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Abstract

Background & Aims—Hepatic ischemia-reperfusion injury (IRI), characterized by exogenous 

antigen-independent local inflammation and hepatocellular death, represents a risk factor for acute 

and chronic rejection in liver transplantation. We aimed to investigate the molecular 

communication involved in the mechanism of liver IRI.

Methods—We analyzed human liver transplants, primary murine macrophage cell cultures and 

IR-stressed livers in myeloid-specific heme oxygenase-1 (HO-1) gene mutant mice, for anti-

inflammatory and cytoprotective functions of macrophage-specific HO-1/SIRT1 (sirtuin 1)/p53 

(tumor suppressor protein) signaling.

Results—Decreased HO-1 expression in human post-reperfusion liver transplant biopsies 

correlated with a deterioration in hepatocellular function (serum ALT; p <0.05) and inferior patient 
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survival (p <0.05). In the low HO-1 liver transplant biopsy group, SIRT1/Arf (alternative reading 

frame)/p53/MDM2 (murine double minute 2) expression levels decreased (p <0.05) while cleaved 

caspase 3 and frequency of TUNEL + cells simultaneously increased (p <0.05). 

Immunofluorescence showed macrophages were the principal source of HO-1 in human and 

mouse IR-stressed livers. In vitro macrophage cultures revealed that HO-1 induction positively 

regulated SIRT1 signaling, whereas SIRT1-induced Arf inhibited ubiquitinating activity of MDM2 

against p53, which in turn attenuated macrophage activation. In a murine model of hepatic warm 

IRI, myeloid-specific HO-1 deletion lacked SIRT1/p53, exacerbated liver inflammation and IR-

hepatocellular death, whereas adjunctive SIRT1 activation restored p53 signaling and rescued 

livers from IR-damage.

Conclusion—This bench-to-bedside study identifies a new class of macrophages activated via 

the HO-1–SIRT1–p53 signaling axis in the mechanism of hepatic sterile inflammation. This 

mechanism could be a target for novel therapeutic strategies in liver transplant recipients.

Lay summary—Post-transplant low macrophage HO-1 expression in human liver transplants 

correlates with reduced hepatocellular function and survival. HO-1 regulates macrophage 

activation via the SIRT1–p53 signaling network and regulates hepatocellular death in liver 

ischemia-reperfusion injury. Thus targeting this pathway in liver transplant recipients could be of 

therapeutic benefit.
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Introduction

Ischemia-reperfusion injury (IRI) during liver resection, procurement and transplantation, 

characterized by sterile inflammation and hepatocellular death, represents a risk factor 

predisposing a patient to acute and chronic rejection.1 As one of the most challenging 

problems in transplantation, IRI contributes to the shortage of donor organs. The initiating 

events that account for tissue damage are not well understood. We previously found that 

Toll-like receptor 4 (TLR4) drives innate immune responses in IR-stressed murine livers.2 

Recently, with the aim of developing therapeutic strategies to reduce IR-damage and 

improve clinical outcomes, we focused on a mechanistic roadmap of immunological events 

before and after reperfusion in liver transplant patients.3
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Heme oxygenase-1 (HO-1; HMOX1), a rate-limiting enzyme catalyzing the conversion of 

heme into biliverdin, carbon monoxide, and iron, exerts anti-oxidative and anti-inflammatory 

functions. 4 We have reported on the cytoprotective effects of HO-1 overexpression using 

pharmacological modulators, Ad-based gene transfer and transfer of genetically-modified 

macrophages. 5–7 Although high “pre-transplant” HO-1 levels in human donor livers 

correlated with augmented graft injury,8 “postreperfusion” HO-1 features have not been 

analyzed in transplant patients. We detected infiltrating mononuclear cells as the primary 

source of HO-1 in IR-stressed mouse liver transplants, in parallel with low-to-undetectable 

HO-1 levels in hepatocytes,9 the predominant liver HO-1 producers under basal conditions 

(Fig. S1).

The p53 tumor suppressor protein (p53; TP53) regulates the expression of target genes in 

apoptosis, cell cycle, DNA repair and oncogenesis. Recent studies highlight an anti-

inflammatory function of p53 in macrophage cultures, streptozotocin-induced diabetes and 

LPS-induced lung injury.10,11 Although exacerbated kidney damage was reported in IR-

stressed p53 knockout (KO) mice,12 the opposite was found after chemical inhibitor or 

siRNA against p53 were applied in rat renal IRI.13,14 The role of p53 in liver IRI remains 

unclear. A number of proteins have been implicated in p53 regulation; for example, murine 

double minute 2 (MDM2) targets p53 for ubiquitin-related degradation, whereas p53 may be 

negatively self-regulated by MDM2 and MDM2- dependent ubiquitination. A tumor 

suppressor protein Arf (alternative reading frame; p19 in mouse; p14 in human) inactivates 

MDM2 E3 ligase activity to stabilize p53.15 Pharmacological induction of HO-1 increases 

p53 expression in human breast cancer cells,16 while Ad-mediated HO-1 upregulates p53 in 

vascular smooth muscle cells.17 The HO-1–p53 communication in macrophages has not 

been examined and the regulatory role of p53 in HO-1 anti-inflammatory phenotype remains 

unknown.

Sirtuin 1 (SIRT1), a NAD +-dependent type III histone/protein deacetylase, plays a key role 

in cellular senescence, inflammation and stress resistance. Anti-inflammatory effects of 

SIRT1 were observed in IR-stressed heart, liver, brain and kidney.18–21 Recent reports point 

towards the efficacy of SIRT1 deacetylation to suppress macrophage activation and inhibit 

NF-κB;22 other regulatory proteins, including AMPK, PGC1α and PPARα, have been 

implicated in anti-inflammatory function of SIRT1.23 The effect of SIRT1 on net cellular 

p53 activity in cellular stress may be cell-type specific.24 SIRT1 not only deacetylates and 

promotes p53 ubiquitin-related degradation,10,11 but may also upregulate Arf to inhibit p53 

ubiquitin-related degradation.24 The role of SIRT1 in p53 signaling, leading to macrophage 

activation and inflammation, remains to be explored.

To gain insights into signaling regulation in hepatic IR-inflammation and transplant damage, 

we assessed how myeloid-specific HO-1 expression may affect macrophage activation. Our 

results from human liver transplants, murine models of hepatic IRI and cell culture systems 

identify HO-1–SIRT1–p53 axis as a novel regulator of macrophage activation under IR-

stress.
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Methods

Clinical liver transplant study

Twenty-one adult primary orthotopic liver transplant (OLT) recipients were recruited under 

IRB protocol (13-000143; 5/10/2013 – 4/6/2015). Routine standard of care and 

immunosuppressive therapy was administered, as specified by UCLA liver transplant 

protocols. Protocol Tru-Cut needle biopsies (Bx) were obtained intra-operatively from the 

left lobe approximately 2 h after portal reperfusion (prior to abdomen closing). The 

demographic data and clinical parameters of recipients and donors are shown (Table S1).

Animals

Myeloid-specific HO-1 deficient (mHO-1 KO; C57BL/6) mice were generated by crossing 

floxed HO-1 KO mice25 with lysM (lysozyme M) Cre transgenic mice.26 Homozygous mice 

for floxed and Cre transgenic alleles (HO-1KOfl/fl, lysM Cre+/+) were used as mHO-1 KO 

mice, while HO-1fl/fl, lysM Cre−/− served as controls. Myeloid-specific HO-1 transgenic 

(mHO-1 Tg; C57BL/6) mice were generated by crossing floxed HO-1 Tg mice27 with lysM 

Cre transgenic mice.26 Homozygous mice for the floxed and Cre transgene alleles (HO-1fl/fl, 

lysM Cre+/+) were used as mHO-1 Tg mice.

Liver IRI model

We used an established mouse model of warm hepatic IRI.2 Animals were anesthetized, 

injected with heparin (100 U/kg), and an atraumatic clip was used to interrupt blood supply 

to the left/middle liver lobes. After 90 min of ischemia, the clamp was removed and mice 

were sacrificed after 6 h of reperfusion. Resveratrol ([Res], 25 mg/kg; Sigma-Aldrich, St. 

Louis, MO) or vehicle ([VHC], 15% ethanol) was administrated i.p. 1 h prior to ischemia. 

Res, a naturally occurring polyphenol, activates SIRT1 to regulate cell stress response, 

metabolism and survival by the deacetylation of target proteins.28

Cell isolations/in vitro cultures

Bone marrow-derived macrophages (BMDM) were cultured.29,30 The siRNA transfection 

was conducted using Lipofectamine Reagent (Invitrogen, San Diego, CA). In some 

experiments, cells were treated for 12 h with Res (100 μM) or VHC. The siRNA silencing 

was used to confirm Res effects were SIRT1-specific. BMDM were activated with LPS (100 

ng/ml, 6 h).

Western blots

After protein concentration measurement, equal amount of protein was electrophoresed, 

blotted, incubated with antibodies and developed.29 To compare target protein expression in 

human OLT samples, densitometry quantification was conducted as follows. In a 

preliminary study, one of the Bx samples expressing all target proteins was assigned as a 

“reference” sample. Equal amounts of protein lysate from each sample were applied to each 

well/gel, and target band intensity was normalized to the reference sample expression in the 

same gel followed by normalization with β-actin.

Nakamura et al. Page 4

J Hepatol. Author manuscript; available in PMC 2018 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistics

In mouse studies, differences between two or multiple groups were assessed by Student t test 

and one-way analysis of variance (ANOVA), followed by Tukey’s HSD (honest significant 

difference) test, respectively. For human data, continuous values were analyzed by Mann-

Whitney U test and categorical variables by Fisher’s exact test. p values were considered 

statistically significant at <0.05. The cumulative survival rate was analyzed by Kaplan-Meier 

method, and differences between the groups were compared using a log-rank test.

For further details regarding the materials used, please refer to the supplementary data and 

CTAT table.

Results

HO-1 levels in human OLT post-reperfusion influence clinical outcomes

To focus on the role of HO-1 in human liver graft function, we measured HO-1 protein 

levels in post-transplant biopsies (Bx; 2 h post-reperfusion) from 21 primary OLT recipients. 

Based on Western blot-assisted HO-1 expression, liver Bx were divided into “high” vs. 
“low” HO-1 expression groups (n = 11 and n = 10, respectively, Fig. 1A). Serum alanine 

aminotransferase (sALT), aspartate aminotransferase (sAST) and total bilirubin (T-Bil) were 

analyzed (Fig. 1B–D). Patients with low HO-1 post-reperfusion had higher sALT at POD1-

POD5 (p <0.05). Despite showing similar trends, sAST and T-Bil values did not reach 

statistical significance between the groups. To examine the relationship between HO-1 graft 

levels and clinical outcomes, we used a Kaplan-Meier method to analyze cumulative post-

transplant survival with median follow-up of 712 days (range, 27–1,009 days). None of the 

patients underwent secondary liver transplant. As shown in Fig. 1E, cumulative survival in 

low HO- 1 expression was significantly worse (p <0.05) compared with high HO-1 

expression group. The demographic data and clinical donor/recipient parameters are shown 

in Table S1. Statistical analysis found no correlation between HO-1 levels and any of the 

demographic or clinical parameters, including IRI pathophysiology factors, such as cold 

ischemia time or MELD score. Thus, low HO-1 levels in reperfused human liver grafts 

correlated with deteriorated hepatocellular function and inferior survival.

Low HO-1 levels in human OLT are accompanied by decreased SIRT1/p53 expression

To focus on HO-1–SIRT1–p53 crosstalk, we quantitated SIRT1 and p53 expression in “low” 

vs. “high” HO-1 human OLT. In the low HO-1 group, SIRT1 and p53 decreased (p <0.05, 

Fig. 2A, B), while cleaved caspase 3 (hepatocellular apoptosis indicator) simultaneously 

increased (p <0.05, Fig. 2C). Depressed p53 in low HO-1 Bx grafts was associated with 

lower MDM2 (downstream p53 effector) and p14Arf (p53 stabilizer) levels (p <0.05, Fig. 

2D, E). Representative Western blot-assisted signaling profiles in human OLT are shown in 

Fig. 2F (high HO-1: case A/B; low HO-1: case P/Q).

HO-1 is expressed primarily by IR-stressed liver macrophages

To identify the dominant HO-1 producing cell in liver IRI, we performed immunofluorescent 

staining of human post-transplant Bx. As shown in Fig. 3A, HO-1 (red) expression co-

localized with CD68 (blue), indicating that macrophages are the principal producers of 
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HO-1 in IR-stressed human OLT. Consistent with Fig. 1B–D and Fig. 2C, low HO-1 group 

displayed increased frequency of TUNEL + cells (green) compared to the high HO-1 group. 

The CD68/HO-1 co-expression in the liver was confirmed in two mouse models of cold 

IRI/OLT (18 h cold storage) and warm IRI (90 min ischemia) (Fig. 3B).

HO-1 upregulates SIRT1/p53 while inhibiting macrophage activation in vitro

Having identified that macrophages are the principle producer of HO-1 in IR-stressed liver, 

we focused on dissecting the regulatory function of HO-1 upon SIRT1/p53 signaling in LPS-

stimulated BMDM from WT or myeloid-specific HO-1 transgenic (mHO-1 Tg) mice. As 

shown in Fig. 4A, B, HO-1 overexpression in BMDM increased SIRT1, p19, p53 and p53-

downstream effectors (MDM2, PUMA, Noxa, p21) while decreasing macrophage activation 

markers (p-Stat1, iNOS) compared with HO-1 proficient counterparts. Consistent with 

human OLT (Fig. 2), this indicates that HO-1 suppresses mouse BMDM activation while 

upregulating SIRT1/p53 and p19 expression. Although anti-inflammatory HO-1, SIRT1 and 

p53 molecules control macrophage activation,10,22,31 it is unknown whether, and how, 

SIRT1 and p53 may function in a HO-1-enriched environment, with SIRT1 influencing p53 

activity in a cell-specific manner.24 Indeed, myeloid-specific HO-1 overexpression 

ameliorated liver IRI, suppressed inflammation and enhanced SIRT1/p19/p53/MDM2 

expression (Fig. S2 and unpublished).

SIRT1 depresses macrophage activation and upregulates p53 expression in vitro

To further dissect SIRT1 function in macrophage regulation and p53 signaling, we explored 

LPS-stimulated BMDM cultures supplemented with Res (SIRT1 inducer) or siRNA-SIRT1. 

Western blot analysis (Fig. 5A) showed that the addition of Res suppressed macrophage 

activation markers (p-Stat1, p-IkBα, iNOS), a pattern that reversed after SIRT1 silencing. 

Notably, SIRT1 activation in vitro increased expression of p53 and its downstream effector 

proteins (MDM2/PUMA) even though SIRT1 decreased the acetylation ratio (Ac-/total-p53 

= 0.03 (Res) vs. 4.12 [siRNA-SIRT1]). In addition, SIRT1 activation increased p19, which 

inactivates MDM2 E3 ligase and sustains p53 activity. We confirmed these findings after 

SIRT1 knockdown, which had opposite effects to those seen in Res-treated BMDM (Fig. 

5B). As shown in Fig. 5C, SIRT1 decreased macrophage activation (iNOS, IL-1β, MCP1, 

CCL5, CXCL10, GzmB) while upregulating p53-downstream effectors (Noxa, p21; p 
<0.05). Thus, despite p53 deacetylation, SIRT1 induction was able to enhance p53 signaling 

and suppress macrophage activation.

The p19/p53 signaling axis is critical in anti-inflammatory SIRT1 function in vitro

We investigated whether p19 function is necessary and sufficient for enhancement of p53 

signaling by SIRT1 in BMDM cultures. As shown in Fig. S3A, p19 knockdown (siRNA) in 

Res-treated cells decreased p53, MDM2, and PUMA, compared with cells + LPS + Res, or 

cells + LPS + Res + siRNA (scrambled) settings. RT-PCR revealed that p19 knockdown in 

Res-treated cells impaired the ability of SIRT1 to increase p53 signaling (Noxa, p21) and 

suppress macrophage activation (iNOS, CXCL10) (p <0.05, Fig. S3B). The efficacy of Res 

to decrease ubiquitinylated-p53 was diminished when p19 was silenced (Fig. 6A), indicating 

that SIRT1 inhibits p53 ubiquitination in a p19-dependent manner. Thus, p19 is an essential 

Nakamura et al. Page 6

J Hepatol. Author manuscript; available in PMC 2018 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



downstream mediator of SIRT1 to enhance p53 by protecting it from ubiquitination, and 

attenuating inflammation in vitro.

The next question was whether p53 is necessary for suppressing macrophage activation by 

SIRT1. The p53 knockdown (siRNA) enhanced p-IkBα levels in LPS-stimulated BMDM. 

Furthermore, the p53 knockdown impaired the efficacy of SIRT1 to decrease p-IkBα in 

BMDM + LPS + Res cultures. The impact of p19 knockdown in BMDM + LPS ± Res 

cultures showed a similar trend to that of p53 knockdown (Fig. 6B). RT-PCR confirmed that 

p19 and p53 knockdown suppressed downstream p53 signaling (Noxa, p21) while enhancing 

macrophage activation (iNOS, IL-1β, MCP1, CCL5) with or without SIRT1 enhancement (p 
<0.05, Fig. 6C). Thus, the p19/p53 axis plays a key role in SIRT1-mediated suppression of 

macrophage activation.

To confirm our in vitro findings, we then examined SIRT1/p19/p53 expression at 6 h of 

reperfusion in mouse livers subjected to 90 min of ischemia. Unlike in untreated IR or VHC 

treated controls, pre-treatment with Res (25 mg/kg i.p. for 1 h) ameliorated hepatic IRI (Fig. 

S4A, B), lowered mRNA levels coding for IL-1β, MCP1 (Fig. S4C), accompanied by an 

upregulation of p19/p53 and downstream MDM2, PUMA and Noxa effector molecules (Fig. 

6D, E).

SIRT1 activation rescues anti-inflammatory phenotype and p53 signaling in HO-1-deficient 
macrophages

Up to this point, we have shown that: i) human OLT characterized by low HO-1 expression 

exhibited depressed SIRT1/p14Arf/p53/MDM2 levels (Fig. 2) and inferior clinical outcomes 

(Fig. 1B–E); ii) HO-1 downregulated macrophage activation while increasing 

SIRT1/p19/p53 (Fig. 4); and iii) SIRT1 inhibited macrophage activation in p19/p53-

dependent manner (Fig. 6A–C). In line with these findings, we hypothesized that SIRT1–

p53 signaling may underlie anti-inflammatory HO-1 macrophage function. First, we 

explored whether HO-1 deficient macrophages are indeed lacking SIRT1/p53, and then 

whether SIRT1 activation may rescue such a deficit and reinstate an anti-inflammatory 

phenotype. As shown in Fig. 7A–C, genetic disruption of HO-1 in BMDM decreased SIRT1, 

p19, p53, MDM2, Noxa and p21 levels, while enhancing p-Stat1, iNOS, TNFα, MCP1, 

IL-1β, GzmB, and IL-12p40. Moreover, Res supplement in HO-1-deficient macrophages 

restored SIRT1/p53 and attenuated excessive macrophage activation, indicating that anti-

inflammatory HO-1 function is indeed mediated by SIRT1–p53 signaling.

Myeloid-specific HO-1 deficiency exacerbates liver IRI while SIRT1 rescues IR-livers by 
restoring p19/p53 signaling

To determine the impact of macrophage HO-1–SIRT1–p53 axis in vivo, groups of myeloid-

specific HO-1-deficient mice were subjected to hepatic IR-stress (90 min). By 6 h of 

reperfusion, ischemic livers in mHO-1 KO animals displayed severe sinusoidal congestion, 

vacuolization and hepatocellular necrosis, compared with HO-1 proficient livers (Fig. 8A). 

These correlated with Suzuki’s histological grading of liver IRI and serum enzyme levels (p 
<0.05, Fig. 8B). Myeloid HO-1 deficiency increased the frequency of hepatic TUNEL + 

cells, liver-infiltrating macrophages (CD11b) and neutrophils (Ly6G) as well as oxidative 
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stress marker (4HN), compared with controls (Fig. S5A–D). Western blots (Fig. 8C), ELISA 

(Fig. 8D) and RT-PCR (Fig. 8E) revealed that HO- 1 deficiency correlated with decreased 

SIRT1/p19/p53 and downstream mediators (MDM2/Noxa) while enhancing MCP1/TNFα 
levels. This data indicates that myeloid HO-1 plays a dominant role in managing liver IR-

hepatocellular death, inflammation and oxidative stress. Consistent with in vitro data (Fig. 

7A, B), exacerbated liver damage in mHO-1 KO mice was attenuated after treatment with 

Res (but not VHC) (p <0.05, Fig. 8A, B). Moreover, IR-stressed livers in mHO-1 KO mice 

conditioned with Res showed decreased frequency of TUNEL + cells/infiltrating leukocytes 

along with diminished 4HN (Fig. S5A–D) and MCP1/TNFα (p <0.05, Fig. 8D–E) 

expression; and restored otherwise blunted SIRT1–p53 signaling (Fig. 8C). These results 

support the contention that SIRT1 activation is sufficient to reinstate the anti-inflammatory 

phenotype in an IR-stressed mHO-1-deficient environment.

Discussion

In this study, encompassing human OLT, a mouse model of liver IRI, and murine BMDM 

culture, we have identified a novel HO-1– SIRT1–p53 signaling axis in macrophage 

activation during IR-stress. Although IRI represents a major clinical problem, remarkably 

few studies have been conducted in human transplant recipients to understand its 

mechanistic underpinnings. To the best of our knowledge, this is the first report linking post-

transplant HO-1 levels with the severity of hepatocellular damage in transplant patients. 

Notably, low post-reperfusion HO-1 levels, accompanied by decreased SIRT1/p53 

expression, correlated with augmented hepatocellular death (caspase 3/TUNEL), 

deteriorated OLT function (sALT) and decreased cumulative patients’ survival. Failure to 

detect statistically significant differences in sAST and T-Bil levels may have been due to the 

limited number of subjects.

HO-1 may serve as a cytoprotective molecule and stress-inducible heat shock protein 

(hsp32).32 Although our patients underwent optimized transplant surgery and peri-operative 

care with comparable cold ischemia times (Table S1, p = 0.32), the exacerbated 

hepatocellular damage in low HO-1 Bx may have resulted from individual inability to 

upregulate HO-1 response in IR-stressed liver. Indeed, post/pre-transplant HO-1 mean 

expression ratio in the low HO-1 group was depressed compared with the high HO-1 group 

(0.90 and 1.74, respectively), implying that low HO-1 Bx livers failed to trigger HO-1 

increase under IR-stress. Although aging and obesity are poor-prognosis factors, there was 

no correlation between post-transplant HO-1 levels and donor/recipient demographic 

parameters, including age and BMI in our study. Short guanine-thymine nucleotide repeats 

polymorphism located in the promotor region on chromosome 22q13.1 of human HO-1 was 

shown to enhance its expression in response to oxidative stress.33 However, controversy 

exists as to whether short repeats polymorphism in human livers associates with superior 

graft function.8,34 More studies on putative factors influencing human HO-1 responses are 

warranted.

Although post-reperfusion HO-1 levels correlated with hepatocellular function and clinical 

outcomes, it is premature to conclude that graft HO-1 influenced patient survival by 

suppressing IRI per se. First, the direct link between IRI severity and patient/graft survival 
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remains somewhat controversial.35,36 However, it is noteworthy that pharmacological HO-1 

induction attenuated cholestasis in rats,37 one of the major IRI complications. Second, 

although survival analysis demonstrated significant differences between “high” vs. “low” 

HO-1 groups, we recognize that our retrospective study in a limited patient cohort (n = 21) 

needs to be confirmed prospectively with a larger number of OLT recipients.

Our novel finding on HO-1 phenotype predisposing human OLT to IR-insult provides a solid 

springboard for a more in-depth mechanistic assessment of HO-1 signaling in well-

controlled murine settings. Consistent with our previous studies,9 we first confirmed liver 

macrophages (infiltrating and tissue-resident) as major HO-1 producers, both in human OLT 

and IR-stressed mouse livers. Here, we focused on HO-1 signaling in mouse BMDM 

because: i) circulating monocytes are instrumental in the mechanism of liver IRI;1,38 ii) 

adoptive transfer of BMDM was sufficient to recreate hepatocellular damage in otherwise 

IRI-resistant CD11b-DTR mice;38 iii) number of liver-resident Kupffer cells drastically 

decreased under IR-stress, with a simultaneous massive influx of circulating macrophages;39 

and iv) circulating monocytes can generate self-renewing Kupffer cells.40 Consistent with 

the recipient myeloid HO-1 deletion worsening hepatocellular damage in a murine OLT 

model (not shown), our findings support the significance of HO-1 expressing circulating 

macrophages in the mechanism associated with liver IRI.

SIRT1, also referred to as a “longevity gene”, has been shown to extend lifespan and protect 

cells from an array of stresses.41 To induce SIRT1, we used Res, a small molecule SIRT1 

activator with antioxidant, cardioprotective and anticancer properties.42 Being aware of 

SIRT1-independent off-target Res effects,43 we used siRNA silencing to confirm that our 

findings in BMDM cultures were SIRT1-dependent. In a recent study, HepG2 cells became 

more susceptible to hypoxia/reoxygeneration-induced apoptosis after SIRT1 knockdown,44 

indicating an anti-apoptotic role of SIRT1 in hepatocytes. Thus, cytoprotection after SIRT1 

induction in mHO-1 KO livers (Fig. 8A, B) may not only result from recreating anti-

inflammatory macrophage function, but also from hepatocyte SIRT1 activation.

Having demonstrated that i) myeloid-specific HO-1 deletion augmented hepatocellular death 

(Fig. 8A, B); and ii) SIRT1 mediated a cytoprotective function of macrophage HO-1 (Fig. 

7A–C), the idea that the myeloid HO-1/SIRT1 axis controls sterile inflammation and tissue 

damage in IR-stressed mouse livers is strengthened. However, Cui et al. reported that 

hepatocyte-specific SIRT1 KO mice displayed enhanced hepatocyte NF-κB activity and 

resistance to apoptosis in endotoxemic liver injury model.45 As hepatocyte SIRT1 function 

against apoptosis may be disease and microenvironment dependent, future studies in 

hepatocyte-specific SIRT1 deficient strains are warranted. Although worseliver IRI in 

mHO-1 KO mice can be firmly attributed to HO-1 deficiency in circulating macrophages, 

we are aware that mHO-1 KO mice underwent Cre-mediated deletion of HO-1 under the 

control of the LysM promoter, which is expressed in all myeloid cells (26). Therefore, both 

macrophages and neutrophils may have contributed to deteriorated hepatocellular function. 

As HO-1 regulates neutrophil activation,46 the role of neutrophil HO-1 in liver IRI awaits 

further studies.
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Although acetylation affects the function of the p53 molecule, multiple factors may control 

p53 signaling. Chae et al. reported that endogenous stress of reactive oxygen species in 

embryonic stem cells induced by 2-ME removal, enhanced p53 function in a SIRT1-

dependent manner.47 By focusing on SIRT1–p53 molecular communication at the 

macrophage level, our study, to the best of our knowledge, is the first to document that 

SIRT1 upregulates p53. Thus, screening downstream molecules, including MDM2 to 

determine p53 function, is warranted. Unlike in macrophages, SIRT1 activation 

downregulated p53 in primary hepatocyte cultures (data not shown). Therefore, it is essential 

to determine the role of SIRT1 on p53 in individual cell types, tissues and in vivo models. 

Our finding on anti-inflammatory p53 signaling in the liver is important in a broad context 

of anti-tumor p53 activities. Indeed, adenoviral p53 gene therapy (ADVEXIN®) is currently 

under clinical evaluation in patients with malignancies. As p53 activation may cause cell 

cycle inhibition, apoptosis or cardiac dysfunction,48 future p53-specific in vivo 
manipulations in IR-stressed livers are warranted.

With a clinical hint from human OLT samples, we have identified a novel SIRT1-Arf-p53-

MDM2 network in macrophage activation and liver IRI. Collectively, our human andmurine 

findings support the following model of mechanistic integration between HO-1, SIRT1 and 

p53 signaling (Fig. 8F). HO-1 positively regulates SIRT1 (#1) while SIRT1-induced Arf 

(p19 in mouse, p14 in human) (#2) inhibits MDM2 E3 ligase activity to stabilize p53 (#3). 

Consequently, p53 tumor suppressor protein upregulated by HO1-SIRT1-p19 axis (#1–3) 

attenuates macrophage activation (#4).

This bench-to-bedside study identifies a new class of HO-1–SIRT1–p53 signaling axis in the 

mechanism of macrophage activation and sterile inflammation in liver transplantation. The 

immune phenotypes and pathways described here are likely to be applicable to other types of 

liver inflammation, including non-alcoholic steatohepatitis, an emerging global epidemic 

projected to become the leading indication for liver transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• HO-1 is expressed primarily by ischemia-stressed liver macrophages.

• HO-1 regulates macrophage activation via SIRT1–p53 signaling.

• HO-1 regulates hepatocellular death in liver ischemia-reperfusion injury.

• Low macrophage HO-1 levels correlate with reduced human liver transplant 

function.
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Fig. 1. Post-transplant hepatic HO-1 levels and OLT patient outcomes
(A) Based on Western blot-assisted relative protein expression, twenty-one human liver 

transplant biopsies were identified as HO-1 “high” (n = 11) vs. “low” (n = 10). 

Representative HO-1 expression is shown in the bottom panel. (B–D) Serum ALT, AST and 

total bilirubin (T-Bil) levels at post-operative day 1–14 (POD 1–14). Solid line indicates 

high while dotted line low HO-1 OLT groups. Data are shown as mean ± SEM. #p <0.05 vs. 
high HO-1 (Mann-Whitney U test). (E) The cumulative probability of OLT survival 

(Kaplan-Meier method). Solid line indicates high and dotted line low HO-1 group. #p <0.05 

vs. high HO-1 group (Log-rank test). (This figure appears in colour on the web.)

Nakamura et al. Page 15

J Hepatol. Author manuscript; available in PMC 2018 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. HO-1 levels in human OLT correlate with SIRT1, p53, cleaved caspase 3, MDM2, and 
p14Arf levels
Twenty-one human liver transplant biopsies were divided, based on the relative HO-1 

expression, into “high” (n = 11) and “low” (n = 10) groups (Fig. 1A). (A–E) Relative 

expression of SIRT1 (A; mean: 2.78 vs. 1.09), p53 (B, mean: 1.11 vs. 0.63), cleaved caspase 

3 (C; mean: 0.66 vs. 1.13), MDM2 (D; mean: 0.80 vs. 0.46) and p14Arf (E; mean: 0.69 vs. 
0.36). Data are shown in dot plots; bars indicate mean ± SEM. #p <0.05 high (n = 11) vs. 
low (n = 10) HO-1 (Mann-Whitney U test). (F) Representative Western blot-assisted OLT 

expression of HO-1, SIRT1, p53, cleaved caspase 3, MDM2 and p14Arf (A/B: high HO-1; 

P/Q: low HO-1).
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Fig. 3. Frequency of TUNEL + cells in human OLT is negatively correlated with macrophage-
expressing HO-1
(A) Immunofluorescence staining of CD68 (blue, macrophage), HO-1 (red), TUNEL (green) 

and merged image in high vs. low HO-1 human OLT. Representative of three in each group 

is shown. (B) Immunofluorescence staining of CD68 (red), HO-1 (green), DAPI (blue) and 

merged image in IR-stressed mouse livers. Upper panels: 6 h reperfusion/OLT (18 h cold 

storage). Lower panels: 6 h reperfusion/90 min warm ischemia. Representative of three in 

each group is shown. (This figure appears in colour on the web.)
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Fig. 4. HO-1 upregulates SIRT1–p53 signaling in BMDM
BMDM from WT or mHO-1 Tg mice were stimulated with LPS (100 ng/ml, 6 h). (A) 

Western blot-assisted detection of HO-1, SIRT1, p19, p53, MDM2, PUMA and p-Stat1 

(Tyr701). β-actin expression served as an internal control for normalization. The values 

under the bands represent relative ratios of normalized intensity compared to WT/cells + 

LPS. Representative of three experiments is shown. (B) Quantitative RT-PCR-assisted 

detection of mRNA coding for SIRT1, Noxa, p21 and iNOS. Data normalized to B2M gene 

(n = 4/group) are presented as mean ± SD. *p <0.05 vs. WT/cells + LPS (Student t test).
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Fig. 5. SIRT1 depresses macrophage activation and upregulates p53 signaling in vitro
LPS-stimulated BMDM (100 ng/ml, 6 h) with/without Res (SIRT1 inducer, 100 μM, 12 h) 

or siRNA SIRT1 were screened for activation markers. (A and B) Western blot-assisted 

detection of SIRT1, p-Stat1 (Tyr701), p-IkBα (Ser32), IkBα, iNOS, p19, p53, Ac-p53 

(Lys379), MDM2, and PUMA. Band intensities were quantified with ImageJ and normalized 

by dividing target band intensity by that of housekeeping β-actin. The values under the 

bands represent relative ratios of normalized intensity, compared to cells + LPS. 

Representative of three experiments is shown. (C) Quantitative RT-PCR-assisted detection of 

mRNA coding for SIRT1, Noxa, p21, iNOS, IL-1β, MCP1, CCL5, CXCL10 and GzmB. 

Data normalized to B2M gene expression (n = 4/group) are presented as the mean ± SD. *p 
<0.05 vs. cells + LPS (one-way ANOVA).
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Fig. 6. SIRT1 inhibits macrophage activation through p19/p53 signaling
(A–C) BMDM stimulated with LPS (100 ng/ml, 6 h) were treated with Res (100 μM, 12 h), 

siRNA (p53) or siRNA (p19). (A) 25 μg of protein lysate from BMDM were divided by 

immunoprecipitation into ubiquitinated (UB-) and non-ubiquitinated (nonUB-) proteins and 

analyzed by Western blotting. Representative images (upper panel) and densitometry 

quantification (lower panel) are shown. *p <0.05 vs. cells + LPS, #p <0.05 vs. cells + LPS + 

Res, n = 3/group (one-way ANOVA). (B) Western blot-assisted detection of SIRT1, p53, 

PUMA, p-IkBα (Ser32) and IkBα in LPS-stimulated BMDM. Band intensities were 

normalized by dividing target band intensity by that of β-actin. The values under the bands 

represent relative ratios of normalized intensity compared to that of cells + LPS. 

Representative of three experiments is shown. (C) Quantitative RT-PCR-assisted detection of 

mRNA coding for SIRT1, Noxa, p21, iNOS, IL-1β, MCP1 and CCL5. Data were 

normalized to B2M gene expression (*p <0.05 vs. cells + LPS, #p <0.05 vs. cells + LPS + 

Res, n = 4/group, one-way ANOVA). (D and E) Livers in WT mice underwent 90 min of 

warm ischemia followed by 6 h reperfusion. (D) Western blot-assisted detection of SIRT1, 

p19, p53, MDM2 and PUMA. The values under the bands represent relative ratios of 

normalized intensity compared to that of IR. Representative of three experiments is shown. 

(E) Quantitative RT-PCR-assisted detection of mRNA coding for Noxa. Data normalized to 

HPRT gene expression (*p <0.05 vs. IR, #p <0.05 vs. IR + VHC, n = 4/group, one-way 

ANOVA) are presented as mean ± SD.
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Fig. 7. Macrophage HO-1 deficiency depresses SIRT1–p53 signaling and augments 
inflammation, while SIRT1 activation restores p53/anti-inflammatory phenotype in BMDM
BMDM were harvested from HO-1 proficient (WT) or myeloid-specific HO-1 deficient 

(mHO-1 KO) mice and activated with LPS (100 ng/ml, 6 h). In some experiments, cells were 

pretreated with Res (100 μM) or VHC for 12 h. (A) Western blot-assisted detection of HO-1, 

SIRT1, p19, p53, Ac-p53 (Lys379), MDM2, and p-Stat1 (Tyr701). β-actin expression as 

internal control was used for normalization. The values under the bands represent the 

relative ratio of normalized intensity compared to WT/cells + LPS. Representative of three 

experiments is shown. (B) Quantitative RT-PCR-assisted detection of SIRT1, Noxa, p21, 

iNOS, TNFα, MCP1, IL-1β, GzmB and IL-12p40. Data normalized to B2M gene 

expression (n = 4/group). (C) ELISA-assisted detection of MCP1 in BMDM culture medium 

(pg/μl, n = 4/group). Data are presented as mean ± SD. *p <0.05 vs. WT/cells + LPS, #p 
<0.05 vs. HO-1 deficient/cells + LPS + Res (one-way ANOVA).

Nakamura et al. Page 21

J Hepatol. Author manuscript; available in PMC 2018 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. Myeloid-specific HO-1 deficiency depresses SIRT1–p53 and augments IRI, while SIRT1 
activation restores p53 and attenuates liver IRI/inflammation in mHO-1 KO mice
Groups of control and mHO-1 KO mice were subjected to warm liver IRI. Some mice were 

treated with Res (25 mg/kg i.p. at −1 h) or VHC. (A) Representative H&E staining (original 

magnification, 100×; n = 4–6/group). (B) Suzuki’s histological grading of liver IRI and 

sALT/AST [IU/L] (n = 4–6/group). (C) Western blot-assisted detection of SIRT1, p19, p53, 

Ac-p53 (Lys379) and MDM2. β-actin expression serves as an internal control. The values 

under the bands represent the relative ratio of normalized intensity compared to IR/Control. 

Representative of three experiments is shown. (D) ELISA-assisted detection of serum MCP1 

(pg/ml, n = 3–4/group) (E) Quantitative RT-PCR-assisted detection of mRNA coding for 

SIRT1, Noxa, TNFα and MCP1. Data normalized to HPRT gene expression (n = 4/group) 

are presented as mean ± SD. *p <0.05 vs. IR/Control, #p <0.05 vs. IR/mHO-1 KO + Res 

(one-way ANOVA). (F) Schematic illustration of macrophage regulation by HO-1–SIRT1–

p53 axis. HO-1 upregulates SIRT1 (#1), whereas SIRT1-induced Arf (p19 in mouse, p14 in 

human) (#2) inhibits MDM2 E3 ligase activity to stabilize p53 (#3). Consequently, p53 

tumor suppressor protein upregulated by HO1/SIRT1/p19 axis (#1–3) attenuates 

macrophage activation (#4). DEG: ubiquitin-degradation of p53 by MDM2. (This figure 

appears in colour on the web.)
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