4]. 
Western diet, which is characterized by high 
fat, high fructose and high cholesterol intake, 

plays an important role in development of obe-
sity and NAFLD [5-7]. Due to an epidemic of 
obesity, NAFLD has become the leading cause 
of liver disease in Western countries with an 
estimated prevalence of 19-31% and affecting 
>30,000,000 people in the U.S. alone [6, 8, 9]. 
Since fatty liver grafts experience more dys-
function and primary non-function after trans-
plantation, the high prevalence of NAFLD has 
become a significant problem and burden for 
liver transplantation [10, 11].

Due to the high incidence of NAFLD and other 
fatty liver diseases, up to one-half potential 
donor livers have some extent of steatosis [12, 
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13]. Severe steatosis is well known to increase 
markedly the vulnerability of livers to ischemia/
reperfusion (I/R) injury and the risk of mortality 
after liver transplantation [14-18]. Therefore, 
severely steatotic livers (steatosis in >60% he- 
patocytes) are not used for transplantation. 
However, a recent analysis of the UNOS data 
base shows that even >30% macrovesicular 
steatosis decreases 1-year graft survival [19]. 
The use of donor livers with mild to moderate 
steatosis remains problematic, and most trans-
plant centers use fatty liver donors only in the 
absence of other known risk factors [17, 20, 
21]. Accordingly, steatotic grafts are generally 
excluded for use in partial liver transplantation. 
Thus, steatosis limits the availability of partial 
liver grafts, and development of effective the- 
rapies to improve the survival of fatty partial 
grafts (FPG) would increase the number of 
usable marginal liver grafts, thus alleviating the 
current severe shortage of donor livers.

Onset of the mitochondrial permeability transi-
tion (MPT) is an important mediator of hepatic 
I/R injury both in vitro and in vivo by causing 
necrotic and apoptotic cell death [22-25]. The 
MPT also mediates primary liver graft non-func-
tion after liver transplantation and occurs after 
major liver resection [26-28]. Previous studies 
show that cell-permeable cGMP analogs (e.g. 
8-BrcGMP and 8-pCPT-cGMP) prevent onset of 
the MPT after I/R in cultured hepatocytes and 
in isolated liver mitochondria incubated with 
cytosol [29, 30]. Moreover, cGMP and cAMP 
analogs in the presence of liver cytosol delay 
onset of the Ca+2-induced MPT in isolated rat 
mitochondria [31]. Both cGMP and cAMP ana-
logs appear to exert protection through activa-
tion of protein kinase A (PKA) [31]. Whether 
cell-permeable cGMP analogs prevent liver gra- 
ft failure in vivo is not known. Here, we show 
that 8-pCPT-cGMP decreases injury and im- 
proves survival after partial transplantation of 
fatty livers harvested from rats fed a high-fat, 
high fructose diet, a model of NAFLD [32]. 

Methods

Induction of non-alcoholic liver steatosis

Non-alcoholic liver steatosis was induced in 
male Lewis rats (100-150 g, Charles River, Ra- 
leigh, NC) by feeding a high-fat, high-fructose 
diet (HFFr diet, Dyets, Bethleham, PA) for 2 

weeks, as described previously [32]. Control 
rats were fed a low-fat, low-fructose control diet 
(Dyets) for the same time. Food was available 
at libitum. 

Reduced-size liver transplantation

Under isoflurane anesthesia, the abdomen was 
opened, and the median lobe and the left lat-
eral lobe were ligated with 4-0 suture and 
removed. The right superior and inferior lateral 
lobes and the caudate lobes remained. This 
technique decreased liver mass by ~65%. Re- 
duced-size livers were then infused with 5 ml 
ice-cold University of Wisconsin (UW) solution 
(Barr Laboratories Inc. Pomona, NY) and back-
table preparation was performed as descri- 
bed previously [28, 33]. Reduced-size explants 
were weighed and stored in UW storage solu-
tion with and without 8-(4-chlorophenylthio)-
guanosine 3’,5’-cyclic monophosphate (8-pCPT-
cGMP, 300 mM, BioLog Life Sciencs Institute, 
Flughafendamm, Germany) at 0-1°C for 2 h. 
After cold storage, donor explants were rinsed 
with 5 mL of lactated Ringer’s solution (Baxter 
Corp., Deerfield, IL) with and without 8-pCPT-
cGMP (300 mM). Sham operation and implan-
tation were performed as described previously 
[28]. The hepatic artery and the bile duct were 
reconnected. Lean partial grafts (LPG) and FPG 
were implanted into male Lewis rats fed control 
diet and weight-matched to the corresponding 
donor rats. 8-pCPT-cGMP treatment was ran-
domly assigned. Rats were observed for 7 days 
after surgery for survival. All animals were given 
humane care in compliance with institutional 
guidelines using protocols approved by the In- 
stitutional Animal Care and Use Committee.

Clinical chemistry and hepatic triglycerides

At 18 and 38 h after implantation, blood sam-
ples were collected from the vena cava under 
pentobarbital anesthesia (50 mg/kg, ip). Se- 
rum ALT and total bilirubin were determined as 
described previously [33]. 

Triglycerides were measured in lean and fatty 
livers harvested from rats fed control and HFFr 
diets, respectively, for 2 weeks without trans-
plantation and in transplanted LPG and FPG 
collected at 38 h after implantation using an 
analytical kit from Enzymatic Standbio (Boerne, 
TX) [32].
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Histology

Livers were frozen-sectioned and stained with 
Oil-Red-O staining to evaluate steatosis. At 38 
h after transplantation, livers were harvested, 
fixed and processed in paraffin for hematoxylin 
and eosin (H&E) staining [32]. Images captured 
with a 10× objective lens were evaluated in 10 
random fields for necrosis. 

Immunohistochemistry

To assess liver regeneration, 5-bromo-2’-deoxy-
uridine (BrdU) was injected (100 mg/kg i.p.) at 
37 h after transplantation, liver grafts were har-
vested at 38 h. BrdU-labeling, which detects 
cells synthesizing DNA, was revealed by immu-
nohistochemistry in paraffin sections as de- 
scribed elsewhere [28, 34]. BrdU-positive and 
negative cells were counted in 10 random fields 
under the light microscope using a 40× objec-
tive lens. 

Intravital multiphoton microscopy

Onset of the MPT leads to mitochondrial depo-
larization. Therefore, the polarization status of 
mitochondria after partial liver transplant- 
ation was detected by intravital multiphoton 
microscopy of rhodamine 123 (Rh123), as 
described previously [35]. At 18 h after implan-
tation or sham operation, rats were connected 
to a small animal ventilator via a respiratory 
tube (14-gauge catheter) after tracheotomy 
under pentobarbital anesthesia (50 mg/kg, ip), 
as described [35]. The cationic fluorophore 
Rh123 (Sigma, St. Louis, MO, 6 µmol/rat), 
which labels polarized mitochondria (green), 
and propidium iodide (PI, Sigma, 0.12 µmol/
rat), which labels nuclei of non-viable cells (red), 
were infused into the carotid artery over ~10 
min. After laparotomy, intravital multiphoton mi- 

Liver tissue was snap-frozen in liquid nitrogen 
after harvest and stored at -80°C until analysis. 
Immunoblotting was performed as described 
previously [36]. Proteins of interest were 
detected using primary antibodies specific for 
mammalian target of rapamycin (mTOR), phos-
pho-mTOR (p-mTOR), phospho-p70S6 kinase 
(p-p70S6K), proliferating cell nuclear antigen 
(PCNA) (Dako, Glostrub, Denmark), cyclin D1, 
cyclin E (Santa Cruz Biotech., Santa Cruz, CA), 
cleaved caspase-3 (CC3), cAMP response ele-
ment-binding protein (CREB), and phospho-
CREB (Cell Signaling, Danvers, MA) at dilutions 
of 1:100 to 1000, and actin (ICN, Costa Mesa, 
CA) at a dilution of 1:3000 at 4°C overnight, 
respectively. 

Statistical analysis

Groups were compared using the Kaplan-Meier 
test or ANOVA plus a Student-Newman-Keuls 
posthoc test, as appropriate. Data shown are 
means ± SEM. Differences were considered 
significant at p<0.05.

Results

8-pCPT-cGMP attenuates injury of non-alcohol-
ic fatty partial liver grafts after transplantation

To determine the effects of a cell permeable 
cGMP analog on FPG transplantation, we in- 
duced steatosis with a high-fat, high-fructose 
(HFFr) diet, since high fat and fructose intake 
are common in Western diet and an apparent 
cause of NAFLD [4, 37]. After feeding the HFFr 
diet for 2 weeks, hepatic triglycerides incre- 
ased from a basal level of 15 mg/g liver to 116 
mg/g liver (p<0.01) (Table 1). Oil-Red-O stain-
ing revealed fat droplets in ~50% of hepato-
cytes (data not shown), as previously reported 

Table 1. 8-pCPT-cGMP did not decrease triglycerides in liver grafts after 
partial liver transplantation

Groups Hepatic triglycerides 
(mg/g liver; mean ± SEM) Statistical significance

Lean 15.0 ± 2.3
Fatty 116.3 ± 8.0 p<0.01 vs Lean
LPG 17.1 ± 2.2 P>0.05 vs Lean
FPG 96.5 ± 8.1 p<0.01 vs LPG; p<0.05 vs Fatty
FPG + 8-pCPT-cGMP 91.0 ± 8.8 P>0.05 vs FPG; p<0.05 vs Fatty
Lean and Fatty: lean and fatty livers were harvested from rats fed control and high-fat, 
high-fructose diets, respectively, for 2 weeks without transplantation. LPG and FPG: trans-
planted lean and fatty partial liver grafts from rats fed control or high-fat, high-fructose diet, 
respectively, were collected at 38 h after implantation. Values are mean ± S.E.M.

croscopy was perform- 
ed, and nonviable hepa-
tocytes (with nuclear PI 
staining) and viable he- 
patocytes with mitocho- 
ndrial depolarization (di- 
ffused and/or dim Rh- 
123 fluorescence with-
out nuclear PI staining) 
were quantified as de- 
scribed previously [35]. 

Immunoblotting
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[32]. Fat droplets were primarily microvesicular 
with a small number of macrovesicular drop-
lets. Livers from rats fed the control diet sho- 
wed markedly less Oil-Red-O staining that was 
conf﻿ined to small fat droplets [32]. After FPG 
transplantation with and without 8-pCPT-cGMP 
treatment hepatic triglycerides decreased slig- 
htly (18-22%), but differences with and without 
8-pCPT-treatment were not statistically signifi-
cant (Table 1). 

Histology was normal in sham-operated lean 
livers (Figure 1A). After LPG transplantati- 
on, scattered focal hepatic necrosis occurred 
(Figure 1A). By contrast, substantially greater 
necrosis occurred after FPG transplantation, 
primarily in periportal and midzonal regions of 

the liver lobules (Figure 1A). Some eosinop- 
hilic inclusion bodies were also observed. How 
these eosinophilic inclusion bodies formed 
remains unclear. After FPG transplantation with 
8-pCPT-cGMP treatment, necrosis and eosino-
philic inclusion bodies were markedly decre- 
ased (Figure 1A).

Serum ALT, a marker of hepatocellular injury, 
was 36-40 U/L after sham operation in rats fed 
control and HFFr diets (Figure 1B). Previously, 
we showed that serum ALT peaks at ~18 h after 
partial liver transplantation and then decre- 
ases gradually afterwards [33]. Therefore, we 
compared ALT release at 18 h after LPG and 
FPG transplantation. After LPG transplantation, 
ALT increased to 655 U/L, which increased  
to 1540 U/L after FPG transplantation. After 
transplantation of FPG preserved in UW solu-
tion containing 8-pCPT-cGMP, ALT was 675 U/L, 
nearly identical to that of the LPG group (Figure 
1B).

Apoptosis was assessed by TUNEL staining. 
TUNEL-positive cells were 0.3% and 0.4% in 
lean and fatty livers after sham-operation, res- 
pectively (Figure 2A, 2B). At 38 h after trans-
plantation, TUNEL-positive cells increased to 
0.7% in LPG. After FPG transplantation, apopto-
sis further increased to 2.8%, which storage 
with 8-pCPT-cGMP decreased to 1.2% (Figure 
2A, 2B). Activation of caspase-3 mediates ap- 
optosis. Cleaved caspase-3 was not significant-
ly different between lean and fatty livers after 
sham-operation (Figure 2C, 2D). Cleaved cas-
pase-3 increased to 172% after LPG transplan-
tation, which further increased to 362% after 
FPG transplantation. After 8-pCPT-cGMP treat-
ment of FPG, cleaved caspase-3 increased only 
154% (Figure 2C, 2D).

8-pCPT-cGMP improves liver regeneration after 
fatty partial liver transplantation

Liver regeneration was evaluated at 38 h after 
transplantation (Figure 3). PCNA is a marker of 
cell proliferation [38]. PCNA was barely detect-
able after sham operation in either lean or  
fatty livers but increased ~22 fold after LPG 
transplantation (Figure 3A, 3B). However af- 
ter FPG transplantation, PCNA increased only 
8-fold in the absence of 8-pCPT-cGMP treat-
ment, but with treatment PCNA increased ~16-
fold (Figure 3A, 3B). BrdU nuclear labeling,  
an indicator of synthesis of DNA in the S-phase 
of the cell cycle, was also barely detectable in 

Figure 1. 8-pCPT-cGMP attenuates injury of fatty par-
tial liver grafts after transplantation. Rats were fed a 
low-fat, low-fructose control diet or a high-fat, high-
fructose diet for 2 weeks. A: Livers were collected 38 
h after sham operation or transplantation. Shown 
are representative images of H+E-stained liver sec-
tions. Arrows identify necrotic areas. Bar is 100 µm. 
B: Blood was collected at 18 h after sham operation 
or transplantation for measurement of alanine ami-
notransferase (ALT) in sera. Sham, sham operation; 
Lean, lean liver; Fatty, fatty liver; LPG, lean partial 
graft; FPG, fatty partial graft; 8CG, 8-pCPT-cGMP. a, 
p<0.05 vs sham-operated lean livers; b, p<0.05 vs 
sham-operated fatty livers; c, p<0.05 vs LPG, and d, 
p<0.05 vs FPG (n = 4/group). 
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sham-operated lean and fatty livers. BrdU 
labeling increased to 9% of nuclei after LPG 
transplantation but was less than 1% in FPG 
(Figure 3C). However with 8-pCPT-cGMP treat-
ment, BrdU labeling in FPG was restored to 
~11% (Figure 3C). 

We also compared graft weight changes after 
partial liver transplantation to lean full-size liver 
grafts (LFSG). After 38 h, graft weight incre- 
ased 8% after transplantation of LFSG and 
62% after LPG transplantation. By contract, 
after FPG transplantation, graft weight incre- 
ased only 6%, which 8-pCPT-cGMP treatment 
increased to 66% (Figure 3D). 

8-pCPT-cGMP improves graft function and sur-
vival after fatty partial liver transplantation

Hyperbilirubinemia is an indicator of poor liver 
function. In rats after LPG transplantation, total 
bilirubin increased from basal levels of <0.1 
mg/dL to 1.4 mg/dL at 18 h, which decreased 
to 0.5 mg/dL at 38 h after transplantation 
(Figure 4A). In contrast, total bilirubin increased 
to 3 mg/dL at 18 h after FPG transplantation, 
which further increased to 5.2 mg/dL at 38 h. 
However, in rats transplanted with 8-pCPT-
cGMP-treated FPG, total bilirubin only increased 
to 1.6 mg/dL at 18 h, which declined to 1.2 
mg/dL at 38 h (Figure 4A). 

Figure 2. 8-pCPT-cGMP decreases apoptosis after transplantation of fatty partial liver grafts. Livers were collected 
38 h after sham operation (Sham) or transplantation. A: Apoptosis revealed by TUNEL staining. Shown are repre-
sentative images of TUNEL stained liver sections from a lean sham liver and a transplanted FPG. Bar is 20 µm. B: 
Percentage of TUNEL-positive cells; C: Representative immunoblot images of cleaved caspase-3 (CC3) and actin; 
D: Quantification of CC3 image by densitometry. Sham, sham operation; Lean, lean liver; Fatty, fatty liver; LPG, lean 
partial graft; FPG, fatty partial graft; 8CG, 8-pCPT-cGMP. a, p<0.05 vs sham-operated lean livers; b, p<0.05 vs sham-
operated fatty livers; c, p<0.05 vs LPG, and d, p<0.05 vs FPG (n = 4/group). 
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All rats survived after sham operation (data  
not shown). Our previous study showed that all 
rats survived after transplantation of LPG cold 
stored for 2 h [32]. By contrast, survival decre- 
ased to 0% by 3 days after transplantation of 
FPG (Figure 4B). 8-pCPT-cGMP increased the 
survival of FPG to 77% (Figure 4B). Therefore, 
8-pCPT-cGMP effectively prevented failure of 
FPG after transplantation.

8-pCPT-cGMP blunts mitochondrial depolariza-
tion in hepatocytes of transplanted fatty partial 
liver grafts

Energy supply is essential for maintaining cell 
function and supporting cell proliferation. On- 

set of the MPT plays an essential role in liver 
graft failure from preservation injury [26]. We 
therefore examined mitochondrial polarization 
status in transplanted liver grafts by intravital 
multiphoton microscopy using the fluorescence 
of Rh123, a membrane-permeant cationic fluo-
rophore that labels polarized mitochondria. 
After sham operation, mitochondria were polar-
ized in virtually every hepatocyte, as indicated 
by punctate Rh123 green fluorescence and in 
confirmation of previous studies (Figure 5A) 
[26, 28, 35]. In implanted LPG at 18 h after 
transplantation, mitochondria in some hepato-
cytes (~20%) became depolarized, as indicated 
by dim and diffuse instead of punctate Rh123 
fluorescence (Figure 5A). After FPG transplan-

Figure 3. 8-pCPT-cGMP improves regeneration of FPG after transplantation. Livers were collected 38 h after sham 
operation or transplantation. Proliferating cell nuclear antigen (PCNA) was detected by immunoblotting (A) and 
quantified by densitometry (B). 5-Bromo-2’-deoxyuridine (BrdU) incorporation was detected immunohistochemically. 
BrdU-positive cells (C) were counted in 10 random fields per slide in a blinded manner. Partial grafts were weighed 
before implantation and at 38 h after transplantation to calculate graft weight increases (D). Sham, sham opera-
tion; Lean, lean liver; Fatty, fatty liver; LFSG, lean full-size graft; LPG, lean partial graft; FPG, fatty partial graft; 8CG, 
8-pCPT-cGMP. a, p<0.05 vs sham-operated lean livers; b, p<0.05 vs sham-operated fatty livers or LFSG; c, p<0.05 
vs LPG, and d, p<0.05 vs FPG (n = 4/group). 
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tation, mitochondrial depolarization increased 
to 69% of hepatocytes, an about 3.5-fold in- 
crease compared to LPG. 8-pCPT-cGMP treat-
ment of FPG during storage decreased mito-
chondrial depolarization after transplantation 
to 21% (Figure 5B). At this early stage, nonvia-
ble cells (with red PI fluorescence in nuclei) 
were rare, indicating mitochondrial depolariza-
tion occurred before cell death. 

8-pCPT-cGMP increases mTOR signaling in 
transplanted fatty partial liver grafts

The mTOR pathway modulates cell proliferation 
and is highly sensitive to nutrient/energy alter-
ations [39, 40]. At 38 h after transplantation, 
total mTOR protein expression was not signifi-
cantly different between LPG, FPG and sham 

(data not shown). Weak phospho-mTOR bands 
were detected in sham-operated lean and fatty 
livers, which increased 4.4-fold after LPG trans-
plantation (Figure 6A, 6B). In contrast, phos-
pho-mTOR increased only 1.8-fold after FPG 
transplantation, indicating lower mTOR activa-
tion compared to LPG. 8-pCPT-cGMP treatment 
of FPG, however, increased phospho-mTOR 
3.2-fold after transplantation compared to 
sham (Figure 6A, 6B). Phosphorylation of 
p70S6K, a kinase downstream of mTOR, also 
increased 5.6-fold after LPG transplantation 
(Figure 6A, 6C). After FPG transplantation, 
p70S6K phosphorylation increased only 1.6-
fold, which 8-pCPT-cGMP treatment increased 
to 4.9-fold (Figure 6A, 6C).

Figure 4. 8-pCPT-cGMP improves function and in-
creases survival of transplanted fatty partial liver 
grafts. Blood was collected at 18 and 38 h after 
implantation for measurement of total bilirubin (A). 
LPG, lean partial graft; FPG, fatty partial graft; 8CG, 
8-pCPT-cGMP. a, p<0.05 vs LPG, and b, p<0.05 vs 
FPG (n = 4/group). Rats were observed 7 days for 
survival (B). b, p<0.05 vs FPG by the Kaplan-Meier 
test (n = 9-11/group). 

Figure 5. 8-pCPT-cGMP blocks mitochondrial depo-
larization in transplanted fatty partial liver grafts. 
Intravital multiphoton microscopy of Rh123 and 
PI was performed at 18 h after sham operation or 
transplantation, as described in “METHODS”. A: Rep-
resentative multiphoton images. Bar is 10 µm. Arrow 
identifies a PI-positive non-viable hepatocyte. B: He-
patocytes with depolarized mitochondria were count-
ed in 10 random fields per rat as the percentage of 
the total. a, p<0.05 vs sham-operated lean livers; b, 
p<0.05 vs LPG and c, p<0.05 vs FPG (n = 4/group).
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8-pCPT-cGMP increases CREB activation in 
transplanted fatty partial liver grafts

In hepatocytes, 8-pCPT-cGMP activates PKA, 
an event that suppresses onset of the MPT 
[31]. PKA activation also stimulates cell prolif-
eration/growth through the activation of CR- 
EB [41, 42]. We therefore explored whether 
8-pCPT-cGMP alters CREB activation. Total CR- 
EB protein expression was not different be- 
tween lean and fatty livers and did not change 
after partial liver transplantation (Figure 7A). 

After LPG transplantation, phospho-CREB in- 
creased 1.5-fold compared to sham operation 
but decreased 53% after FPG transplantation. 
After 8-pCPT-cGMP treatment, phospho-CREB 
instead increased 1.4-fold after FPG transplan-
tation (Figure 7A, 7B).

8-pCPT-cGMP increases cyclin expression in 
transplanted fatty partial liver grafts

Cyclins are important governors of cell cycle 
progression [43]. We explored the effects of 
8-pCPT-cGMP on cyclin D1 and E expression in 
FPG (Figure 8). Weak bands of cyclin D1 and E 
were observed in sham-operated lean livers, 
which were not significantly different from 
sham-operated fatty livers (Figure 8A). Cyclin 
D1 increased 7.5-fold in transplanted LPG but 
increased only 1.9-fold in transplanted FPG 
(Figure 8A, 8B). In transplanted FPG treated 
with 8-pCPT-cGMP, cyclin D1 increased 6.1-fold 
(Figure 8A, 8B). Cyclin E changed in a similar 

Figure 6. 8-pCPT-cGMP increases mTOR signaling in 
transplanted fatty partial liver grafts. Livers were col-
lected 38 h after sham operation or transplantation. 
Phospho-mammalian target of rapamycin (p-mTOR), 
phospho-p70S6 kinase (p-p70S6K), and actin we- 
re detected by immunoblotting (A, representative 
blots). (B) Quantification of p-mTOR by densitometry; 
(C) Quantification of p-p70S6K. Sham, sham opera-
tion; Lean, lean liver; Fatty, fatty liver; LPG, lean par-
tial graft; FPG, fatty partial graft; 8CG, 8-pCPT-cGMP. 
a, p<0.05 vs sham-operated lean livers; b, p<0.05 
vs sham-operated fatty livers; c, p<0.05 vs LPG, and 
d, p<0.05 vs FPG (n = 4/group). 

Figure 7. 8-pCPT-cGMP increases CREB activation in 
transplanted fatty partial liver grafts. Livers were col-
lected 38 h after sham operation or transplantation. 
cAMP response element-binding protein (CREB), 
phospho-CREB (p-CREB), and actin were detected 
by immunoblotting (A, representative images). (B) 
Quantification of p-CREB by densitometry; Sham, 
sham operation; Lean, lean liver; Fatty, fatty liver; 
LPG, lean partial graft; FPG, fatty partial graft; 8CG, 
8-pCPT-cGMP. a, p<0.05 vs sham-operated lean 
livers; b, p<0.05 vs sham-operated fatty livers; c, 
p<0.05 vs LPG, and d, p<0.05 vs FPG (n = 4/group). 
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fashion after the various treatments (Figure 
8A, 8C).

Discussion

8-pCPT-cGMP attenuates injury and improves 
regeneration of non-alcoholic fatty partial liver 
grafts

The continuing shortage of donor livers has 
increased the number of patients waiting for 
liver transplantation and markedly increased 
waiting-list mortality in the last two decades, 
which approaches like living and split liver 

donation might help to alleviate [11, 44, 45]. 
However, the current epidemic of obesity and 
metabolic syndrome has increased the inci-
dence of NAFLD and NASH, which when severe 
is a contraindication to organ donation in liver 
transplantation, especially in the context of  
living or split liver donation requiring partial 
liver transplantation. Therefore, development 
of effective therapies to improve outcomes of 
steatotic partial liver transplantation might sig-
nificantly impact the shortage of usable donor 
livers and save lives. Steatotic partial grafts 
face two risk factors: fatty infiltration and small 
graft mass. Steatosis itself is among the most 
important factors that negatively impact the 
outcome of liver transplantation [20, 21, 46]. 
Steatotic grafts show substantially greater vul-
nerability to I/R injury during cold storage/
transplantation, resulting in increased cell dea- 
th, delayed recovery of graft function and high-
er primary non-function in clinical and experi-
mental liver transplantation [47, 48]. Compared 
to full size liver transplantation, grafts for par-
tial liver transplantation usually experience 
shorter cold storage times. Clinically, cold pres-
ervation time is about 2 to 6 h for living donor 
transplantation whereas mean cold ischemic 
time for full-size transplantation is 6-12 h [49-
51]. Although liver tissue is well known to have 
great regeneration capacity, liver regeneration 
is suppressed when liver graft mass is re- 
duced to below a critical level even after short 
cold preservation times [33, 52]. Therefore, 
strategies for successful FPG transplantation 
should both prevent liver injury and improve 
liver regeneration. Here, we demonstrated that 
the cell-permeable cGMP analog 8-pCPT-cGMP 
markedly decreased liver injury (less necrotic 
and apoptotic cell death and transaminase 
release), improved graft regeneration (increas- 
ed BrdU incorporation, PCNA expression, and 
graft weight gain), and enhanced graft function 
(lower serum total bilirubin) (Figures 1-4). Most 
importantly, 8-pCPT-cGMP markedly improved 
survival of FPG (Figure 4). Therefore, 8-pCPT-
cGMP is a promising therapy to improve func-
tion and decrease failure of steatotic partial 
grafts.

8-pCPT-cGMP attenuates graft injury by 
decreasing mitochondrial depolarization after 
transplantation of fatty partial liver grafts

Onset of the MPT is a penultimate step leading 
to cell death after I/R injury, causing necrosis 
from ATP depletion and apoptosis from mito-

Figure 8. 8-pCPT-cGMP increases cyclin D1 and E 
expression in transplanted fatty partial liver grafts. 
Livers were collected 38 h after sham operation or 
transplantation. Cyclin D1 (CyD1), cyclin E (CyE), and 
actin were detected by immunoblotting (A, represen-
tative images). (B) Quantification of cyclin D1 by den-
sitometry; (C) Quantification of cyclin E. Sham, sham 
operation; Lean, lean liver; Fatty, fatty liver; LPG, lean 
partial graft; FPG, fatty partial graft; 8CG, 8-pCPT-
cGMP. a, p<0.05 vs sham-operated lean livers; b, 
p<0.05 vs sham-operated fatty livers; c, p<0.05 vs 
LPG, and d, p<0.05 vs FPG (n = 4/group). 
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chondrial release of proapoptotic factors such 
as cytochrome c [25, 53] (Figure 9). Cell death 
in turn leads to release of mitochondrial and 
other cellular damage-associated molecular 
pattern molecules (e.g., mitochondrial DNA and 
high mobility group box 1 protein), which are 
potent inflammatory mediators that attract leu-
kocytes with subsequent production of reactive 
oxygen species, release of proteases and other 
activities to amplify liver injury [54-56] (Figure 
9). Our previous study demonstrated that the 
MPT was more extensive in steatotic full-size 

cally acts via cGMP-dependent protein kinases 
(PKG) to regulate many physiological processes 
(e.g., smooth muscular cell relaxation and intra-
cellular calcium concentration). Previous stud-
ies show in isolated rat liver mitochondria that 
cGMP analogs block the Ca2+-induced MPT in 
the presence of hepatic cytosol [29]. NO ex- 
erts its biological effects through activation of 
guanylate cyclase, producing cGMP [57], and 
NO donors and cGMP analogs prevent MPT-
dependent necrotic killing of ischemic hepato-
cytes in culture after ischemia/reoxygenation 

Figure 9. Potential mechanisms by which 8-pCPT-cGMP improves the out-
come of fatty partial liver transplantation. Fatty liver transplantation causes 
onset of mitochondrial permeability transition (MPT), which decreases 
ATP formation and causes release of cytochrome c, leading to necrosis 
and apoptosis. Mitochondrial injury and cell death in turn cause release 
of mitochondrial and other cellular damage-associated molecular pattern 
molecules (DAMPs), leading to inflammation which further amplifies liver 
injury. ATP acts both as an energy source supporting liver regeneration and 
also a modulator of liver regeneration signaling. For example, mammalian 
target of rapamycin (mTOR) and its downstream p70S6 kinase (p70S6K), 
the pathway that regulates protein synthesis necessary for cell proliferation 
and growth, are highly sensitive to perturbations of nutrient/energy supply. 
Moreover, activation of a number of growth factor receptors and kinases 
that are involved in cell proliferation (e.g., extracellular signal-regulated ki-
nase [ERK], c-Jun-N-terminal kinase [JNK], etc.) also requires high energy 
molecules. Formation of cyclin/cyclin-dependent kinase (CDK) complexes 
is a convergent point of multiple upstream signaling to control cell prolifera-
tion. Therefore, ATP depletion from the MPT occurring in FPG suppresses liv-
er regeneration. Previous studies show that both cGMP and cAMP analogs 
protect against the MPT in cultured hepatocytes after ischemia/reperfusion 
through activation of protein kinase A (PKA). 8-pCPT-cGMP, a cell permeable 
cGMP analog, activates PKA in hepatocytes and possibly PKG in other cell 
types to block MPT onset, thus attenuating cell death and improving liver 
regeneration. 8-pCPT-cGMP also enhances cell proliferation through activa-
tion of cAMP response element-binding protein (CREB).

grafts than in lean full-size gr- 
afts after transplantation [35]. 
However, this effect occurred 
after long cold storage. We 
also observed that the MPT 
occurred after lean partial gr- 
afts when liver graft size was 
reduced to 25% in rat (quarter-
size grafts) with a longer cold 
storage (6 h) than current stu- 
dy (2 h) [36]. In this study we 
showed that steatosis incre- 
ases the MPT in partial grafts 
even after short cold storage 
(Figure 5), demonstrating that 
co-existence of two risk fac-
tors (steatosis and reduced 
graft size) further increases 
the susceptibility to MPT on- 
set, leading to severe graft 
injury and failure after trans-
plantation. 8-pCPT-cGMP, whi- 
ch blocks the MPT in cultured 
hepatocytes after I/R and in 
isolated mitochondria after ca- 
lcium uptake [31], also decre- 
ased mitochondrial depolar-
ization in vivo after FPG trans-
plantation, attenuated subse- 
quent graft injury and im- 
proved graft survival (Figures 
1, 2). These results are consis-
tent with the conclusion that 
MPT onset plays an important 
role in FPG injury and failure 
and that blockade of MPT 
onset is an effective strategy 
to decrease FPG injury and 
improve survival.

8-pCPT-cGMP is a cell-perme-
able cGMP analog, which typi-
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[29]. Although PKG is typically the target of 
cGMP, hepatocytes do not express mRNA for 
either of the two isoforms of PKG [58]. More- 
over, analogs of both cGMP and cAMP stimu-
late cytosolic PKA from hepatocytes, and a PKA 
peptide inhibitor but not a PKG peptide in- 
hibitor abolishes cGMP and cAMP-stimulated 
kinase activity in hepatocyte cytosol [31]. Thus, 
by activation of cytosolic PKA, cGMP and cAMP 
inhibit MPT onset and protect hepatocytes 
against necrotic cell death after ischemia/reox-
ygenation [31]. 

These findings in vitro remain to be confirmed 
in vivo. In the present study, we showed that 
the cGMP analog, 8-pCPT-cGMP, also sup-
pressed MPT onset in vivo after fatty partial 
liver transplantation, as visualized by intravital 
multiphoton microscopy of Rh123 (Figure 5). 
This protection of 8-pCPT-cGMP against the 
MPT in hepatocytes of FPG is thus likely medi-
ated by PKA. However, since multiple cell types 
exist in the liver, we cannot rule out completely 
the possibility that 8-pCPT-cGMP also works 
through PKG in cells other than hepatocytes. 
Moreover, although NO and cGMP production 
are closely related, protection of 8-pCPT-cGMP 
is unlikely by increasing NO, since iNOS ex- 
pression and production of reactive nitrogen 
species already increases dramatically in FPG 
after transplantation, effects which are associ-
ated with increased graft injury [32]. Moreover, 
1400 W, a selective iNOS inhibitor, improves 
the outcome of FPG transplantation [32]. 

Potential mechanisms by which 8-pCPT-cGMP 
improves liver regeneration in FPG

In this study, we confirmed that FPG trans- 
plantation leads to poor liver regeneration 
(decreased BrdU incorporation, PCNA expres-
sion and liver graft weight gain), poor graft  
function (hyperbilirubinemia), and graft failure. 
8-pCPT-cGMP improved all these adverse out-
comes, including the enhancement of liver 
regeneration (Figure 3). Liver regeneration is 
essential for survival and recovery of graft 
mass and function after partial liver transplan-
tation. Partial grafts face extra metabolic work 
load due to their reduced mass. Moreover, 
extra energy is needed to support liver regen-
eration. Therefore, mitochondrial dysfunction 
not only leads to cell death but can also sup-
press liver regeneration (Figure 9). In addition, 
ATP not only acts as an energy supplier for liver 

regeneration but also as a regeneration sig- 
naling modifier. Activation of a number of 
growth factor receptors and kinases by phos-
phorylation (e.g., epidermal growth factor re- 
ceptor, MAP kinase kinase, extracellular signal-
regulated kinase [ERK], c-Jun-N-terminal kinase 
[JNK], etc.) requires high energy molecules [59] 
(Figure 9). mTOR is a serine-threonine kinase 
that regulates the protein synthesis neces- 
sary for cell growth and proliferation [60-62]. 
Activation of its downstream p70S6 kinase in 
turn regulates the 40S ribosomal protein S6 to 
control protein synthesis and cell proliferation 
[60] (Figure 9). A previous study shows that 
inhibition of mTOR decreases DNA synthesis 
after partial hepatectomy [63]. The mTOR path-
way is highly sensitive to perturbations of nutri-
ent/energy supply, and decreased ATP can sup-
press the mTOR pathway [39, 40]. Indeed, in 
FPG with severe mitochondrial dysfunction, we 
observed decreased mTOR and p70S6 kinase 
activation (Figure 6). 8-pCPT-cGMP, which pre-
vented mitochondrial dysfunction, also improv- 
ed mTOR and p70S6 kinase activation in FPG 
(Figure 6).

Additionally, we observed a suppression of 
CREB activation after FPG activation (Figure 7). 
Previous studies show that CREB activation 
regulates hepatocyte proliferation after partial 
hepatectomy [64, 65]. PKA is an important reg-
ulator of CREB. Activation of G-protein coupled 
receptors stimulates the activity of membrane-
associated adenylyl cyclase, which converts 
ATP to cAMP. Binding of cAMP to the two PKA 
catalytic subunits causes release of active cat-
alytic subunits, which migrate into the nucleus 
to phosphorylate and thereby activate CREB,  
a transcriptional factor. Activated CREB then 
interacts with the cAMP response enhancer 
element of the promoters of cAMP-responsive 
genes to cause transcription of genes that reg-
ulates various physiological processes includ-
ing proliferation [41, 42] (Figure 9). Previous 
studies show that transient increases of cAMP 
also cause upregulation of genes expressed  
in the G1 phase of the cell cycle (e.g., c-fos), 
whereas decreased cAMP suppresses hepatic 
DNA synthesis after partial hepatectomy [66, 
67]. Interestingly, activation of PKG can also 
increase CREB phosphorylation. A previous 
study shows that cGMP-PKG signaling plays an 
important role preventing apoptosis and pro-
moting cell proliferation in both normal and cer-
tain cancer cells and that PKG knockdown by 
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siRNA decreases CREB phosphorylation [68]. 
Another study also shows that cGMP-PKG sig-
naling pathway acts in parallel with the cAMP-
PKA pathway to produce CREB phosphorylation 
[69]. Therefore, activation of either PKA or PKG 
can increase cell proliferation and 8-pCPT-
cGMP may increase CREB activation via PKA 
and/or PKG (Figure 9).

Liver regeneration requires cell proliferation. 
Cyclins are a family of proteins that control  
cell cycle progression [43]. Cyclins bind corre-
sponding cyclin-dependent kinases, forming 
complexes that phosphorylate other proteins 
(e.g., retinoblastoma protein). These phosphor-
ylated proteins, in turn, regulate specific ev- 
ents during cell division [43]. Cyclin D1, which 
drives hepatocytes to enter cell cycle [70], is 
highly CREB-dependent, whereas cyclin B1 is 
co-regulated by both CREB-dependent and 
-independent mechanisms [71]. JNK1/2 also 
controls cyclin D1 expression, and inhibition of 
JNK activation suppresses hepatocyte mitosis 
after partial hepatectomy [72]. Inhibition of 
ERK activation also suppresses synthesis of 
cyclins E and A [73]. Inhibitors of mammalian 
target of rapamycin complex 1 (mTORC1, a pro-
tein complex composed of mTOR itself, regula-
tory-associated protein of mTOR [Raptor] and 
other proteins) [74], including rapamycin and 
siRNA for raptor, inhibit upregulation of cyclin 
D1 by inorganic polyphosphate [75]. Therefore, 
cyclins are a convergent point of multiple 
upstream signaling to control cell proliferation 
(Figure 9). In this study, we observed suppre- 
ssed cyclin D1 and E expression in FPG com-
pared to LPG transplantation. 8-pCPT-cGMP 
restored cyclin expression after FPG trans- 
plantation (Figure 8), which is consistent with 
improved FPG regeneration by 8-pCPT-cGMP 
(Figure 3).

Taken together, we observed more severe graft 
injury and suppression of regeneration after 
transplantation of FPG. Such increased injury 
and suppression of regeneration were associ-
ated with more severe mitochondrial dysfunc-
tion. 8-pCPT-cGMP improved the outcomes of 
FPG transplantation, most likely by blocking 
mitochondrial dysfunction and increasing pro-
liferative signaling (Figure 9). Other cGMP ana-
logs (e.g., 8-BrcGMP) also protect against the 
MPT onset in hepatocytes after ischemia/
reperfusion in vitro [29, 30]. Whether these 
analogs also improve the outcomes of FPG 

transplantation will be examined in future 
studies.
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