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NAKAMURA ET AL.

Sirtuin 1 Attenuates Inflammation
and Hepatocellular Damage in Liver
Transplant Ischemia/Reperfusion:
From Mouse to Human

Kojiro Nakamura,'* Shoichi Kageyama,' Bibo Ke,' Takehiro Fuji,"
Rebecca A. Sosa,? Elaine F. Reed,? Nakul Datta,! Al Zarrinpar,1
Ronald W. Busuttil,' and Jerzy W. Kupiec-Weglinski'

"Dumont-UCLA Transplant Center, Department of Surgery, Division of Liver and Pancreas Transplantation; 2Depa_rtment of
Pathology and Laboratory Medicine, David Geffen School of Medicine at UCLA, University of California, Los Angeles, Los
Angeles, CA

Hepatic ischemia/reperfusion injury (IRI), an inevitable antigen-independent inflammation response in cadaveric liver
transplantation, correlates with poor early graft function, rejection episodes, and contributes to donor organ shortage. Sir-
tuin 1 (SIRT1) is a histone deacetylase that may regulate inflammatory cell activity and manage liver function in IRI,
though its functional role and clinical relevance remains to be elucidated. We investigated the efficacy of SIRT1 activation
in a murine liver IRT model and verified the concept of putative SIRT1-mediated hepatoprotection in clinical liver trans-
plantation. In the experimental arm, mice were subjected to 90 minutes of liver partial warm ischemia followed by 6 hours
of reperfusion with or without adjunctive SIRT1 activation in vivo (resveratrol [Res]). In parallel, bone marrow—derived
macrophage (BMDM) or spleen lymphocyte cultures were treated with Res. In the clinical arm, liver biopsies from 21
adult primary liver transplant patients (2 hours after reperfusion) were divided into “low” (n = 11) versus “high” (n = 10)
SIRT1 expression groups, assessed by Western blots. Treatment with Res attenuated murine liver IRI while up-regulating
SIRT1, suppressing leukocyte infiltration, and decreasing proinflammatory cytokine programs. SIRT1 silencing (small
interfering RNA) in BMDM cultures enhanced inflammatory cytokine programs, whereas addition of Res decreased
proinflammatory response in a SIRT1-dependent manner. In addition, Res decreased interferon y production in liver-
infiltrating and spleen lymphocyte cultures. Human liver transplants with high SIRT1 levels showed improved hepatocellu-
lar function and superior survival (P = 0.04), accompanied by lower proinflammatory cytokine profile. In conclusion, our
translational study is the first to identify SIRT1 as a regulator of hepatocellular function in human liver transplant recipi-
ents under ischemia/reperfusion stress. By targeting innate and adaptive immune activation, manipulation of SIRT1 sig-
naling should be considered as a novel means to combat inflammation in liver transplantation.
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Liver transplantation has become the standard care for the biggest challenge. Liver ischemia/reperfusion injury
patients with end-stage liver disease and those with (IRI), an inevitable event during graft procurement,

hepatic malignancies, whereas organ shortage remains preservation, and reperfusion, correlates with poor early

graft function and rejection crises. Thus, targeting
hepatic IRI is necessary to improve clinical outcomes

Abbreviations:  Ab, antibody; ALT, alanine aminotransferase; and eXpand the organ donor pOOl. HOWCVCI‘, despite its
ANOVA, analysis of wvariance; AST, aspartate aminotransferase; importance, mechanisms that account for liver IRI are

BMDM, bone marrow—derived macrophages; BMI, body mass index;
bx, biopsy; CCLS, c-c motif chemokine ligand 5; Cond, concanavalin

only partially understood and optimal protective strate-

A4; COX-2, cyclooxygenase 2; CXCLI10, chemokine (C-X-C motif) giCS have not yet been established.(l)

ligand 10; EAD, early allograft dysfunction; FACS, fluorescence-acti-
vated cell sortingg GAPDH, glyceraldehyde 3-phosphate dehydroge-

nase; HDAG, histone deacetylase; HeLa cells, human cervical cancer

Liver IRI represents an exogenous antigen-independent
inflammatory process, which includes proinflammatory

cell line; HPF, bigh-power field: HPRT, hypoxanthine-guanine cytokine release and hepatocyte death. Macrophages play a
phosphoribosyltransferase; IFINy, interferon v; IL, interleukin; iNOS, critical role in thiS inﬂammatory innate immune cascade
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triggered by toll-like receptor 4 signaling.” Because
T-lymphocytes also mediate ischemia/reperfusion (IR)—
liver inflammation,”) regulating macrophage and
T-lymphocyte activation interface is a critical step in devel-
oping novel therapeutic means against IRI in transplant
recipients.

Sirtuin 1 (SIRT1) is a member of the class III his-
tone/protein deacetylase involved in cellular senes-
cence, inflammation, and stress resistance.Y Previous
studies have shown that SIRT1 induction not only
suppressed macrophage activation® but also inhibited
CD4+ T cell T helper 1 (T},1) cytokine production,((’)
suggesting SIRT1 activation as a promising strategy to
protect the liver against IR stress. Although carbon
monoxide inhalation” or calorie starvation® protect
mice against liver IR insult while increasing SIRT1

inducible nitric oxide synthase; IP, intraperitoneally; IR, ischemia/
reperfusion; IRI, ischemia/reperfusion injury; LPS, lipopolysaccharide;
Ly6-G, lymphocyte antigen 6 complex locus G; MCP1, monocyte che-
moattractant protein 1; mRNA, messenger RNA; Nec-1s, 7-Cl-O-
Nec-1 necrosis inhibitor; NF-kB, nuclear factor kappa B; OLT,
orthotopic liver transplantation; PGC-1a, peroxisome proliferator-
activated receptor-gamma coactivator 1oy p-IkBo, phospho I kappa
B alpha; POD, postoperative day; p-Statl, phospho signal transducer
and activator of transcription 1; RAW cell, RAW 264.7; Res, res-
veratrol; ROCG, receiver operating characteristics; RT-PCR, real-time
polymerase chain reaction; SD, standard deviation; SEM, standard
error of the mean; siRNA, small interfering RNA; SIRTI, sirtuin 1;
SREBPIc, sterol regulatory element binding protein-1c; Thet, T-box
transcription factor; TINF-o, tumor necrosis factor o; T,1, T helper
1; TUNEL, terminal deoxynucleotidyl transferase—mediated deoxyur-
idine triphosphate nick-end labeling; UCLA, University of Califor-
nia, Los Angeles; VHC, wvebicle; Z-Asp-cmk, Z-Asp-2,6-
dichlorobenzoyloxymethylketone; Z-VD~fink, Z-Val-Ala-Asp(OMe)-
fluoromethylketone.
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levels, the mechanistic insights and clinical relevance of
these findings remains debatable. Recently, pharmaco-
logical SIRT1 activation (2-ME2,®” SIRT1720%%V)
or adenoviral SIRT1 overexpression™” was shown to
mitigate liver IRI. No studies on human hepatic
SIRT1 expression or liver transplant clinical outcomes
were reported to date.

Resveratrol (Res; 3,4,5-trihydroxystilbene) is a natural
polyphenolic phytoalexin present in plant species, includ-
ing grape and peanut."? While screening for small mole-
cule SIRT1 activators, Howitz et al. identified 21 different
SIRT1-activating molecules, with Res being the most
potent compound among them."™® Previous preclinical
studies have shown Res-mediated beneficial biological
effects, including life-span extension, insulin-resistance,
cancer-prevention, and anti-inflammatory functions. >
On the basis of a plethora of clinical trials, it is becoming
evident that Res may exert health benefits in humans,
including cardiovascular protection.® Because Res medi-
ates the majority of key target molecules by SIRT1-
depending manner, including adenosine monophos-
phate—activated protein kinase and peroxisome prolifera-
tor-activated receptor-gamma coactivator 1o (PGC-
16),"” SIRT1 activation is considered a key feature of Res
treatment benefits,"® while some SIRT1-independent
mechanisms are also reported.'” Despite previous obser-
vational studies on protective effects of Res treatment in
rat liver IRT models,**? the function of SIRT1 in Res-
mediated liver protection remains to be elucidated.

Our present in vivo and in vitro results from well-
defined mouse models confirm protective effects of
Res against liver IRI, accompanied by SIRT1 up-
regulation and macrophage/T-lymphocyte inhibition.
Concomitant evaluation of postreperfusion human
liver transplant biopsies (bxs) demonstrated, for the
first time, that increased SIRT1 expression associated
with a depressed proinflammatory cytokine program,
improved hepatocellular function and superior
posttransplant survival. Our findings validate a novel
concept of SIRT1 activation in clinical liver
transplantation.

Materials and Methods

CLINICAL LIVER TRANSPLANT
STUDY/SAMPLE COLLECTION

Twenty-one adult primary orthotopic liver transplanta-
tion (OLT) recipients were recruited under institu-
tional review board protocol (13-000143) between
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May 10, 2013 and April 6, 2015. Patients provided
informed consent prior to their participation in the
study. The demographic data and clinical parameters
of recipients and donors are shown in Supporting
Table 1. Routine standard of care and immunosup-
pressive therapy were administered, as specified by
University of California, Los Angeles (UCLA) liver
transplant protocols. Study data were collected and
managed using REDCap electronic data capture tools
hosted at UCLA. All donor organs, procured from
donation after brain death with standardized techni-
ques, were perfused with and stored in cold University
of Wisconsin solution. Cold ischemia time was defined
as the time from the perfusion of the donor with pres-
ervation solution to the removal of the liver from cold
storage. Recipient blood was collected prior to the
transplant and at postoperative day (POD) 1-14. Liver
function was evaluated with standard of care tests,
including serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST). Protocol Tru-Cut
needle bxs were obtained intraoperatively from the left
lobe approximately 2 hours after portal reperfusion
(prior to surgical closing of abdomen) and snap-frozen.
Early allograft dysfunction (EAD) was defined by the
presence of 1 or more of the following: total bilirubin
> 10 mg/dL (171 umol/L) or international normal-
ized ratio > 1.6 on day 7, and ALT/AST > 2000 IU/
L within the first 7 PODs. "

ANIMALS

Male wild-type mice (C57BL/6; 6-8 weeks of age),
purchased from The Jackson Laboratory (Bar Harbor,
ME), were housed in the UCLA facility under specific
pathogen-free  conditions. All animals received
humane care according to the criteria outlined in the
Guide for the Care and Use of Laboratory Animals
(National Institutes of Health publication 86-23,
revised 1985).

REAGENTS

Res, lipopolysaccharide (LPS), and concanavalin A
(ConA) were purchased (Sigma Aldrich, St. Louis,
MO). Gene-specific small interfering RNA
(siRNA) against SIRT1 was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Mouse mac-
rophage cell line RAW 264.7 (RAW cell) was from
the American Type Culture Collection (Manassas,
VA).
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MOUSE LIVER IRI MODEL

We used an established mouse model of partial hepatic
warm IRL.9** Briefly, animals were anesthetized,
injected with heparin (100 U/kg), and an atraumatic clip
was used to interrupt artery/portal venous blood supply to
the left/middle liver lobes. After 90 minutes of ischemia,
the clamp was removed and mice were killed at 6 hours
of reperfusion. Res (25 mg/kg) or vehicle (VHC; 15%
ethanol) was administrated intraperitoneally (IP) at
1 hour prior to ischemia. Sham-operated mice underwent
the same procedure without vascular occlusion.

STATISTICS

Statistical tests were described in each figure/table leg-
end. Survival time was defined from the date of trans-
plantation until the date of death. The cumulative
survival was analyzed by Kaplan-Meier method. The
cutoff value of human graft SIRT1 expression was
determined using receiver operating characteristics
(ROC) curve and Youden index on the basis of best
accuracy in relation to an outcome (recipient death). P
< 0.05 was considered statistically significant. JMP for
Windows 8.0 (SAS Institute, Cary, NC) was used for
statistical analyses (see Supporting Materials for addi-
tional methods).

Results
RES AMELIORATES LIVER IRI

We first examined whether pretreatment with Res (25
mg/kg IP 1 hour) may affect IRI in a murine model
of partial liver warm ischemia (90 minutes). The
hematoxylin-eosin staining at 6 hours of reperfusion
showed well-preserved hepatic architecture (minimal
sinusoidal congestion, lobular edema, vacuolization, or
necrosis) in the IR+Res group as compared with livers
in IR or IR+VHC-treated controls (Fig. 1A). These
data correlated with the Suzuki histological grading of
the severity of liver IRT (IR+Res = 2.5 + 0.8 versus IR
=4.6* 1.1 0or IR+VHC = 4.8 £ 0.8; n = 5-6/group;
P < 0.05; Fig. 1B). Treatment with Res improved the
hepatocellular function, assessed by serum ALT and
AST levels (ALT—IR+Res = 10,000 * 4040 versus
IR = 20,500 * 6430 or IR+VHC = 18,800 = 4050
IU/L; AST—IR+Res = 5700 *= 1590 versus IR =
17,200 = 5370 or IR+VHC = 17,800 £ 4430 IU/L;
n = 5-6/group; P < 0.05; Fig. 1C). Thus, Res pretreat-
ment protected mouse livers against IR stress.
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FIG. 1. Res attenuates hepatic IRI. Groups of mice (C57/BL6) were subjected to 90 minutes of partial liver warm ischemia followed by 6 hours
of reperfusion. Some animals were pretreated with Res (25 mg/kg IP) or VHC (15% ethanol) at 1 hour of the ischemia insult. (A) Representa-
tive liver histology (original magnification, X 100). (B) Suzuki’s histological grading of liver IRI. (C) Hepatocellular function evaluated by serum
ALT and AST levels IU/L); n = 5-6/group; data are presented as mean = SD. *P < 0.05 versus IR+ Res (1-way ANOVA).

RES ATTENUATES THE
HEPATOCELLULAR DEATH
AND INFLAMMATORY CELL
TRAFFICKING

As shown in Fig. 2A,B, the immunohistochemistry evalu-
ation revealed a lower frequency of terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate
nick-end labeling (TUNEL)+ cells in the IR+ Res treat-
ment group as compared with IR or IR+VHC controls
(IR+Res = 152 * 3.5 versus IR = 272 = 4.7 or
IR+VHC = 25.1 = 3.6/high-power field [HPF]; n = 4/
group; P < 0.05). Depressed numbers of neutrophils
(lymphocyte antigen 6 complex locus G [Ly6-G]) and
macrophages (CD68) were detected in Res-conditioned
IR-stressed livers (Ly6-G—IR+Res = 26.9 = 6.1 versus
IR = 46.7 = 5.2 or IR+VHC = 42.1 = 6.2/HPF;
CD68—IR+Res = 22.8 = 4.0 versus IR = 36.9 = 3.8
or IR +VHC = 34.9 £ 3.6/HPF; n = 4/group; P <
0.05). Thus, Res treatment ameliorated hepatocellular

death and mitigated inflammatory leukocyte homing in
IR-stressed livers.

RES UP-REGULATES SIRT1 AND
SUPPRESSES PROINFLAMMATORY
CYTOKINES IN LIVER IRI

Western blot analysis (Fig. 3A) showed that pretreatment
with Res, but not VHC, increased hepatic SIRT1 protein
expression, while decreasing leukocyte activation markers
(cyclooxygenase 2 [COX-2], inducible nitric oxide syn-
thase [iNOS]). Real-time polymerase chain reaction
(RT-PCR) analysis demonstrated that Res, but not
VHC, suppressed messenger RNA (mRNA) levels cod-
ing for interleukin (IL) 1f, monocyte chemoattractant
protein 1 (MCP1), tumor necrosis factor o (TNF-o), and
chemokine (C-X-C motif) ligand 10 (CXCL10) with
increased level of SIRT1 mRNA (n = 4/group; P < 0.05;
Fig. 3B). In parallel, Res decreased T-box transcription
tactor (Tbet) protein (T},1 master transcription factor) and
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FIG. 2. Res mitigates apoptosis/inflammatory cell trafficking in IR-stressed liver. (A) Representative immunohistochemical staining
of TUNEL (apoptosis), Ly6-G (neutrophil), and CD68 (macrophage; original magnification, X400). (B) Quantification of positive
cells/HPF; n = 4/group; data are presented as mean * SD. *P < 0.05 versus IR+Res (1-way ANOVA).

interferon y (IFNy) mRNA levels (Fig. 3A,B). Thus, Res
treatment suppressed proinflammatory cytokine program
and up-regulated SIRT1 expression in IR-stressed livers.
Notably, Res increased SIRT1 protein level not only in IR~
stressed but also nonstressed naive mouse liver (Fig. 3C).

SIRT1 INHIBITS MACROPHAGE
ACTIVATION IN VITRO

As macrophages play a key role in controlling IR-
induced inflammation, we examined LPS-stimulated
murine (C57/BL6) bone marrow—derived macrophages

(BMDM) cultures. To investigate the function of SIRT1
in macrophage activation, BMDMs were pretreated with

1286 | ORIGINAL ARTICLE

siRNA against SIRT1 or Res. As shown in Fig. 4A,B,
SIRT1 silencing triggered enhanced expression of macro-
phage activation markers (COX-2, iNOS, phospho I
kappa B alpha [p-IxBa], phospho signal transducer and
activator of transcription 1 [p-Stat1]) and increased levels
of mRNA coding for IL1f, MCP1, CXCL10, and C-C
motif chemokine ligand 5 (CCLS5). These data docu-
ment that SIRT1 depressed macrophage activation in
vitro. Meanwhile, Res supplementation increased SIRT1
levels while exhibiting opposite effects to those after
SIRT1 silencing, implying that Res inhibited macro-
phage activation via SIRT1 signaling. We confirmed reg-
ulatory effects of Res supplementation in the RAW cell
culture system (Supporting Fig. 1).
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FIG. 3. Res up-regulates SIRT1 and suppresses inflammatory cytokine production in IR-stressed liver. (A) Protein levels of SIRT1,
COX-2, iNOS, Tbet, and cleaved caspase 3 were evaluated by Western blotting. The intensity of the bands was quantified with
Image] and normalized by dividing the target band intensity by that of housekeeping f-actin. The values under the bands represent
the relative ratio of normalized intensity as compared with that of IR. Representations of 3 experiments are shown. (B) Quantitative
RT-PCR-assisted detection of mRNA coding for SIRT1, IL13, MCP1, TNF-o, CXCL10, and IFNy. Expression levels were nor-
malized to HPRT expression, then normalized to expression of IR group (*P < 0.05 versus IR+Res; n = 4; 1-way ANOVA). Data
are presented as mean = SD. (C) Liver samples without IR stress were harvested from wild-type naive mice 8 hours after treatment
with Res (25 mg/kg IP) or VHC. The values under the bands represent the relative ratio of normalized intensity compared with that

of untreated mice. Representations of 3 experiments are shown.

RES DEPRESSES LIVER
INFILTRATION BY IFNy+ T
CELLS

To analyze regulatory effects of Res on IFNy production
in vivo, we assessed the frequency of liver-infiltrating
IFNy+ T-lymphocytes by fluorescence-activated cell
sorting (FACS). As shown in Fig. 5, Res treatment
abolished liver infiltration by IFNy+ T cells (CD3+)
as compared with VHC-treated controls (Res, 8.5%
versus VHC, 88.3%).

RES SUPPRESSES T,,1 CYTOKINE
PRODUCTION IN VITRO

We employed Con A-activated spleen lymphocyte cul-
tures to analyze how Res may affect T,1 cytokine

program in vitro. As shown in Fig. 6A,B, addition of
Res increased SIRT1 expression and suppressed mas-
ter transcription regulators (p-Statl and Tbet) along
with a Ty1-type cytokine program (IFNy and IL2),
indicating that Res inhibited T},1 lymphocyte activa-

tion and cytokine production.

SIRT1 POSTREPERFUSION
LEVELS IN HUMAN LIVER
TRANSPLANTATION

We assessed putative regulatory function of SIRT1
signaling in human liver transplants. Liver bxs were
obtained intraoperatively (ca. 2 hours after reperfusion)
in 21 patients. Posttransplant relative SIRT1 expres-

sion was measured by Western blots. According to the
ROC curve and Youden index, the graft SIRT1 cutoff
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FIG. 4. SIRT1 suppresses macrophage activation in vitro. BMDM cultures were pretreated with SIRT1-siRNA or Res (100 uM, 12
hours), and then stimulated with LPS (100 ng/mL, 6 hours). (A) Western blot—assisted detection of SIRT1, COX-2, iNOS, p-1xBa,
IxBa, and p-Statl. The intensity of the bands was normalized by dividing the target band intensity by that of f-actin. The values
under the bands represent the relative ratio of normalized intensity compared with that of cells+LPS. Representatives of at least 3
experiments are shown. (B) Quantitative RT-PCR-assisted detection of mRNA coding for SIRT1, IL1f, MCP1, CXCL10, and
CCLS5. Expression levels were normalized to HPRT expression, then normalized to expression of cells+LPS (*P < 0.05 versus
cells+LPS; n = 4; 1-way ANOVA). Data are presented as mean = SD.

value of 1.53 was determined to be optimal (area under
the curve = 0.79), and based on the cutoff value, liver
bxs were divided into “low” versus “high” SIRT1
expression groups (n = 11 and 10, respectively, Fig.
7A,D). There was no correlation between SIRT1 lev-
els and donor/recipient background, including cold
ischemia time, Model for End-Stage Liver Disease
score, age, sex, or body mass index (BMI; Supporting
Table 1). Postreperfusion high-SIRT1 expression lev-
els correlated with lower ALT/AST levels as compared
with low-SIRT1 expression in human OLT, although
values did not reach statistical significance (Fig. 7B).
To assess whether local SIRT1 levels may correlate
with short-term and longterm outcomes, we analyzed
EAD and cumulative posttransplant survival rates.
The median follow-up period of 21 patients was 712
days (range, 27-1009 days). None of those individuals
underwent secondary liver transplant. Among 21

1288 | ORIGINAL ARTICLE

recipients, 27.3% of the low-SIRT1 bx recipients were
diagnosed as EAD, whereas none of the high-SIRT1
bx recipients were within the criterion (P = 0.12).
Noteworthy, cumulative OLT survival with high-
SIRT1 bx levels was significantly (P = 0.04) longer as
compared with the low-SIRT1 bx recipient group
(Fig. 7C). Moreover, high-SIRT1 bx demonstrated
lower levels of COX-2 and Tbet transcripts (Western
blot, Fig. 7D,E) and proinflammatory cytokines
(IL1p, MCP1, TNF-o, CXCL10, and IFNy; RT-
PCR, Fig. 7F). Hence, postreperfusion SIRT1 expres-
sion levels in human OLT bx correlated with inflam-
matory response, liver function, and clinical outcomes.

Discussion

The present study is the first to link postreperfusion
SIRT1 expression in human liver transplants with
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FIG. 5. Res decreases the number of liver-infiltrating IFNy+ T cells. Groups of mice (C57/BL6) were injected with Res (25 mg/kg
IP) or VHC (15% ethanol). Eight hours later, lymphocytes isolated from liver samples were stained with anti-CD3 Ab and anti-IFNy
Ab and analyzed by FACS. Representations of 2 experiments are shown.

A B
Splenocyte
O cells
< <
8 3 [ Cells+ConA
+ + »
2 2 2 g
3 . 3% M Celis+ConA+Res

SIRT1 . “ - Relative mRNA expression
2.75 1.00 5.98

*
p-Statl - — 15
0.00 1.00 0.34 il
1 4
Tot W - w— %
0.82 1.00 0.60
0.5 -
) == |
SIRT1 IFNy IL2
Splenocyte

FIG. 6. Res increases SIRT1 and mitigates Tj,1 cytokine production in vitro. Spleen lymphocytes were stimulated with ConA (5 ug/
mL) with or without Res (100 uM, 12 hours). (A) Western blot—assisted detection of SIRT1, p-Statl, and Tbet. The intensity of the
bands was normalized by dividing the target band intensity by that of f-actin. The values under the bands represent the relative ratio
of normalized intensity compared with that of cells+ConA. Representations of 3 experiments are shown. (B) Quantitative RT-PCR-
assisted detection of mRNA coding for SIRT1, IFNy, and IL2. Expression levels were normalized to HPRT and normalized to the
expression of cells+ConA (*P < 0.05 versus cells+ConA; n = 4; 1-way ANOVA). Data are presented as mean = SD.
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FIG. 7. Posttransplant hepatic SIRT1 levels and OLT patient outcomes. (A) Twenty-one posttransplant human liver bxs were
divided, based on the relative SIRT1 expression level in OLT, ie, “low” (n = 11) versus “high” (n = 10), as measured by Western
blots. (B) Serum ALT and AST levels at POD 1-14. The solid line indicates the high SIRT1 patient groups while the dotted line
indicates the low SIRT1 patient group. (C) The cumulative probability of survival after liver transplantation, analyzed by Kaplan-
Meier method. Solid line indicates high-SIRT1, and dotted line indicates low-SIRT1 patient groups. #P < 0.05 versus low-SIRT1
bx group (log-rank test). (D) Representative Western blot—assisted expression of SIRT1, COX-2, Tbet, and f-actin in bx samples
(A/B: low-SIRT1; P/Q: high-SIRT1). (E) Western blot—assisted protein quantification of COX-2 and Tbet. Relative expressions
were calculated by dividing the target band intensity by that of f-actin, then normalized to expression of low-SIRT1 bx. Mean *
SEM are shown. #P < 0.05 low (n = 11) versus high (n = 10) SIRT1 bx group (Mann-Whitney U test). (F) Quantitative RT-
PCR-assisted detection of mRNA coding for IL1#, MCP1, TNF-«, CXCL10, and IFNy. Expression levels were first normalized to
GAPDH and then normalized to the expression of low-SIRT1 bx group. Mean = SEM are shown. #P < 0.05 low (n = 11) versus
high (n = 10) SIRT1 bx group (Mann-Whitney U test).

clinical outcomes, including hepatocellular function, Because inflammation is a key feature in the mecha-

proinflammatory cytokine pattern, and patients’ survival.
By integrating liver transplant clinical data with results
from murine liver IRI and in vitro cell culture systems,
our findings provide a rationale for further investigating
SIRT1 activation in liver transplantation. Indeed, high-
SIRT1 postreperfusion levels correlated with depressed
proinflammatory  response  (COX-2/IL1B/TNF-a/
CXCL10 and Tbet/IFNy), preservation of liver function
(ALT/AST), and improved patient survival.
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nism of liver IRL, ™ the current study focused on the
anti-inflammatory role of SIRT1. However, SIRT1 is
also known as an antiapoptotic mediator, consistent
with a recent report by Yan et al. where SIRT1 silencing
increased susceptibility of HepG2 cells to hypoxia/reox-
ygeneration-induced apoptosis.?? In our study, treat-
ment of mice with Res or increased SIRT1 expression
in human liver grafts correlated with diminished hepa-
tocellular damage, evidenced by serum enzyme levels
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(Figs. 1C and 7B, respectively), and depressed frequency
of TUNEL+ cells in IR-stressed livers (Fig. 2A,B).
Thus, SIRT1-mediated hepatoprotection results not
only from anti-inflammatory effects but also from its
direct antiapoptotic function. Cui et al. reported that
hepatocyte-specific SIRT1 knockout mice exhibited
enhanced nuclear factor kappa B (NF-xB) activity and
resistance to apoptosis in an endotoxemic liver injury
model.*> As hepatocyte SIRT1 function against apo-
ptosis may be disease- and/or microenvironment-
dependent, future studies with cell-specific SIRT1
mutant mice are warranted. Despite these shortcomings,
however, our study presents evidence that global SIRT1
activation was accompanied by reduced liver IRI.

SIRT1 is often referred to as a “longevity gene.”
Endogenous SIRT1 in human vascular smooth muscle
cells is lost with age,*® whereas SIRT1 expression in
mouse livers declined with age at both transcriptional
and translational levels.?” Meanwhile, SIRT1 also
relates functionally to human metabolic disorders.
Indeed, Nascimento et al. reported that SIRT1 mRNA
levels were lower in adipose tissue of obese patients
compared with normal-weight controls.?® In line with
these data, we had expected certain correlations between
high-SIRT1 graft and younger/lower-BMI donors,
though we failed to find significant associations. This
may be due to the limited number of patients in our
study (n = 21). Although others have identified a
single-nucleotide ~ polymorphism that may change
SIRT1 protein expression and anti-oxidant function,®”
future trials on putative factors influencing human
SIRT1 responses are warranted.

To induce SIRT1, we used Res, a natural nonflavo-
noid polyphenol, identified originally as a small molecule
SIRT1 activator with antioxidant, cardioprotective, and
anticancer properties.’® Being aware of putative STRT1-
independent Res off-target effects,’” we applied the
siRNA silencing approach to confirm that our findings
in BMDM cultures were indeed SIRT1 dependent. We
focused on SIRT1 signaling in BMDM because of the
tollowing:

1. Circulating monocytes are instrumental in the
mechanism of liver TRT.(?

2. Adoptive transfer of BMDM recreated hepatocel-
lular damage in otherwise IRI-resistant CD11b-
DTR mice.®”

3. Circulating monocytes generate se]f—renewin% Kupffer
cells, the resident macrophages in the liver.*!

Consistent with the prominent role of necrosis rather
than apoptosis in the mechanism of IR-hepatocellular
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death,®? pan caspase inhibitors Z-Asp-2,6-dichloro-
benzoyloxymethylketone (Z-Asp-cmk)®? or Z-Val-
Ala-Asp(OMe)-fluoromethylketone (Z-VD-fmk)®>
failed to protect livers against IRI. However, necrosis
and apoptosis are interdependent phenomena resulting
from activation of shared signaling pathways®* and
apoptosis precedes necrosis in the pathogenesis of liver
IRI.®?*3% Although some pan caspase inhibitors para-
doxically increased necrosis, > necroptosis,(36) or auto-
phagic cell death,®” it is noteworthy that a novel
caspase inhibitor IDN-6556 reduced liver IRI in a
murine model®® and offered local therapeutic protec-
tion in a phase 2 trial in human liver transplantation,®”
We reported that hepatoprotection after treatment with
7-Cl-O-Nec-1 necrosis inhibitor (Nec-1s) was lost
when Kupffer cells were deleted by clodronate, indicat-
ing that Nec-1s failed to mitigate liver cell death in an
IR-stressed liver.*? Thus, consistent with beneficial
effects of Res, accompanied by decreased cleaved cas-
pase 3 (Fig. 3A), targeting hepatocellular apoptosis is
required to ameliorate liver IRI.

SIRT1, a member of the class III histone deacetylase
(HDAC) family, may deacetylate not only histone but also
nonhistone proteins. Previous studies focused on deacety-
lation function to nonhistone target proteins, including
NF-«B,? PGC-1¢,*" and sterol regulatory element
binding protein-1lc (SREBP1¢).*? Although cytoprotec-
tive and organ protective effect of HDAC inhibitors were
documented in some animal models,“>** little is known
of how histone deacetylation may affect an IR-stressed
liver. Indeed, butyrate (class I/I. HDAC inhibitor) was
shown to alleviate rat liver IRL,“ whereas valproic acid
(pan-HDAC inhibitor) failed to protect rat liver against
IR stress.*® Further evaluation of HDAC inhibitors,
especially those readily available in daily medical practice, is
warranted.

We acknowledge the limitations of our study. First,
we are aware Res may produce SIRT1-independent
effects, eg, antioxidative function in cultured renal
proximal tubular cells“*”; autophagy by directly inhib-
iting mammalian target of rapamycin in human cervi-
cal cancer cell line (HeLa cells)*®; or inhibition of
insulin-induced mitogen-activated protein kinase/Akt
phothoqlations in human embryonic kidney 293
cells.*” Hence, hepatoprotection after adjunctive Res
might result from off-target effects rather than up-
regulation of SIRT1 signaling per se. Second, although
our murine and human transplant bx data consistently
demonstrated correlations between SIRT1 expression
and the outcomes, we cannot document the causality,
because of the aforementioned off-target effects and
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IR stress itself decreasing SIRT1 expression in the liver
(Fig. 3A). Future studies in SIRT1 mutant animals are
needed to confirm our findings. Third, as timing of
postoperative blood collection varied between clinical
subjects, the evaluation of pretransplant/posttransplant
liver function may be not totally accurate. Fourth,
with clinical bx samples from a limited number of
patients evaluated retrospectively, significant differ-
ences between the high- versus low-SIRT1 expression
groups were detected in some parameters only (cumu-
lative survival; Tbet/IL1 OLT expression). Although
other differences did not reach statistical significance,
low-SIRT1 bx samples tended to associate with “older”
recipient age and increased intraoperative “blood loss”
(Supporting Table 1). As we cannot eliminate the pos-
sibility of inferior clinical outcomes influenced by these
factors, studies in larger patient cohorts merit further
research.

In conclusion, while the experimental arm of our
study confirmed the beneficial anti-inflammatory func-
tions of SIRT1 induction in murine IRI, our clinical
data are the first to identify SIRT1 as an important
regulator of hepatocellular function in human liver
transplants under IR stress. By targeting innate (mac-
rophage) and adaptive (T cell) immune activation,
SIRT1 manipulation should be considered as a novel
therapeutic means to combat inflammation and tissue
damage in liver transplantation.
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