1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Transplantation. Author manuscript; available in PMC 2022 November 01.

-, HHS Public Access
«

Published in final edited form as:
Transplantation. 2021 November 01; 105(11): e215-e225. doi:10.1097/TP.0000000000003675.

A Novel Multidrug Combination Mitigates Rat Liver Steatosis
Through Activating AMPK Pathway During Normothermic
Machine Perfusion

Min Xu, MDY, Fangyu Zhou, MD1, Ola Ahmed, MD1, Gundumi A. Upadhya, PhD1, Jianluo
Jia, MD?, Choonghee Lee, MS?, Jianwei Xing, MS1, Li Ye, MS?, So Hee Shim, PhD1,
Zhengyan Zhang, MD, PhD1, Kathleen Byrnes, MD2, Brian Wong, PhD1, Jae-Sung Kim,
PhD1, Yiing Lin, MD, PhD?, William C. Chapman, MD?

1Department of Surgery, Section of Abdominal Transplantation, Washington University School of
Medicine, St. Louis, MO, USA

2Department of Pathology and Immunology, Washington University School of Medicine, St. Louis,
MO, USA

Abstract

Background: Hepatic steatosis is now the leading cause of liver discards in deceased donors.

Previous studies (Y defatting) have successfully reduced the fat content by treating rat steatotic
livers on extracorporeal normothermic machine perfusion (NMP) with a multidrug combination
including the GW compounds that were linked to an increased risk of carcinogenesis.

Methods: We developed a novel multidrug combination by replacing the GW compounds with
2 polyphenols, epigallocatechin-3-gallate (E) and resveratrol (R). Sixteen rat livers were placed
on NMP and assigned to control, Y defatting, Y+E+R defatting, or Y’-GW+E+R defatting groups
(Y’-GW=90% dose-reduced Y defatting, n=4/group).

Results: All livers in defatting groups had significant decreases in hepatic TG content at the
end of the experiment. However, livers treated with our novel Y’-GW+E+R combination had
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evidence of increased metabolism, and less hepatocyte damage and carcinogenic potential. Our
Y’-GW+E+R combination had increased phosphorylation of AMPK (P=0.019) and acetyl-coA
carboxylase (P=0.023) compared with control; these were not increased in Y+E+R, and actually
decreased in the Y groups. Furthermore, the Y’-GW+E+R group had less evidence of carcinogenic
potential with no increase in AKT phosphorylation compared to control (P=0.089); the Y
(P=0.031) and Y+E+R (P=0.035) groups had striking increases in AKT phosphorylation. Finally,
our Y’-GW+E+R showed less evidence of hepatocyte damage with significantly lower perfusate
ALT (P=0.007) and AST (P=0.014) levels.

Conclusions: We have developed a novel multidrug combination demonstrating promising
defatting efficacy via activation of the AMPK pathway with an optimized safety profile and
reduced hepatotoxicity during ex vivo NMP.

Supplemental Visual Abstract; http://links.lww.com/TP/C139

Introduction

The shortage of donor liver is accelerating and it has been predicted that the liver utilization
could fall to 44% by 2030, resulting in over 2000 fewer liver transplants.! In an effort to
meet liver transplant needs, organs from living donors, DCD donors, older donors (age >
70 years), and other less-than-optimal deceased donors are increasingly being considered
for transplant. Presently, given the widespread epidemic of morbid obesity and diabetes

in the US, hepatic steatosis is the most prevalent underlying adverse condition affecting
human liver donors. Steatosis is now estimated to be present in up to 50% of deceased
donor livers and is considered as the key donor variable predicting posttransplant allograft
function.? Steatosis can affect liver allograft function and posttransplant recipient survival
primarily due to an increase of susceptibility of the organs to ischemia/reperfusion injury
(IR1).2 The IRI reduces the success of orthotopic liver transplantation (OLT), and this

is particularly problematic when highly marginal organs are utilized for transplant.2 In
comparison with lean allografts, these steatotic allografts are associated with higher risk

of early allograft dysfunction (EAD) and primary nonfunction (PNF) rates.* There is no
universally accepted measurement of liver steatosis, and most centers rely on estimates
based on frozen section histological evaluation. Although many centers routinely use
organs with mild macrosteatosis (usually defined as <20% macrosteatosis via histological
estimation), the presence of moderate (30%-59% macrosteatosis) to severe steatosis (>60%
macrosteatosis) has been estimated to account for up to 40% of unused and discarded liver
allografts.>

The mechanisms underlying IRI in steatotic livers differ significantly from those underlying
similar injuries in lean livers, but appear to be directly proportional to the degree of
steatosis.”"9 Steatotic livers have a predominance of rapid necrotic cell death, which may

be related to altered energy homeostasis in these livers.”:8:10 Endoplasmic reticulum (ER)
stress is an important link between hepatic steatosis, insulin resistance, and metabolic
syndrome.1! The concept of “defatting” moderate and severely steatotic donor livers for
clinical transplantation has been discussed since 2009 but has not yet been realized. While
it is known that certain moderately steatotic liver grafts will provide suitable long-term
function, they are associated with significantly increased complications and the risk of
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PNF. Liver remodeling and resolution of macrosteatosis is known to occur in the first 7-10
days following implantation.12 In this regard, the major risk of implanting steatotic grafts
seems to relate to the heightened IRI response in the immediate time period following graft
reperfusion and during the first postoperative week.

A growing interest in normothermic machine perfusion (NMP) for organ preservation is
based on studies showing the efficacy and superiority of warm preservation over standard
static cold storage of the liver.1314 NMP attenuates IRI, improves hemodynamics of

the liver, recovers grafts insulted with warm ischemia, and mitigates unexpected clinical
events.15:16 |n addition, NMP reduces hepatocellular damage and maintains normal bile
production!’ along with improving liver transplant survival in animal models.18 Rather
than hypothermia to reduce oxygen demand, NMP provides an oxygenated perfusate to
meet hepatocellular metabolic demands during organ preservation. This avoids the need for
hypothermia, providing the necessary oxygen and nutrients to maintain normal cellular
metabolic pathways at a physiologic temperature to address 2 important mediators of
preservation injury: hypoxia and hypothermia.1® Importantly, NMP allows an assessment
phase of liver functional performance, including the ability to assess lactate clearance,
maintenance of stable perfusate pH, glucose utilization, and production of adequate alkaline
bile, among other parameters.20.21

It has been demonstrated by Nagrath et al?? that perfusate targeting multiple pathways of
hepatic lipid metabolism, such as beta-oxidation and the xenobiotic pathway, was effective
in decreasing intracellular lipid content by more than 50% during 3 hours of steatotic

rat liver perfusion. These components included GW7647 (peroxisome proliferator-activated
receptor-alpha agonist, PPAR-alpha), GW501516 (PPAR-beta/delta agonist), pregnane X
receptor ligand hypericin (HPC), the constitutive androstane receptor ligand scoparone
(SCO), the glucagon mimetic and cAMP activator forskolin, and the insulin-mimetic
adipokine visfatin. A study from the University of Birmingham (UK) used the same 6-drug
defatting regimen to reduce tissue triglycerides by 38% and macrovesicular steatosis by
40% over 6 hours in discarded human livers during normothermic machine perfusion.23
While these results were promising, 1 issue with this defatting combination is that the
insulin mimetic action of visfatin was highly controversial, as its described biological
function was not able to be replicated by other groups, resulting in the retraction of

the original article.2425 Furthermore, several studies also indicated that administration of
GW compounds was associated with hepatic carcinogenesis?®:27 as well as mitochondrial
dysfunction28:29 that consequently could lead to additional liver injury during NMP. These
issues with visfatin, GW7647, and GW501516 make their use as a part of a defatting
strategy untenable in the setting of human liver transplantation. To address these concerns,
we propose a novel strategy to facilitate “defatting” of steatotic livers using machine
perfusion in rodent models to convert otherwise discarded livers to acceptable organs for
transplantation.
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Materials and Methods

Animals, rat liver procurement, and NMP

Animal experiments were approved by the Washington University Animal Studies
Committee. Male obese Zucker rats aging at 12-15 weeks served as liver donors (Charles
River Labs, New York, NY), while lean Zucker or Lewis rats at 15 weeks of age were
blood donors. Briefly, the anesthesia of animal was induced with 4% and maintained with
2% isoflurane in oxygen flow. The obese Zucker rat livers were recovered as previously
described30 and around 70mL to 110mL whole rat blood were collected from the lean rat
blood donors for further use. A modified NMP system based on the Harvard Apparatus
(Holliston, MA) machine perfusion was used to perform the defatting experiments (Fig 1a).
Due to a suboptimal oxygenation, the primary oxygenator was replaced by a Medtronic
oxygenator with a priming volume of 48ml (Affinity Pixie, BBP241). The total perfusate
volume ranged from 60mL to 110mL. The perfusate samples were collected at baseline
(Ohr), 15m, 1hr, 2hr, 3hr, and 4hr of NMP for blood gas, basic metabolic panel, and liver
enzyme tests (steatotic rat livers, n=4 for the control, and n= 5 for all other groups). The
defatting multidrug combination or placebo were delivered at 1hr NMP when the system
temperature and blood gas parameters were stabilized. The rat liver tissue was collected
from the left lateral lobe at Ohr and 4hr for histology and further studies.

In addition, we also designed novel rat liver NMP system to examine the drug toxicity and
reduce the experimental cost by replacing the Medtronic Pixie oxygenator with 2 miniature
oxygenators that only have a overall prime volume less than 2ml (OX, Living system). This
modification allowed us to reduce the perfusate volume to around 20mL, which the smallest
perfusate volume so far in the rat liver NMP; the perfusate and liver sampling was done as
described above (learn rat livers, n=3/group).

Development of a novel multidrug combination to defat steatotic Zucker rat liver via NMP

To address concerns of the conventional defatting multidrug combination, we proposed

to discard Visfatin and replace the GW compounds with All-trans Retinoic acid to target
the PPAR-P/6 receptors31:32 and add the substrate Coenzyme A33 to enhance the fat beta-
oxidation (Table 1; item 7 to 12). We also add L. Carnitine to increase the fatty acid
transport to mitochondria3* as well as Lipase to catalyze lipoprotein/triglycerides into free
fatty acid in the perfusate.3> Furthermore, we also have tested the role of Epigallocatechin
gallate (EGCG or E) and Resveratrol (R) in the process of defatting by NMP. EGCG and
Resveratrol are natural polyphenols found in green tea and wine that having been reported
to affect fat metabolism via AMPK pathway36-39 and inflammation via NF-xB° and or
STAT3%! pathways. The AKT pathway is known to be associated with carcinogenesis*?
and was also investigated in our studies to confirm the potential carcinogenic risk of

GW compounds. Furthermore, we attempted to lower the drug toxicity while preserving
the defatting efficacy by reducing the doses of the defatting agents (Table 1; Item 4 to

8). To assess the safety and efficacy of our proposed defatting plan comparing with that
used in previous studies, we performed 4 groups of Zucker rat fatty liver NMP using

a whole blood-based perfusate with different defatting components as shown in Table 1:
1) Control group (n=4): supportive drugs (Heparin 100u/hr, insulin 5u/hr, Flolan 1pg/hr,
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Cefazolin, 40uM, and Sodium Taurocholate) supplemented with 60ul DMSO equal to that
in the defatting groups; 2) Yarmush formula defatting (Y Defatting, n=5): Table 1; item 1
to 6; 3) Yarmush formula + EGCG + Resveratrol defatting (Y+E+R Defatting, n=5); 4);
Dose-reduced Yarmush formula without GW compounds + EGCG + Resveratrol defatting
(Y’-GW+E+R Defatting, n=5): items 4 to 8 at the lower doses and item 9 to 12 (Table 1).

Hematoxylin and eosin staining and Immunofluorescence staining

The liver tissue was fixed by 10% formalin and paraffin-embedded or snapped frozen by
liquid nitrogen, and cut with a thickness of 5um. Hematoxylin and eosin (H&E) staining
were performed using a standard protocol. The histologic assessment was performed

by a liver pathologist in a blinded fashion. Immunofluorescence (IF) staining was
performed to localize various relevant proteins using the following antibodies: CPT-1a
(ab128568, abcam), Proliferating Cell Nuclear Antigen (PCNA, CST#2586S), and cleavage
caspase-3 (CCP-3, CST# 9661). Photomicrographs were performed with Zeiss Observer Z1
immunofluorescence microscope and images were captured by Axiovision 4.8.2 software.

Western blotting and gRT-PCR

Approximately 100mg of frozen tissue was homogenized at 4°C using a homogenizer

3 times for 10-15 seconds each in 10 volumes of RIPA lysis buffer with proteases

and phosphorylase inhibitors. The homogenate was centrifuged for 15 minutes at 13,000
rpm at 4°C to pellet the nuclei and particulate matter. The protein concentrations of
supernatants were measured using an Invitrogen kit (Q33211, Invitrogen). For each
sample, 30 to 50 pg/well of total protein lysate was loaded into a 4-12% Nu-PAGE
Bis-Tris gel (Invitrogen) and subjected to electrophoresis at 80 to 120V. The protein was
then transferred to a PVDF membrane (1620177, BIO-RAD) in a semidry apparatus at

30 V for 90 minutes. The membrane was blocked with 5% milk and incubated with
primary antibodies, diluted 1:1000, and overnight at 4°C. These primary antibodies were
used to detect relevant targets: Phospho-AMP-activated protein kinase a (p-AMPKa.,
CST#2535), total-AMPKa (t-AMPKa, CST#2532), Phospho-Acetyl-CoA Carboxylase (p-
ACC, CST#3661), t-ACC (CST#3662), SirT1 (CST#8469), Carnitine Palmitoyltransferase
la (CPT-1a, Abcam#128568), p-AKT (CST#4060), t-AKT (CST#4691), p-ERK1/2
(CST#9102), t-ERK1/2 (CST#9101), pp38MAPK (CST#4511), p38MAPK (CST#8690),
PCNA (CST#2586), phospho-Nuclear Factor xB p65 (p-NFxBp65, CST#3033), t-NFxBp65
(CST#2535), phospho-signal transducer and activator of transcription 3 (p-STATS3,
CST#9131), t-STAT3 (CST#9139), Caspase-3 (CCP-3, CST#9661), CCP-9 (CST#9508),
and p-actin (CST#3700). The secondary goat anti-rabbit (CST#7074) or anti-mouse
immunoglobulins (CST#7076) was diluted at 1:2000 to visualize the targets accordingly.
Total MRNA was extracted using the Qiagen RNeasy Mini Kit (74104, Qiagen) according
to the manufacture’s instruction and mRNA concentrations were measured with Qubit
assays (Q32852, Invitrogen). The cDNA was created from reverse transcription of 1.0

ug of total RNA (205311, Qiagen) to conduct gPCR analysis. Each 10uL PCR reaction
mix contained: 5uL TagMan fast master mix, 0.5uL assay mix, 1uL sample, 3.5uL H,O.
The assay mixes of pyruvate dehydrogenase kinase, isozyme 4 (pkd4, Rn00585577_m1),
fatty acid binding protein 1 (fabp1, Rn00664587_m1), fabp2 (Rn00565061_m1l), carnitine
palmitoyltransferase 1a (cptia, Rn00580702_m1), bone morphogenetic protein 4 (bmp4,
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Rn00432087_m1), notchl (Rn01758633_m1), jagged 2 (jag2, Rn00439932_m1), pcna
(Rn01514538 g1), //1a (Rn00566700_m1), //16 (Rn00580432_m1), //6 (Rn01410330_m1),
i/17a (Rn01757168_m1l), fgfb1 (Rn01418715 _m1l), cc/2 (Rn00580555 _m1l), Actb
(Rn00667869_m1), Gapah (Rn01775763_g1) were purchased from Thermo Fisher
scientific. The samples were examined in duplicate and GAPDH was used as housekeeping
gene. The gPCR was performed on an ABI prism 7000 machine. In the linear range of

the amplification, amplification curves were analyzed to obtain the cycle threshold (Ct)
value. All gene expressions were normalized to the housekeeping gene, and fold change of
expressions were calculated using delta value methods.

Data and statistical analysis

Results

GraphPad Prism 7 software (San Diego, CA) was used to generate graphs. The results are
presented as mean + SEM. The student’s #test was used to compare the differences between
studying groups. P-values less than 0.05 were considered significant.

Steatotic zucker rat liver NMP and viability assessment

With our NMP parameters, there were no significant differences between the control and
defatting groups in terms of portal venous pressures, perfusate flow, core liver temperature,
hematocrit and potassium levels, demonstrating a consistency in our NMP technique (Fig
1b-f). Previous studies suggested that perfusate parameters such as lactate clearance, glucose
utilization, and pH value are reliable makers to assess liver viability during NMP.21 As
shown in the Fig 1g and h, glucose levels dropped after a peak at the 15th minute mark,
indicating glucose utilization by the livers. In addition, lactate levels cleared to around 2.2
mmol/L at 2 hours on NMP in all 4 groups, suggesting the rat livers were still viable at the
end of NMP without or with defatting treatments. Despite the successful clearance of lactate,
the pH level demonstrated an unexpected drop in all groups, accompanying a significant rise
in the anion gap (Fig 1j); this suggests the presence of other unidentified events causing
metabolic acidosis, for instance, hemolysis during NMP under our experimental conditions.

Novel defatting multidrug combination effectively reduced hepatic lipid content and liver
toxicity In our study, we investigated the efficacy of Yarmush (Y) defatting (GW7647,
GW501516, hypericin, scoparone, forskolin, and visfatin), Y+ epigallocatechin-3-gallate (E)
+ resveratrol (R) defatting, or Y’ (dose-reduced Y) +E+R defatting. Histologic examination
of liver biopsies showed that the hepatic architecture was well preserved after NMP in

the control and defatting groups (Fig 2a). Compared to baseline (0h), both the H&E and
Nile red staining indicated the lipid content decreased after 4 hours of NMP in the Y,
Y+E+R, and Y’-GW+E+R defatting groups, while there was no apparent change in the
control group (Fig 2a, b). There was no significant change of the liver weight between
before and after NMP among the control and defatting groups (Fig 2c¢). As shown in Fig
2d&e, there was no significant difference in liver TG content at baseline. When compared
to the control group at 4 hours of NMP, all defatting groups had a significant decrease in
hepatic TG concentrations (Control vs Y defatting, A=0.016; control vs Y+E+R defatting,
P=0.006; control vs Y’-GW+E+R defatting, £=0.013). To address any potential variations
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from the different experimental parameters, the perfusate ALT (Fig 2f) and AST (Fig

2g) concentrations were adjusted by perfusate volume and liver weight at 15 minutes on
NMP and afterward. the Y’-GW+E+R defatting group had significantly lower perfusate
ALT (Control vs Y’-GW+E+R defatting, £=0.007; Y defatting vs Y’-GW+E+R defatting,
P=0.026, Y+E+R defatting vs Y’-GW+E+R defatting, P=0.319). The AST levels were
also found with a similar changing trends (Control vs Y’-GW+E+R defatting, ~=0.014; Y
defatting vs Y’-GW+E+R defatting, £=0.013; Y+E+R defatting vs Y’-GW+E+R defatting,
P=0.057). In summary, our modified defatting agents had the defatting efficacy compared
with the conventional defatting plan but with significantly less hepatotoxicity.

To further test the toxicity of our new defatting drug combination, we also compared the
outcomes of the rat liver NMP with or without Y’-GW+E+R defatting using lean rat livers
and our modified system with a total perfusate volume around 20mL. The Fig 3 shows the
circuit settings and the perfused livers at 15min, 1hr, 2hr, 3hr, and 4hr NMP with an optimal
oxygenation (pO2 around 70-300mmHg) and ventilation (pCO2 around 30-60mmHg).
Perfusate volume, donor body weight and liver weight, bile production, bile bicarbonate,
bile glucose and bile lactate were similar between 2 groups (Fig 3b-3h). The portal pressure
and flow as well the perfusate parameters (Fig 3i-3u) including lactate clearances and
histology (Fig 3v) were comparable between the control and defatting groups. These data
suggest that the Y’-GW+E+R defatting combination did not induce hepatotoxicity in our
study. Furthermore, we performed a NMP experiment without liver in the circulation and
found a similar changing pattern of perfusate pH value and anion gap compared to that in the
NMP with lean rat livers (Fig S1 http://links.lww.com/TP/C129).

Our novel defatting multidrug combination removed liver fat content via activation of
AMPK pathway Activation of the AMPK pathway has been reported to increase cellular
energy utilization and fat metabolism.36-39 To explore the mechanisms of our new defatting
strategy, we investigated the AMPK pathway before and after NMP with or without
defatting treatment (Fig 4a, b). The changes of biomarker expression at the end of NMP
were standardized by its expression at baseline for further analysis. When compared to

the control group, AMPK phosphorylation, an event indicative of AMPK activation, was
significantly increased in the Y’-GW+E+R defatting group (~P=0.019) while significantly
decreased in the Y defatting (P=0.026) but not the Y+E+R defatting group (P=0.084),
suggesting the presence of distinct defatting mechanisms between Y and Y’-GW+E+R.
However, we did not observe significantly increased defatting capacity in the Y+E+R than
other defatting groups, suggesting that targeting these 2 pathways at the same time was not
additive with regards to the defatting efficacy (Fig 2d). In parallel to the increase of AMPK
phosphorylation, we also found that the phosphorylation level of acetyl-CoA carboxylase
(ACC) (Fig 4c) was significantly higher in the Y’-GW+E+R defatting group than that in the
control group (P=0.023). Carnitine palmitoyltransferase-1a (CPT-1A) expression showed a
similar change (Fig 4e, Control vs Y’-GW+E+R, P=0.024). By RT-PCR as shown in Fig 4f,
i, the gene expression of pyruvate dehydrogenase kinase, isozyme 4 (pkd4) was significantly
increased in the Y’-GW+E+R defatting group than in the control group (P=0.043). Cpt-1a
expression was also significantly higher in the Y+E+R defatting group than that in the Y
defatting (P=0.016) and Y’-GW+E+R defatting groups (P=0.009). No significant changes
were found with regard of fabpI and fabp2 gene expression among all groups (Fig 4g, h).

Transplantation. Author manuscript; available in PMC 2022 November 01.


http://links.lww.com/TP/C129

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 8

The current defatting multidrug combination decreased the risk of hepatocyte proliferation
during NMP It has been shown that the activation of the AKT pathway significantly
increases cell proliferation and the risk of carcinogenesis.*243 In our study, we also found
that there were striking increases of AKT phosphorylation in the Y and Y+E+R defatting
groups compared to the control group (~£=0.031 and 0.035, respectively), while there was
no significant change of the AKT phosphorylation in the Y’-GW+E+R defatting group
compared to the control group (P=0.089; Fig 5a, b). To evaluate the effects of GW
compounds on cell proliferation, we studied several related biomarkers. The changes of
ERK phosphorylation were present in a similar fashion (Fig 5a, ¢): Control vs Y defatting,
P=0.040; Control vs Y+E+R defatting, £~=0.223; Control vs Y’-GW+E+R defatting,
P=0.138. Furthermore, the protein expression of proliferating cell nuclear antigen (PCNA)
was significantly upregulated in the Y defatting and Y+E+R defatting group than that in the
control group (P=0.049 and 0.004, respectively), but not in the Y’-GW+E+R defatting group
(Fig 5e, j). Our data from gRT-PCR also showed an increase of the hepatic pcna mMRNA
level with 3 hours NMP defatting with GWs (Fig 5i). The bone morphogenetic protein-4
(Bmp-4) expression was significantly increased in the Y’-GW+E+R defatting group than
that in the control group (Fig 5f, P=0.008). The Jagged 2 (Jag2) mRNA levels were lower
in the Y defatting and Y+E+R defatting group than that in the control group (Fig 5h,
P=0.127 and 0.083, respectively). However, pcna gene expression was marginally higher in
the Y defatting and Y+E+R defatting group than that in the control group (Fig 5i, £=0.057
and 0.067, respectively). No significant changes were found with regard of notch1 gene
expression among all groups (Fig 59). Taken together, the treating with GW compounds
increased cell proliferation in the setting of rat liver NMP.

Our novel defatting multidrug combination reduced the hepatic apoptosis during NMP

Of note, we used whole blood for NMP, allowing for the evaluation the effects of each
defatting regimen on several cytokine-signaling pathways as well as cytokines such as
IL-1, IL-6, IL-17, TGF-b, and CCL-2 etc. Our study demonstrated a significant decrease in
phosphorylated nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xBp65)
in the Y and Y+E+R defatting groups compared to control, while no significant change
was found in the Y’-GW+E+R defatting group (P=0.557, Fig 6a,b). In contrast, the
phosphorylation of STAT3 in the Y and Y+E+R defatting groups were significantly
decreased compared to control (£=0.039 and 0.045, respectively), while no significant
change was found in the Y’-GW+E+R defatting group (P=0.237, Fig 6¢). Importantly, we
found that the expression of cleaved caspase 9 (CCP9) was significantly higher in the Y
defatting than that in the control group (P=0.041, Fig 6d). Moreover, the cleaved caspase

3 (CCP3) inY defatting and Y+E+R defatting were significantly increased than that in the
control group (P=0.014 and 0.022, respectively), while it was significantly decreased in the
Y’-GW+E+R defatting group (P=0.010, Fig 6€). As shown in Fig 6f-k, the cytokine gene
expression was largely depressed in the Y defatting and Y+E+R defatting group than that
in the control group but unchanged in the Y’-GW+E+R defatting group. In summary, the
treatments containing GW compounds decreased the NF-xB signaling and increased the
hepatic apoptosis. Our novel multidrug combination achieved promising defatting efficacy
via activation AMPK pathway and the hepatotoxicity was significantly reduced (Fig 7).
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Discussion

Given that livers with high levels of macrosteatosis are more prone to IRI, our goal

is to evaluate the potential effects of reconditioning livers using defatting agents to

reduce the level of steatosis and thus IRI after transplantation. Adenosine monophosphate-
activated protein kinase (AMPK) is an intracellular energy sensor seen to play a

central role in regulation of glucose and lipid metabolism with studies suggesting its
activation in cellular energy depletion.*# Subsequent activation leads to the upregulation

of catabolic pathways, most importantly fatty-acid and glucose oxidation, while reducing
ATP consuming anabolic pathways such as triglyceride and cholesterol synthesis.*
Epigallocatechin-3-gallate (EGCG) is a polyphenol commonly found in green tea with
several studies regularly emphasizing its anti-oxidant potential.#6 EGCG appears to
enhance AMPK phosphorylation and contribute further to energy dependent metabolic
activities.* In a murine model, the treatment of cells with EGCG resulted in a dose
dependent increase in AMPKa and subsequent AMPK activation.#8 Additional studies
have attempted to define the specific mechanism of AMPK activation by EGCG with
evidence suggesting that this is mediated through a Ca2*/calmodulin-dependent protein
kinase (CaMKK). It has also been proposed that EGCG activates the AMPK pathway

by manipulating the ratios of AMP/ADP/ATP.4% Another possibility is EGCG dependent
inhibition of mitochondrial oxidative phosphorylation decreasing ATP levels leading to

the subsequent activation of AMPK in response to the falling energy status within a

cell.0 Drawing some similarities to EGCG, resveratrol — induced activation of AMPK

is facilitated through several mechanisms with evidence suggesting variations among

cell types.®® Resveratrol was initially described as a SIRT-1 activator of AMP-activated
protein kinase (AMPK), but later studies suggested further complexity in its role within
this pathway.>2 Resveratrol appears to activate AMPK through an energy dependent

ATP synthase inhibition pathway and energy independent SIRT1-LKB1 activation. In our
study, there was a significant increase in AMPK phosphorylation in livers defatted with
Y’-GW+EGCG+Resveratrol, which is also supported in other studies whereby Resveratrol
appeared to induce AMPK activation through a phosphorylation process in hepatic tissues.
This supports its impact on metabolic tissue and particularly its lipid lowering ability®3 and
also leads to the downstream expression of carnitine palmitoyl transferase-1 (CPT-I) and
medium-chain acyl-COA dehydrogenases further facilitating cellular fatty acid oxidation.>*
On the other hand, the peroxisome proliferator-activated receptors (PPARS) are transcription
factors regulating diverse physiological and pathological processes including cell growth,
morphogenesis, differentiation, and homeostasis.>® PPAR-a. (GW7647) and 6 (GW501516)
agonists have been largely reported to activate AMPK signaling in a receptor-independent
manner.56 Specifically, GW7647 has been shown to induce AMPK phosphorylation and

its downstream protein target acetyl-CoA carboxylase;>” GW501516 similarly activates
the AMPK pathway.®® Surprisingly, we didn’t observe a significant increase of AMPK
phosphorylation in the defatting groups with GW compounds (Y defatting and Y+E+R
defatting group) in our current study. The AMPK phosphorylation in the Y defatting group
was even lower than that in the control group. The mechanism of this unexpected result is
difficult to know due to the complexity of these multidrug defatting multidrug combination.
However, we do notice that 1 of the defatting components, forskolin, has been shown to be
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able to inhibit AMPK activity and reduce phosphorylation of the activation loop a-Thrl72
via inhibition of calcium/calmodulin-dependent protein kinase kinase-a. and ,° which may
reduce or reverse the overall effect AMPK activation induced by GW compounds or EGCG
and Resveratrol. However, in the Y’-GW+E+R defatting group, AMPK activation was
well-preserved due to the decreased effects of forskolin at a lower dose. Consequently, the
lipid metabolism mediated by AMPK was maintained at a lower hepatotoxicity suggested by
the favorable ALT/AST levels and Caspase-3 expression in this defatting group.

There were significant increases of AKT and ERK1/2 phosphorylation in the defatting
groups with PPAR-a (GW7647) and & (GW501516) agonists in our current study.
Furthermore, results of gRT-PCR and immunoblotting showed a significant increase in
hepatic PCNA protein expression at the end of NMP in defatting groups using GW
compounds, suggesting a significant increase of hepatocyte proliferation similar to the
results of previous studies in hepatocyte proliferation under special circumstances.60.61
These findings justify the removal of the GW compounds from the defatting multidrug
combination to eliminate the associated risks of carcinogenesis. Previous studies have
demonstrated the feasibility of NMP as a tool to promote liver regeneration and

reduce the inflammatory response over a short period of perfusion before human liver
transplantation.29:21 |n the setting of our experiment, the use of whole blood-based
perfusate allowed for the evaluation of inflammatory responses amid the different defatting
treatments. In the defatting groups with GW compounds, the NFkB pathway was
significantly depressed; consequently, most cytokine gene transcription was decreased but
accompanied by rising CCP-3 and ALT/AST levels, suggesting that the defatting multidrug
combination in these 2 groups could affect the hepatocytes and hepatic inflammatory cells
simultaneously.

One of the obvious limitations in our study is that the liver grafts were not implanted in

the recipient rats. Therefore, it is hard to know the real benefits of the defatting treatments.
Although the perfusate lactate and liver enzymes supported that the liver grafts were viable
after defatting treatment, the PH value was dropping and the anion gap was increasing,
which could be associated with the mechanical damage from the roller pump to the red
blood cell indicated by the gradual red discoloration of the perfusate plasma, decreasing
hematocrit, and rising potassium and phosphate levels. Further improvement of the rat NMP
system or using pig model with clinically proved device such as OrganOx Metra would
solve the mechanical issue and make long-term survival possible after NMP liver transplant.

In conclusion, we developed a novel multidrug combination that achieved promising
defatting efficacy via activation AMPK pathway while the hepatotoxicity was significantly
reduced during ex vivo NMP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 4. Fat metabolism pathways in the rat livers with different defatting multidrug
combination.

(a) shows the representative immunoblotting bands of each group; the phosphorylation
of AMPK (b) and ACC (c), the SirT1 (d) and CPT-1A (e) levels in the rat livers; the
mRNA transcription of pkd4 (f), fabp1 (g), fabp2 (h), and cptla (i) in the rat livers; j, the
immunofluorescence staining of CPT-1a in the rat livers.
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Figure 5. Cell growth and proliferation of gene expression in the rat livers with different
defatting multidrug combination.

a, shows the representative immunoblotting bands of each group; the phosphorylation of
AKT (b), ERK1/2 (c), pP38MAPK (d), and PCNA levels (e) in rat livers; the mRNA
transcription levels of bmp4 (f), notchl (9), jag2 (h), and pcna (i) in rat livers; (j) the
immunofluorescence staining of PCNA in rat livers.
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Figure 6. Inflammatory pathways and cytokine gene expression in the rat livers with different
defatting multidrug combination.

a, shows the representative immunoblotting bands of each group; the phosphorylation of
p-NFkBp65 (b) and p-STAT3 (c), CCP-9 (d) and CCP-3 (e) levels in the rat livers; the
mMRNA transcription of IL-Za (), IL-16(g), IL6 (h), ILZ7a (i), TGF-b(j), and cc/2 (K) in the
rat livers; (1), the immunofluorescence staining of CCP-3 in the rat livers.
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Figure 7. Schematic summary of the partial molecular pathways involved in this study.
a, the overview of relevant pathways and b, the role of AMPK pathway in fat metabolism

based on the current and previous studies.
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Table 1.

The formulation of defatting multidrug combination.
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Code Drug name Dose Function Mechanism of action
1 Visfatin NA Insulin mimetic
2 GW7647 um PPAR-a agonist to promote B
oxidation
3 GW501516 Ium PPAR-f/5 agonist
4 Forskolin 10uM or Glucagon mimetic and CAMP activator
M Defatting drugs used in Yarmush et al's studies  that increases B-oxidation and
Ketogenesis
5 Hypericin 10uM or Activates pregnane X receptor (PXR),
1uM activates xenobiotic pathway
6 Scoparone 10uM or Activates constitutive androstane
1uM receptor (CAR),activates xenobiotic
pathway
7 L. Carnitine 10mM or Increases fatty acid transportation to
M the mitochondria
8 All-trans Retinoic acid 20uM or Activating etinoic acid, PPAR-B/8
1uMm receptors
9 Coenzyme A 5mM Defatting drugs used in our previsous and B-oxidation substrate
10 Lipase 50u/mL current studies based on literature reports Catalyze lipoprotein/TG to into free
fatty acid
11 Epigallocatechin 0.1pM Activating AMPK and anti-oxidation/
gallate (EGCG or E) inflammation
12 Resveratrol (R) 0.5uM Activating AMPK and SIRT1

Dosages and mechanisms of action of the defatting drugs used in previous (No. 1-6) and current studies (No. 2-12) are listed. The perfusate of
control group was supplemented with equal volume of DMSO to the defatting groups; the modified conventional defatting group (Yarmush eg al.,
Y defatting) was set up as reported (No. 2-10); the second defatting group included the drugs used in Y defatting study, Epigallocatechin gallate
(EGCQG), and Resveratrol (R) (No. 2-12, Y+E+R defatting). The third defatting group was treated without GW compounds and with dose-reduced

defatting drugs (No. 4-12, Y’-GW+E+R defatting).
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