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Abstract
The imbalance between free radicals and antioxidant defense is defined as the critical factor in the progression 

of nonalcoholic fatty liver disease and obesity. Heme Oxygenase-1 (HO-1), an intrinsic antioxidant enzyme, 
significantly mitigates this imbalance. Sirtuin 1 (SIRT1), a protein belonging to the NAD-dependent deacetylase 
family linked to the cellular metabolic status of the chromatin structure, regulation of gene expression and notably 
influenced by redox imbalance. The hypothesis of this study suggests that fructose-induced obesity leads to an 
inflammatory and oxidative condition that promotes non-alcoholic steatohepatitis (NASH) development. We 
investigate the role of the hepatocyte HO-1-SIRT1 axis in attenuating steatohepatitis. This study analyzed the effects 
of fructose supplementation on hepatic lipid metabolism in murine hepatocytes and liver tissues of mice subject to 
a high-fructose diet. The experiments were conducted both in the presence and absence of Cobalt protoporphyrin 
(CoPP) (HO-1 inducer) and Tin mesoporphyrin (SnMP) (HO-1 activity inhibitor). Fructose supplementation promoted 
a significant increase in oxidative stress while concurrently resulting in the attenuation of HO-1 and SIRT1 levels 
within hepatocytes. Furthermore, fructose led to increased Fatty acid synthase (FAS) expression, as well as 
elevated triglyceride levels; these changes caused by fructose were significantly attenuated with CoPP intervention. 
Concurrently, the co-treatment of CoPP and siRNA targeting SIRT1 to hepatocytes increased FAS expression and 
triglyceride levels. This outcome postulates that HO-1 potentially operates upstream of SIRT1 within the signal 
transduction cascade and suppression of SIRT1 decreases the positive effects of HO-1. Markers of oxidative stress, 
blood pressure, insulin resistance, and lipogenesis significantly increased in a high-fructose diet, as well as, the 
HO-1 induction, led to an increase in SIRT1 expression, thus attenuating fructose-induced lipid accumulation. The 
positive effects of CoPP were reversed by SnMP. In summary, our study demonstrates that HO-1 induction alleviates 
fructose-induced NASH by activating SIRT1 gene expression. This finding highlights the potential of targeting the 
HO-1-SIRT 1 axis as a therapeutic strategy for treating NASH.

Keywords: Heme oxygenase 1; Sirtuin 1; Steatohepatitis; 
Hepatocytes; Oxidative stress

Introduction
Non-alcoholic fatty liver disease (NAFLD) is the most common 

liver condition in the world that has been increasing in parallel with 
the global prevalence of obesity. In the subset of NAFLD patients 
undergoing random liver biopsies, the observed prevalence of non-
alcoholic steatohepatitis (NASH) was recorded at 6.67%. For NAFLD 
patients necessitating a liver biopsy due to clinical indications, the 
prevalence of NASH escalated to 59.10%. However, the average 
prevalence of NASH was estimated to be between 1.5% and 6.45% [1,2]. 
Studies have shown that NASH imparts a substantial economic burden 
in the United States, with a projected lifetime cost for NASH patients 
amounting to $222.6 billion and advanced NASH amounting to $95.4 
billion [3,4]. NASH is strongly associated with the development of 
metabolic disorders, and is characterized by modulating the lipogenic 
pathways, increasing the hepatic lipid accumulation, compromising 
insulin sensitivity, free fatty acid (FFA) levels, and inflammatory 
markers [5,6]. Furthermore, approximately 30% of NAFLD cases 
escalate into NASH-related liver fibrosis, marked by inflammatory 
infiltration and subsequent fibrotic progression [7]. It has been shown 
that high fructose dietary has a substantial influence on metabolic 
perturbations and NASH development [8-10]. The deleterious effects 
of reactive oxygen species (ROS) play a crucial role in the transition 
from NAFLD to NASH [11]. High-fructose (HFr) diets modulates 
different signaling pathways, including the de novo lipogenesis 
pathway, related to lipid metabolism, culminating in intrahepatic lipid 
accumulation, triglyceride synthesis, insulin resistance, hyperglycemia, 
as well as oxidative stress production pathways; linking fructose 

intake to NASH pathogenesis [12-16]. Sirtuin 1 (SIRT1) is a class III 
protein deacetylase, located primarily in the cell nucleus that is known 
involved in important metabolic pathways, modulating inflammation, 
cellular senescence, and cell cycle regulation by deacetylating many 
crucial transcription factors [17,18]. SIRT1 exerts regulatory control 
over glucose and lipid metabolism, as well as decreasing fatty liver 
levels by downregulating lipogenic enzyme expression [19]. Its already 
described thatSIRT1 activity and expression is modulated by redox 
modifications and ROS; and antioxidants were able to rescue SIRT1 
in different tissues under oxidative stress conditions [18,20-23]. In 
this context, the heme-heme oxygenase system (HO) represents a 
key cellular antioxidant defense mechanism that attenuates ROS 
by breaking down heme (a pro-oxidant) into carbon monoxide and 
biliverdin [24]. Studies have shown that the inducible HO isoform, 
hem; heme-oxygenase isoenzyme 1 (HO-1) is up-regulated during 
oxidative stress and plays a role in various pathological conditions, 
such as metabolic syndrome [25,26]. Additionally, elevated HO-1 levels 
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has been described to decrease fatty acid synthase (FAS), leadingto 
improved insulin sensitivity [27]. In this study, we have hypothesized 
that HO-1, a crucial antioxidant, establishes a cytoprotective module 
in conjunction with SIRT1 to counteract diet-induced pathways in the 
liver, thereby attenuating NASH progression. The primary aim of this 
study is to demonstrate that HO-1 induction in the liver effectively 
attenuates diet-induced metabolic imbalances, reduces oxidative stress, 
improves insulin resistance, and decreases hepatic lipid deposition. 
These positive effects are mediated through the activation of SIRT1 
gene expression. We believe that understanding the role of HO-1-
SIRT1 axis in the pathogenesis of NASH could potentially lead to the 
development of new therapeutic strategies to fight liver disease and its 
associated pathologies, such as obesity and diabetes. From a clinical 
standpoint, these studies are timely as the prevalence of NASH is on the 
rise. If left unchecked, this will pose a significant financial strain on the 
healthcare system and the general population.

Material and Methods
Experimental design for in vitro experiment

Cryopreserved murine hepatocytes (AML12, CRL-2254) were 
obtained from American Type Culture Collection (ATCC). The 
cells were cultivated in Dulbecco Modified Eagle Medium (DMEM) 
and Ham’s F12 medium with appropriate additives. Subsequent to 
cultivation, the cells were meticulously seeded into 12-well plates and 
75-cm2 culture flasks, attaining a cellular density ranging between 1 to 
2 X104 cells per well and treated every alternate day for a period of 5 
days in the presence and absence of fructose (500 μM). Additionally, 
treatments were carried out in the presence of Cobalt protoporphyrin 
(CoPP) (5μM), siRNA targeting SIRT1 (or non-specific siRNA control), 
and Tin mesoporphyrin (SnMP) (5μM). Overexpression of SIRT1 was 
also conducted in separate experiments. For “knockdown” studies, 
commercially available Ambion Silencer Select siRNA specific to SIRT1, 
along with an appropriate scrambled RNA control, was employed. For 
overexpression studies, the mouse SIRT1 full-length isoform 1 variant 
(Gene ID93759) was synthesized and integrated into the pJ603 vector, 
which was contrasted with the pJ603-GFP negative control, both of 
which were generated by DNA 2.0 Inc. The act of cellular transfection 
was executed utilizing the FuGENE HD transfection reagent. 

Experimental design for in vivo experiment

All animal experiments were conducted with prior approval 
from the Animal Care and Use Committee, following the guidelines 
set forth by the National Institutes of Health for the Care and Use of 
Laboratory Animals. Forty male C57Bl6 mice, aged eight weeks, were 
fed a high-fructose (HFr) diet for eight weeks to induce fatty liver. Mice 
were divided into four groups: 1) control diet; 2) HFr diet; 3) HFr diet 
with CoPP (5 mg/kg, twice weekly) during the last four weeks; and 4) 
HFr diet with both CoPP (5 mg/kg, twice weekly) and SnMP (20 mg/
kg, twice weekly) during the last four weeks. The mice were subjected 
to weekly weighing and their blood pressure was assessed using the 
tail-cuff method every 4 weeks. The mice were acclimatized to the 
tail-cuff procedure before the experiments, and the blood pressure 
measurements were taken in a temperature-controlled environment 
(36–38°C) for approximately 10 minutes and were conducted at the 
same time each day. After the 8 weeks, mice were fasted for eight hours 
and anesthetized with sodium pentobarbital (65 mg/kg, i.p.) Glucose 
levels and insulin concentration were determined using blood samples 
collected from the tail vein through a glucometer (Lifescan Inc., 
Milpitas, CA) and ELISA kit (Abcam, Cambridge, MA) respectively. 
Blood samples collected in K3EDTA tubes at euthanasia were used 

to assess alanine aminotransferase (ALT) levels for liver function 
evaluation Hepatic tissues were snap-frozen in liquid nitrogen and 
stored at -80°C for later analysis. 

Analysis of isoprostane and heme

Isoprostane concentrations were assessed in conditioned media 
(CM) and murine plasma using an ELISA kit. The quantification of 
heme content within murine hepatocytes was conducted according to 
the manufacturer’s instructions of the assay kit.

Analysis of superoxide levels for in vitro experiment

Hepatocytes were seeded in 96-well plates and cultured until 70% 
confluence. Subsequently, the cells were treated with fructose (500 
μM) either alone or in combination with CoPP (5 μM) and SnMP 
(5μM) for 2 days. Oxidative stress was assessed by incubating cells with 
10 μM dihydroethidium (DHE) in the dark at 37°C for 30 minutes. 
Fluorescence was measured using a Perkin-Elmer Luminescence 
Spectrometer (excitation/emission: 530/620 nm). 

Analysis of triglyceride levels for in vitro experiment

Hepatocytes were cultured in 75-cm² flasks until 70% confluence. 
After five days of treatment with 500 μM fructose, with or without 
CoPP (5 μM) and SnMP (5 μM), cells were collected, washed with ice-
cold phosphate-buffered saline (PBS), and intracellular triglyceride 
levels were measured using an assay kit from Abcam (Cambridge, MA) 

Analysis of homeostasis model assessment of insulin 
resistance (HOMA-IR)

HOMA-IR was calculated using the formula: HOMA-IR = [fasting 
insulin (μU/mL)×fasting glucose (mmol/L)] / 22.5, based on glucose 
and insulin concentrations from blood samples after an eight-hour fast.

Analysis of triglyceride and cholesterol content in hepatic 
tissue

After homogenization, the lipids were extracted using a methanol/
chloroform (1:2) mixture, dried, and reconstituted in 5% fat-free 
bovine serum albumin. Triglyceride and cholesterol levels were 
quantified using an assay kit from Abcam, following the manufacturer’s 
instructions (Abcam, Cambridge, MA).

Analysis of free fatty acids levels in hepatic tissue 

Approximately 10 mg of liver tissue was homogenized in 1% Triton 
X-100 in chloroform. After centrifugation, the organic phase was dried, 
reconstituted in fatty acid assay buffer, and FFA levels were measured 
using a kit from Sigma-Aldrich (St. Louis, MO).

RNA extraction and real-time PCR for in vitro and in vivo 
experiments

Total RNA from hepatocytes and liver tissue was extracted using 
the RNeasy Protect Mini Kit (QIAGEN, Maryland, USA) and analyzed 
by quantitative real-time polymerase chain reaction (PCR) using the 
SYBR Green PCR Master Mix on an Applied Biosystems 7500 HT Fast 
Real-Time PCR System. Primers targeted HO-1, FAS, SIRT1, acetyl-
CoA carboxylase (ACC), sterol regulatory element-binding protein 1c 
(Srebp-1c), fatty acid elongase 6 (Elvol6), stearoyl-CoA desaturase-1 
(SCD-1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
Fold amplification was determined using the comparative threshold 
cycle method, with GAPDH as the housekeeping gene. Appropriate 
controls for siRNAs were included.
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Western blot analysis

Hepatocyte pellets were homogenized using an appropriate 
homogenization buffer, and the supernatant was isolated post-
centrifugation at 27,000 x g for 10 minutes at 4°C. SIRT1 levels were 
determined, with β-actin serving as the loading control.

Statistical analysis

Statistical differences between groups were determined using 
Tukey’s post hoc test and two-factor ANOVA via GraphPad Prism 
version 9 (GraphPad, San Diego, CA, USA). Significance was set at 
p<0.05 or p<0.01, with data presented as mean ± SE

Results
HO-1 induction improves oxidative stress and increases SIRT1 

expression in cultured murine hepatocytes treated with high-
fructose

Our data showed that isoprostane, heme, and superoxide levels 
significantly increased after Hfr treatment in murine hepatocytes 
as compared to the control group. However, treatment with CoPP 
reduced all the oxidative marker levels (Figure 1A-C). In addition, the 
CoPP effects were significantly reversed by concurrent administration 
of SnMP, highlighting the necessity of increased HO-1 levels for 
reducing these oxidative markers. As shown in Figure 1D, HFr-
treated hepatocytes demonstrated a significant decrease in HO-1 
levels compared to control. CoPP treatment increased HO-1 levels, 
while SnMP also upregulated HO-1 expression, consistent with 
previous findings that SnMP could modulate HO-1 expression despite 
inhibiting its activity [28,29]. In addition, our data showed that SIRT1 
expression significantly decreased in hepatocytes treated with HFr. 
In contrast, the HO-1 induction, via CoPP, rescued SIRT1 levels and 
increased its expression compared to cells treated with fructose only. 
The concurrent treatment with SNMP had a similar effect as in our 
previous data, reversing the CoPP effect, in this result, leading to a 
decrease in SIRT1 expression (Figure 1E).

HO-1 induction improves lipid accumulation in cultured 
murine hepatocytes

Fructose treatment led to a significant increase in FAS expression 
and triglyceride levels (Figure 2A, 2B). However, CoPP treatment 
reversed these effects. Interestingly, concurrent treatment with CoPP 
and SIRT1 siRNA resulted in increased FAS expression and triglyceride 
levels, suggesting that HO-1 functions upstream of SIRT1 and that 
inhibiting SIRT1 attenuates the HO-1 effects. Using the SIRT1 plasmid, 
we explored whether the upregulation of SIRT1 alone could counteract 
the adverse effects of HFr on lipid accumulation and metabolic 
imbalance. Fas expression and triglyceride levels significantly increased 
after treatment with fructose, SnMP, and SIRT1 plasmid compared 
to cells treated with fructose, CoPP, and SIRT1 plasmid (Figure 2A, 
2B). Our data indicate that the positive effects of HO-1 are partially 
mediated by SIRT1 activation.

HO-1 induction improves the metabolic profile and liver 
function in mice fed a high-fructose diet 

We also evaluated the role of HO-1 in the metabolic profile and 
liver function. Mice on an HFr diet demonstrated a significant increase 
in blood pressure and blood glucose levels compared to control 
(Figure 3A, 3B). However, the CoPP treatment was able to reverse 
these parameters. In addition, the SnMP co-administration was able 
to reverse the CoPP effect. HOMA-IR analysis was also performed and 
indicated increased insulin resistance in HFr-fed mice compared to 
controls (Figure 3C). CoPP treatment significantly decreased HOMA-
IR levels compared to the HFr diet alone. Additionally, serum ALT 
levels, a marker of liver function, were significantly increased in HFr-
fed mice (Figure 3D). CoPP treatment attenuated this increase, while 
SnMP reversed CoPP’s effect, leading to increased ALT levels. SnMP co-
administration reversed the CoPP effect. We also assessed the hepatic 
lipid profile. These results showed a significant increase in triglyceride and 
cholesterol levels in HFr-fed mice compared to control (Figure 3E and 3F). 
CoPP treatment significantly reduced triglyceride and cholesterol levels, 
while SnMP co-administration reversed the CoPP effects.

Figure 1: Effect of HFr treatment on oxidative stress markers, as well as the expression of HO-1 and SIRT1, in hepatocytes subjected to treatment with and without CoPP 
and SnMP. (A) Isoprostane levels in the conditioned media (N=4/group); (B) Heme content quantification (N=4/group); (C) Superoxide measurement (N=6/group); (D) 
Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of HO-1 gene expression (N=6/group); (E) SIRT1 protein levels (N=6/group). For qRT-PCR GAPDH 
was used as a housekeeping gene. Values represent means ± SEM. *p<0.05 vs. CTR, **p<0.01 vs. CTR, #p<0.05 vs. HFr, ##p<0.01 vs. HFr, +p<0.05 vs. HFr+CoPP, 
++p<0.01 vs. HFr+CoPP.
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HO-1 induction improves hepatic lipogenesis in mice fed a high-
fructose diet

FFA levels were significantly higher in HFr-fed mice compared 
to control. CoPP treatment decreased hepatic FFA levels in HFr-fed 
mice (Figure 4A). Furthermore, mRNA expression of hepatic fatty acid 
synthesis-related genes, including Srebp-1c, Elovl6, ACC, and SCD-1, 
was significantly upregulated in HFr-fed mice compared to control 
(Figure 4B-E). CoPP treatment effectively attenuated these increases, 
while SnMP co-administration reversed the CoPP effects.

HO-1 induction improves hepatic oxidative stress and increases 
SIRT1 expression in mice fed a high-fructose diet

Our data showed that hepatic HO-1 expression increased compared 
to control in mice subjected to HFr diet as well as concurrently CoPP 
treatment (Figure 5A). HO-1 expression also increased after SnMP 
administration, despite inhibiting HO activity, as previously reported 
[28,29]. Furthermore, hepatic SIRT1 expression was decreased in HFr-
fed mice compared to control (Figure 5B). CoPP co-administration 
increased SIRT1 expression, but SnMP reversed this effect. We also 

Figure 2: Effect of HFr on lipid content in hepatocytes subjected to treatment with and without SIRT1-siRNA, as well as with and without SIRT1 plasmid. (A) qRT-PCR 
analysis of FAS expression (N=3-4/group); (B) Triglycerides levels (N=4/group). For qRT-PCR GAPDH was used as a housekeeping gene. Values represent means ± SEM. 
*p<0.01 vs. CTR, **p<0.01 vs. CTR, ##p<0.01 vs. HFr, +p<0.01 vs. HFr+CoPP, ++p<0.01 vs. HFr+CoPP, ^^p<0.01 vs. HFr+CoPP+SIRT1 plasmid.

Figure 3: Effect of CoPP and SnMP on metabolic profile and hepatic lipid content in mice subject to an 8-week HFr diet. (A) Blood pressure (N=6/group); (B) Fasting blood 
glucose levels (N=6/group); (C) HOMA-IR (N=6/group); (D) Plasma ALT levels (N=6/group); (E) Hepatic triglycerides levels (N=6/group); (F) Hepatic cholesterol content 
(N=6/group). **p<0.01 vs. CTR, ##p<0.01 vs. HFr, ++p<0.01 vs. HFr+CoPP.
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noticed that HFr-fed mice exhibited elevated plasma isoprostane 
levels compared to control (Figure 5C). CoPP treatment attenuated 
this increase, while SnMP reversed CoPP’s effect leading to increased 
oxidative stress.

Discussion
This study reports the protective effect of HO-1 system in 

attenuating pathologies induced by HFr diet, such as the reduction 
in hepatic lipid accumulation, and metabolic balance. Notably, our 
findings demonstrate that this protection is, in part, facilitated by 
the recovery of hepatic expression of SIRT1 modulated by HO-1. 
Consequently, our data imply the existence of a hepatic HO-1-SIRT1 

axis that effectively attenuates hepatic steatosis pathways and exerts 
systemic effects, including the restoration of insulin sensitivity. We 
provide evidence that HO-1 acts via SIRT1 to establish a functional 
module within hepatocytes, thereby attenuating steatohepatitis and 
metabolic imbalance. 

Based on this, the main finding of this study is the relationship 
between altered redox status and HO-1-dependent modulation of 
SIRT1 in hepatocytes. It’s already been described that high-sugar 
diets disrupt the redox state of hepatocytes, leading to increased lipid 
accumulation in these cells [30, 31]. This is confirmed in our study, 
as we found an elevated oxidative stress in hepatocytes treated with 
HFr, accompanied by a suppression of hepatocytes SIRT1 levels. The 

Figure 4: Effect of HO-1 and SnMP on hepatic lipogenesis and FFA levels in mice subject to HFr diet. (A) FFA levels (N=6/group); qRT-PCR for (B) Srebp-1C gene 
expression (N=6/group); (C) Elovl6 gene expression (N=6/group); (D) ACC gene expression (N=6/group); (E) SCD-1 gene expression (N=6/group). For qRT-PCR GAPDH 
was used as a housekeeping gene. Values represent means ± SEM. *p<0.05 vs. CTR, **p<0.01 vs. CTR, #p<0.05 vs. HFr, ##p<0.01 vs. HFr, ++p<0.01 vs. HFr+CoPP. 

Figure 5: Effect of HO-1 and SnMP on the expression of HO-1 and SIRT1 genes as well as the oxidative stress marker in mice subject to an 8-week HFr diet. qRT-PCR for 
(A) HO-1 gene expression in liver tissue (N=5-6/ group); (B) SIRT1 gene expression in liver tissue (N=5-6/group); (C) Plasma isoprostane levels (N=6/group). For qRT-PCR 
GAPDH was used as a housekeeping gene. Values represent means ± SEM. **p<0.01 vs. CTR, ##p<0.01 vs. HFr, ++p<0.01 vs. HFr+CoPP.
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Figure 6: Schematic diagram depicting HFr-mediated steatohepatitis and metabolic 
imbalance, reversed through HO-1-dependent SIRT1 rescue in hepatic tissue.

modulation of SIRT1 by ROS has been demonstrated in the literature, 
as well as the antioxidant properties of the heme-HO-1 system 
[18,22,23,26]. Consequently, the protective effects of HO-1 induction 
on hepatocyte SIRT1 are novel but expected. However, it is crucial 
to emphasize that the precise molecular mechanism underlying the 
antioxidant-rescue of SIRT1 expression is not fully understood. Further 
investigations are needed to unravel the detailed mechanism involved. 

The use of HFr treatment has been described not only to induce 
oxidative stress but also to mimic fatty changes in hepatocytes 
involving the activation of lipogenic genes, such as FAS, a key protein 
in this pathological adaptation [32-34]. While previous reports have 
indicated the positive effects of HO-1 induction against oxidative stress 
[25,35,36], our data reveals that HO-1 induction can modulate the 
hepatic metabolism in the presence of HFr. SIRT1-dependence of this 
protective effect of HO-induction is another key finding of the study. 
Our results showed that fructose-induced changes in cellular redox and 
subsequent attenuation of SIRT1 mediate, at least in part, the activation 
of the lipogenic pathways. It has been described that SIRT1, a crucial 
cellular survival protein, is responsible for modulating gene expression 
through chromatin acetylation, reducing the access of transcription 
factors to the promoter region of the affected gene, as well as inhibiting 
pro-inflammatory pathways and modulating the energy metabolism 
[37-40]. Furthermore, the activation of pro-lipogenic pathways by 
fructose is associated with SIRT1 attenuation. Our findings using 
SIRT1 plasmid and siRNA in cultured hepatocytes, strongly support 
the idea that the positive effects of HO-1, at least in part are mediated 
via SIRT1. This, however, does not exclude the possibility of SIRT1-
independent component of the effects of HO-1. But overall, our in vitro 
results indicate that at least part of the protective actions of the HO 
system on the metabolic pathways in hepatocytes is via SIRT1-rescue. 

Another key finding of the study highlights the hepato-protective 
effect of HO-1 in mice fed with HFr diet. For this set of experiments, 
mice treated with CoPP showed an improvement in hepatic steatosis 
progression and metabolic balance. Our findings demonstrate high 
redox potential in hepatic tissues of mice fed with HFr showing the 
possible role of ROS-related pathways in the pathophysiology of 
NASH [41]. One such candidate pathway is ROS-induced SIRT1 
downregulation, modulating the NAD-dependent deacetylase, leading 

to a cellular metabolic balance, and the HO-1 system serves as the first 
line of defense against liver injuries. In addition, our results showed 
that HO-1 induction leads to a decrease in lipid accumulation and 
FFA, a reduction in blood glucose levels, and ROS levels in hepatocytes, 
which are major contributors of liver damage and subsequent insulin 
resistance. 

In summary (Figure 6), this study substantiates that the hepatic 
induction of HO-1 attenuates the fructose-induced changes in lipids 
metabolism and alleviates the metabolic imbalance linked to NASH 
progression. These effects are mediated through the activation of 
SIRT1 gene expression. Notably, the SIRT1 gene expression plays a 
pivotal role in the redox system. Nevertheless, further comprehensive 
investigations are warranted to elucidate the intricate interactions 
between HO-1 and SIRT1 within intact animal systems. The utilization 
of hepatocyte-specific SIRT1 knockout mice will undoubtedly advance 
our comprehension of these intricate interactions. We hold the view 
that a profound understanding of these interactions will pave the 
way for the identification of novel biomarkers and the formulation of 
therapeutic strategies to combat hepatic dysfunction associated with 
NASH. 
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