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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).

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 Pl 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
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Figure 5. 8-pCPT-cGMP blocks mitochondrial depo-
larization in transplanted fatty partial liver grafts.
Intravital multiphoton microscopy of Rh123 and
Pl was performed at 18 h after sham operation or
transplantation, as described in “METHODS”. A: Rep-
resentative multiphoton images. Bar is 10 pm. Arrow
identifies a Pl-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 ¢, P<0.05 vs FPG (n = 4/group).

(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).

Int J Physiol Pathophysiol Pharmacol 2017;9(3):69-83
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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; ¢, P<0.05 vs LPG, and
d, P<0.05 vs FPG (n = 4/group).

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).
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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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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
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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; ¢, P<0.05 vs
LPG, and d, P<0.05 vs FPG (n = 4/group).

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

7

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-
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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-
Icium 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-

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
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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 Ca?*-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
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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 c¢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
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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 Bl 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
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transplantation will be examined in future
studies.
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