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ABSTRACT 

Background: Pathogenic factors driving obesity-

induced fatty liver disease (NAFLD) and insulin resistance 

are not fully understood. While the mechanisms are 

unclear, we recognize that high fat diets contribute to 

obesity, insulin resistance, deleterious ROS production, and 

fibrogenesis. There is evidence that high fat diets can cause 

an increased risk of diabetes and consequent cardiovascular 

disease. The chronic overnutrition from high fat diets is 

increasingly seen as a risk factor for cardio-metabolic 

diseases. Previously, we established that pharmacological 

and herbal medication increase the antioxidant and anti-

obesity gene heme oxygenase -1 (HO-1), which reduces 

inflammatory adipokines and hepatosteatosis. Objective: 

We examined whether targeting adipocytes to overexpress 

HO-1 would ameliorate the negative metabolic effects of a 

prolonged high fat diet (HFD) in mice in hepatocyes as well 

as adipocytes, to reverse NAFLD and prevent subsequent 

cardiovascular complications. Methods: Mice were 

administered lentiviral adiponectin-HO-1 after 20 weeks of 

a HFD and continued on this diet for 8 more weeks, for a 

total of 28 weeks of HFD. Mice were treated with HO-1 or a 

sham virus. Mice were euthanized at 28 weeks. Results: 

HFD induced adipocyte hypertrophy, increased levels of 

inflammatory adipokines, and the presence of hepatic lipid 

droplets and steatosis. The treated mice had less liver lipid 

droplet accumulation, with normal glucose tolerance and 

vascular function. These beneficial effects of adipocyte-

targeted expression of HO-1 correlated with a reduction in 

inflammatory adipokines and increased insulin receptor 

phosphorylation. We have demonstrated that selective 

increased HO-1 expression in adipose tissue via viral 

transfection, improved mitochondrial function in both 

adipose tissue and hepatic tissue in a murine model of high 

fat diet-induced obesity and NAFLD. Conclusion: This 
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represents a unique therapeutic strategy for treating 

obesity-associated hepatic steatosis and metabolic 

syndrome from chronic overnutrition and downstream 

cardiovascular complications. 

 

Keywords: Heme-oxygenase; inflammation; antioxidants; 

mitochondrial; insulin resistance’ NAFLD; NASH; 

cardiometabolic diseases. 

 

ABBREVIATIONS  

BP - blood pressure 

BVR - biliverdin 

CEC - circulating endothelial cell 

CO - carbon monoxide  

FGF21- Fibroblast growth factor 21  

GFR - glomerular filtration rate 

GLUT 4 – glucose transporter 4 

HO-1 - heme oxygenase isozyme 1 

IL – interleukin 

IL-10- Interleukin 10 

IL-6 Interleukin 6 

MCP-1 - monocyte chemoattractant protein-1 

MFN1- Mitofusin-1 

MFN2- Mitofusin-2 

A.K.T. - Protein Kinase (Activator)  

Akt - serine/threonine protein kinase 

MMP9- Matrix Metallopeptidase 9 

NADPH - nicotinamide adenine dinucleotide phosphate 

(reduced form) 

NASH- Non-alcoholic steatohepatitis 

NAFLD-Non-alcoholic fatty liver disease  

CCN3/NOV- Nephroblastoma overexpressed 

PGC1- Peroxisome proliferator-activated receptor gamma 

coactivator 1  

ROS - reactive oxygen species 

UCP1- Uncoupling protein 1 

WAT-white adipose tissue 

 

 

 

INTRODUCTION 

The obesity prevalence in the United States in 

2017– 2018 reached 42.4% among the adult population [1]. 

Health risks and complications associated with obesity 

include hypertension, cardiovascular disease, metabolic 

syndrome, dyslipidemia, insulin resistance, type 2 diabetes 

(T2D), and non-alcoholic fatty liver disease (NAFLD) [2-4]. 

NAFLD is characterized by the accumulation of lipid droplets 

in the liver and may progress to non-alcoholic 

steatohepatitis (NASH), which is identified by hepatic 

inflammation and possible progression to fibrosis, and 

eventually hepatic cirrhosis and liver failure [5]. High-fat 

diet and sedentary lifestyle, common in developed 

countries, have increased NAFLD incidence [6] affecting 

approximately one-third of the US population, of which 2-

5% progress to NASH [7]. High fat diets can contribute to 

obesity, insulin resistance, deleterious ROS production, and 

fibrogenesis. There is evidence showing that the 

overnutrition derived from high fat diets contributes to 

increased risk of diabetes and cardiovascular disease, and 

that high-fat diets and high-carbohydrate diets are equal 

harmful in the progression of liver injury in a murine model 

of NAFLD [8, 9]. High fat diet regimens have been used to 

study obesity in rodents, although this is an imperfect 

model of human obesity [10]. High-fat diet and 

overnutrition reduce HO-1 levels, increase insulin resistance 

and impair mitochondrial function in multiple organs, 

including the liver [11, 12]. Chronic overnutrition also 

increases serum LDL and Angiotensin II [ANG II] levels, 

which exacerbate mitochondrial dysfunction and leptin 

resistance [13].  

Overall, the effectiveness of pharmacological 

intervention for patients with NAFLD remains inadequate, 

and a significant number of patients progress to NASH [14].  

NAFLD progression to NASH is strongly associated 

with obesity; excess visceral fat disrupts blood glucose 

homeostasis, leading to insulin resistance and the 

subsequent appearance of T2D [15], free fatty acid 

accumulation, chronic inflammation, dyslipidemia, and 

vascular dysfunction [16-18]. The exact mechanism of 

hepatic lipid accumulation evolving into NASH has not been 
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fully elucidated, mainly due to limitations in animal models 

that could consistently replicate the features of human 

NASH [19, 20]. Genetics and inflammation play an essential 

role in developing NASH and cardiovascular diseases [20, 

21]. Moreover, genetic polymorphisms in HO-1 and HO-1 

gene suppression are known to complicate the course of 

obesity and its evolution to NAFLD/NASH in certain patients 

[22, 23].  

It has been demonstrated that exposing adipocytes 

to pro-oxidants and reducing HO-1 results in adipocyte 

hypertrophy and increased production of adipocytokines; 

the cytokines TNFα, IL-6, MCP- 1, and NOV were all found to 

be dysregulated in mice and humans [24-28]. Obesity is a 

chronic inflammatory state that is characterized by 

immune-mediated inflammation that results in increased 

reactive oxygen species [ROS] production and suppression 

of HO-1. [24]. HO-1 deficiency results in increased cellular 

pro-inflammatory markers, heme, iron deposits, ROS, 

cellular fibrosis, organ failure, and mortality in human and 

rodents [29-31]. Oxidative stress is not counteracted by the 

antioxidant response and the inflamed state of visceral 

adipocytes causes low levels of adiponectin and insulin 

resistance [12, 26]. 

HO-1 degrades heme into biliverdin/bilirubin, 

carbon monoxide and free iron, which protect cells from the 

products of inflamed adipocytes [reviewed in [32]]  

In the present work, we used an adiponectin 

promoter-driven lentiviral vector to directly target 

adipocytes. We hypothesized that adipocyte-targeted 

expression of HO-1, would improve adipocyte function, 

reverse hepatic fibrosis, and decrease NASH scores in mice 

fed a HFD. This study is important because targeting 

adipocytes with HO-1 would improve both adipocyte 

function as well as improving hepatic function, which is 

novel. We propose that adipocyte-targeted expression of 

HO-1 can represent a potential alternative approach to the 

treatment of obesity induced NAFLD/NASH, an approach 

that could last for nine months. 

 

 

 

MATERIALS AND METHODS 

Experimental animals 

All experimental protocols utilizing animals 

followed the NYMC IACUC institutionally approved 

guidelines in accordance with the NIH Guide regarding the 

Care and Use of Laboratory Animals (Protocol #22-2-0415H, 

18 April 2018). We used 4-week-old male C57BL/6J mice 

(Jackson Labs, Bar Harbor, ME). The mice were divided into 

3 different treatment groups randomly (N=5 for each group) 

as follows: 1) Lean, 2) HFD: mice fed an HFD for 20 weeks 

and 3) HFD: mice fed an HFD for 20 weeks and then injected 

with adiponectin lentivirus HO-1 (ln-Adipo-HO-1). Mice in 

group 3 were administered a bolus injection of 80-100 μl 

Adipo-HO-1 lentivirus (40-70 × 109 TU/ml in saline); and 

then continued on a HFD for 8 more weeks. The HFD mice 

(group '2') were similarly injected with sham Ln particles of 

1-1.4x109 at 20 weeks and continued on a HFD for 8 more 

weeks as a control (week 20-28). All mice were euthanized 

at 28 weeks. (Dharmacon, Lafayette, CO) injected into the 

retro-orbital vein, and lean mice (group ‘1’) received a mock 

virus (placebo); all mice in the experimental groups 2 and 3 

were kept on HFD for weeks 20-28 while receiving the 

treatment or sham virus. Control mice (group 1) were fed ad 

libitum a normal diet containing 11% fat, 62% carbohydrate 

and 27% protein with a total calorie count of 12.6KJ/g. The 

remaining animals (groups 2,3) were fed a high-fat diet 

containing 58% fat (from lard), 25.6% carbohydrate, and 

16.4% protein for a total calorie count of 23.4KJ/g. (Bio-

SERV, Frenchtown, NJ)  

Lentiviral vectors under an adiponectin specific 

promoter expressing either HO-1 or sham were constructed 

as described (4) using the LentiMaxTM system (Lentigen, 

Baltimore, MA and Vector Builder, Shenandoah, TX 77384, 

USA). Mice were weighed every week and the final body 

weight was measured at the time of sacrifice. Blood samples 

were withdrawn and centrifuged for 5 minutes at 12,000g. 

 

Histomorphological analysis  

Liver samples were collected from each 

experimental group and fixed in 4% paraformaldehyde, 

dehydrated, embedded in paraffin wax, and sectioned (6 



Journal of Food & Nutritional Sciences [2022; 4(1): 1-20]      Open Access 
 

 

 This work is licensed under a Creative Commons Attribution 4.0 International License. 

μm thick) [33, 34]. The sections were deparaffinized, 

rehydrated and stained with Masson’s trichrome staining. 

Stained liver tissue sections were analyzed using an optical 

microscope (Olympus, Hamburg, Germany) and 

photomicrographs captured by a digital camera were then 

morphologically evaluated.  

The morphometrical analyses to evaluate NAS 

pathological factors were performed evaluating 20 

randomly chosen liver fields per experimental animal by 

two independent observers blinded to the experimental 

group, using computer image analysis software (Image Pro 

Premier 9.1, Media Cybernetics, USA). In detail, the hepatic 

steatosis was assessed on stained sections by counting 

randomly chosen 100 lipid droplets/groups and selecting 

their diameter (μm) at a final magnification of 400X [34, 35] 

and liver perivascular fibrosis evaluation, assessed by 

Masson’s trichrome, normalized to vessel size [36]. 

 

Western Blot and qRT-PCR analysis  

Adipose and liver tissues were lysed in RIPA lysis 

buffer supplemented with protease and phosphatase 

inhibitors. (CompleteTM Mini and PhosSTOPTM, Roche 

Diagnostics, Indianapolis, IN). Frozen mouse adipose tissue 

was homogenized in liquid nitrogen and suspended in 

homogenization buffer (comprising mmol/L:10 phosphate 

buffer, 250 sucrose,1.0 EDTA, 0.1 PMSF and 0.1%v/v 

tergitol, pH 7.5). We measured the protein concentration of 

the supernatant by the Bradford Protein assay (Bio-Rad, 

Hercules, CA, USA). For Western blot analysis, twenty 

micrograms of protein extract were separated using SDS-

PAGE gels and transferred to a nitrocellulose membrane. 

After blocking, We incubated the membranes, after 

blocking, the membranes at 4℃ overnight with the 

following primary antibodies: HO-1 (Enzo Life Sciences, 

Farmingdale, NY, USA), MMP9, PRDM16, SIRT1, CREG1, 

FGF21, MFN2, OPA1, p-AMPK, AMPK, p-ACC, ACC, p-AKT, 

A.K.T., IR-β, GLUT2 (Cell Signaling Technology, Danvers, MA, 

USA). We then carried out detection of immunoreactive 

protein bands as previously described values [4, 37, 38].  

Total RNA was obtained from frozen adipose tissue 

by RNeasy Lipid Tissue (Qiagen), according to the 

manufacturer's instructions, and reverse transcription was 

carried out using the High Capacity cDNA Reverse 

Transcription Kit (Applied BiosystemsTM, Waltham, MA, 

US). PCR reactions were performed in 10 µL volumes using 

PowerUp SYBR Green Master Mix (Applied BiosystemsTM) 

at a concentration of 0.05 µM as described (4, 37, 38).  

 

Statistical analysis  

Statistical significance between experimental 

groups was determined by ANOVA with Tukey-Kramer post-

hoc analysis for comparison between multiple groups 

(GraphPad Prism). The data are presented as means ± SEM, 

and p<0.05 was considered statistically significant.  

 

RESULTS 

Targeting adipocyte specific expression of HO-1 

restores hepatocytes  

Comparative analysis of HO-1 levels in Lean, HFD, 

and HFD mice treated with HO-1 indicated HFD significantly 

(P<0.05) decreased adipocyte HO-1 levels compared to the 

Lean group. Notably, HO-1 transfection restored (P<0.05) 

the levels of HO-1 in adipocytes (Figure 1A and B). p<0.05, 

n=5).  

 

Adipocyte specific HO-1 expression decreases hepatic 

steatosis and fibrosis  

We observed a marked reduction in hepatic lipid 

droplet diameter and steatosis in HFD fed mice following 

adipo-HO-1 upregulation (Figure 2A and B). Reduced 

perivascular fibrosis in the liver was also evident in the 

HFD+HO-1 group (Figure 2A and C). Furthermore, hepatic 

levels of MMP9, increased in the HFD group, were 

attenuated by HO-1 overexpression (Figure 2D-E). This 

improvement suggests an antifibrotic mechanism following 

the induction of HO-1. 

As expected, livers of lean mice showed no 

evidence of steatosis, inflammatory foci, or fibrosis, and 

only rare ballooning, presenting a NAFLD score (NAS) of 1. In 

contrast, livers of HFD fed mice had a higher NAS value 

(score of 8). They showed elevated steatosis (49.35% - score 
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2), moderate lobular inflammatory foci (score 2), significant 

hepatocyte ballooning (score 2) and perivascular fibrosis 

(score 2) (Table 1). The enlarged hepatocytes in the HFD 

group exhibited the hepatocellular ballooning feature. In 

contrast, control mice presented an average ballooning 

value of 1.52% ± 0.9 compared to HFD fed mice with a 

significantly higher value of 27.34% ± 1.12. Adipo-HO-1 

expression attenuated NAFLD and showed improvements 

across all spectra examined, including a reduced NAS value 

(score 3), low steatosis (score 1), few inflammatory foci 

(score 1), rare ballooning (score 1), and no fibrosis (score 0) 

(Table 1). Notably, the hepatocyte ballooning value in HFD+ 

HO-1 mice was 8.52% ± 1.07. These findings strongly 

support the notion that upregulation of adipo-HO-1 

reversed liver dysfunction, and prevented the development 

of NAFLD and NASH. 

 

 

Adipocyte HO-1 expression regulates glucose 

intolerance and hepatic dysfunction 

The area under the curve (AUC) glucose indicated 

that HO-1 overexpression significantly (p<0.05) improved 

glucose tolerance as compared to the HFD group (Figure 

3A). Impairment of liver function in mice fed HFD was 

clearly shown by increased levels of the serum enzymes AST 

(p<0.05) and ALT (p<0.05). In agreement with the 

histological findings, Ln-adipo-HO-1 expression improved 

liver function, as evidenced by decreased levels of AST and 

ALT (p<0.05) (Figure 3B and C). n=5 

 

HO-1 upregulation increases genes and proteins 

related to mitochondrial biogenesis and 

thermogenesis  

We further measured the expression of genes 

involved in cellular metabolism and mitochondrial function. 

As shown in Figure 4A-D, mRNA levels of PRDM16, UCP1, 

Adiponectin, and FGF21 in adipose tissue of HFD fed mice 

were decreased (p<0.05) compared with lean mice. This 

downregulation was prevented in Ln-Adipo-HO-1-HFD mice 

(p<0.05). Figure 5 also shows that protein levels of SIRT1, 

CREG1, FGF21, MFN2, and OPA1 were all significantly 

(p<0.05) increased in the HFD+HO-1 group when compared 

to the HFD group. These results strongly suggest Ln-adipo-

HO-1 expression reduced inflammation and fibrosis by 

increasing the anti-adiposity genes CREG1, FGF21, 

thermogenic gene UCP1, and adiponectin, with a 

subsequent increase in mitochondrial biogenesis and fusion. 

n=5 

 

HO-1 overexpression in adipose tissue increases 

insulin signaling 

Administration of the Ln-adipo-HO-1 resulted in 

increases in the upstream signaling of insulin 

phosphorylation, including AMPK, ACC and AKT Figure 6A 

and B shows that Ln-adipo-HO-1 expression augmented the 

phosphorylation status of these proteins, as evidenced by 

the phosphorylation levels of p-AMPK, p-ACC and p-AKT in 

liver tissue of mice fed with HFD and treated with Ln-adipo-

HO-1, compared to mice fed HFD alone (p<0.05).  

An increase in the levels of IR-β and GLUT2 

(p<0.05) followed the activation of AMPK and AKT in the 

HFD Ln-adipo-HO-1 mice, which were downregulated 

(p<0.05) in the HFD mice (Figure 6C and D). This data 

suggests that AMPK activation and the subsequent 

upregulation of the insulin signaling pathway, play a crucial 

role in mediating the protective effect of HO-1. n=5 

 

DISCUSSION 

In the present study, we examined whether 

adipocyte specific HO-1 overexpression alters liver fat, 

inflammation and fibrosis. Mice fed a high fat diet were 

treated with a lentiviral- adiponectin-HO-1 that 

overexpressed HO-1 in adipose tissue, compared to control. 

The obesity induced by the high fat diet caused 

inflammatory changes in both adipocytes and hepatocytes. 

We have demonstrated the novel finding that selective 

increased HO-1 expression in adipose tissue via viral 

transfection, improved mitochondrial function in both 

adipose tissue and hepatic tissue in a murine model of high 

fat diet-induced obesity and NAFLD. In addition, we provide 

evidence demonstrating that adipocyte-specific expression 
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of HO-1 in obese mice displayed pronounced metabolic 

benefits in both adipocytes and liver, as evidenced by 

upregulated HO-1 expression in both cell types. This was 

accompanied by a reduction in hepatic lipid droplets and 

steatohepatitis and improved glucose tolerance. The 

remarkable alleviation of the hepatic steatosis did not seem 

to be associated with changes in food consumption, as all 

animals consumed the same amount of food (4g/day) 

regardless of the treatment received. We showed that 

metabolic improvements were associated with increased 

levels of UCP1, PRMD16, Sirt1, and CREG1, all with a central 

role in thermogenesis and mitochondrial signaling. Notably, 

upregulation of these proteins is required for the increased 

number and maintenance of brown-like adipocyte stem 

cells [39, 40]. For the last decade, the browning of white fat 

has been envisioned as a potential target to develop 

protection against cardio-metabolic diseases such as obesity 

[41]. This tissue targeted upregulation of the adipocyte HO-

1 signaling pathway also reprogramed the white adipose 

tissue to a brown-like phenotype and may represent a 

unique, sustained therapeutic strategy to treat Metabolic 

Syndrome and NAFLD induced by overnutrition. 

Pathological numbers of fat white cells are associated with 

high pro-inflammatory markers and mitochondrial 

dysfunction [34]. The small adipocytes in brown fat reduce 

fatty acid accumulation by promoting mitochondrial 

biogenesis via adaptive mitochondrial thermogenic genes, 

such as UCP-1 and PRDM-16. UCP-1 uncouples the proton 

gradient generated by oxidative phosphorylation and 

promotes energy dissipation in the form of heat, enhancing 

caloric burning, oxygen consumption, and favoring weight 

loss [4, 39]. Fibroblast growth factor 21 (FGF21) plays an 

essential role in regulating the conversion of white adipose 

tissue (WAT) to brown-like adipose tissue, through an 

increase in UCP1 and other thermogenic genes [42]. Indeed, 

mice deficient in FGF21 display diminished browning of 

WAT [42]. HO-1 upregulation increases PGC-1α, a key player 

and nuclear regulator of energy metabolism in the heart, 

liver and kidney, by upregulating mitochondrial biogenesis, 

promoting β-fatty acid oxidation [28, 43] and upregulating 

UCP-1 [44]. The upregulation of UCP-1 and other 

thermogenic genes emphasizes beige adipocytes' key role in 

thermogenic regulation [4, 45, 46]. Moreover, PGC-1α 

promotes the differentiation of mesenchymal stem cells 

into brown-fat adipocytes and prevents the development of 

metabolic syndrome and T2D and consequent 

cardiovascular disease [44].  

Importantly, we found that adipocyte specific HO-1 

expression refurbishes mitochondrial proteins MFN1 and 

MFN2, in hepatic tissues, all of which are necessary for 

mitochondrial fusion and functional integrity after ROS-

induced damage, thereby triggering the production of beige 

adipocyte like cells. Increased mitochondrial fusion-to-

fission protein ratio allows for increased energy production 

through its protective role over the ATP gradient, an 

essential component of respiratory capacity and metabolic 

activity [47]. It was shown that ablation of adipose HO-1 

expression in mice inhibits mitofusion proteins, resulting in 

increased white fat over beige fat content [39]. In contrast, 

gene therapy with HO-1 reversed these detrimental effects, 

and increased mitochondrial fusion over fission. Notably, 

adipocyte-specific increase in HO-1 reduced adipocyte 

number and increased mitochondrial biogenesis and 

function, compared to untreated adipocytes of obese mice. 

[31, 32, 52, 44, 45]. 

Another interesting finding is that selective 

expression of HO-1 in adipocytes positively correlated with 

decreased hepatic and adipocyte fibrosis in obese mice fed 

a HFD. We have previously shown that increases in HO-1 in 

both visceral and subcutaneous fat increase insulin 

sensitivity [4, 27, 48, 49]. Additionally, the expression of 

adiponectin is increased by upregulation of HO-1, resulting 

in improved glucose tolerance and reduced inflammation. In 

support of these findings, we found increased levels of the 

insulin receptor (IR-B) and the glucose transporter protein 

(GLUT-2), evidencing improved insulin sensitivity. Obesity 

results in decreased adiponectin levels, leading to insulin 

resistance and hepatic steatosis, and fibrosis [50].  

These results agree with several previous findings 

highlighting the substantial metabolic benefits of 

pharmacological intervention resulting in HO-1 

overexpression [18, 51]. Additionally, we and others 
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demonstrated that the beneficial effect of HO‐1 induction in 

the prevention of lipid droplet accumulation and fatty liver 

was reversed by inhibition of HO-1 by HO inhibitors, 

indicating that HO-1 upregulation was the cause and effect 

[34, 52]. Thus, low levels of HO‐1 and HO activity are 

responsible for fatty liver progression. Ablation of adipose-

specific HO-1 expression led to an increase in white fat over 

beige fat through the inhibition of mitochondrial fusion 

proteins in female mice [39], but deletion of HO-1 in 

adipocytes had a greater effect on body fat in female mice 

than in male mice [53]. Our results further support the 

notion that the improved insulin signaling achieved by 

targeting adipocyte-specific expression of HO-1 is most 

likely mediated by increased levels of pAKT and pAMPK.  

To test the possibility of potential crosstalk 

between adipose and hepatic tissue, we previously 

examined the effects of HO-1 on the adipose tissue derived 

pro-inflammatory adipokine NOV. Untreated obese mice 

expressed elevated levels of the Nephroblastoma gene 

(NOV), increased in obesity and NAFLD, while increased HO-

1 expression normalized visceral adipose tissue NOV levels, 

indicating that induction of HO-1 reprograms white adipose 

tissue to beige, thereby reducing inflammatory molecules 

(Figure 4). Increased adiposity and insulin resistance impair 

liver function and promote the progression of NAFLD to 

NASH [34, 54, 55]. Moreover, inflammation and impaired 

antioxidative systems leading to increased ROS production 

and mitochondrial dysfunction, are implicated in the 

development of NASH and NAFLD, with the increased risk of 

liver fibrosis [21].  

We have previously shown that pharmacological 

induction of HO-1 ameliorates NAFLD and NASH in obese 

mice [34, 38]. In the current study, adipocyte 

overexpression of HO-1 was sufficient to alleviate liver 

steatosis and improve the NAS score in obese mice, 

suggesting a paracrine and/or endocrine influence of HO-1 

induction in improving adipocyte function. Additional 

studies are needed to elucidate the mechanism by which 

HO-1 expression ameliorates NASH. 

The diagram in Figure 7 summarizes the beneficial 

effects of elevated levels of adipocyte HO-1 in attenuating 

NAFLD induced by a high fat diet and restoring 

mitochondrial function and decreasing inflammation. Some 

of the possible mechanisms by which adipocyte specific HO-

1 expression increases mitochondrial biogenesis and 

integrity, include inhibition of Fatty acid synthetase (FAS) 

and subsequent adiposity. HO-1 has been shown to 

translocate to the nucleus and upregulate transcription 

factors to reduce insulin resistance and adiposity and 

increase metabolic function and attenuate NAFLD and 

obesity. Targeting adipose tissues with specific HO-1 

expression attenuates fibrosis, insulin sensitivity and NAFLD 

in a high-fat diet induced obese murine model.  

In conclusion, our data represents a significant 

contribution to the current understanding of how adipocyte 

HO-1 functions in ameliorating obesity-associated NAFLD 

and NASH. NAFLD patients have a much higher incidence of 

cardiovascular disease and more needs to be done to 

treat/prevent NAFLD to address this increased risk. 

Importantly, our findings suggest that increased adipocyte-

specific HO-1 expression leads to a reprogramming of white 

fat stem cells to brown adipocyte-like stem cells, associated 

with improvement in metabolic function and successfully 

attenuating the progression of the progression NAFLD to 

NASH in obesity. 

Scoring System for Degree of steatosis (Score 0 ≤ 

5%; grade 1 = 0 - 33%; score e 2 = 34%-66%; Score 3 ≥ 66%), 

lobular inflammation (Score 0: no foci; Score 1: < 2 foci per 

200x field; Score 2: 2 to 4 foci per 200x field; Score 3: > 4 

foci per 200x field), hepatocyte ballooning (score 0: none; 

Score 1: rare or few; Score 2: many), and fibrosis (Score 0: 

no fibrosis; score 1: perisinusoidal or periportal fibrosis; 

grade 2: perisinusoidal and periportal fibrosis; Score 3: 

bridging fibrosis; Score 4: cirrhosis). 
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Table 1. Liver NASH Score  

NAS 

pathological 

score factors 

Control HF HF + HO-1 

Steatosis 0 (0.67%) 2 (49.35%) 1 (9.28%) 

Inflammation 0 (no foci)  2 (2-4 

foci/field) 

1 (<2 

foci/field) 

Ballooning 1 (rare) 2 (many) 1 (rare) 

Fibrosis 0 (no 

fibrosis) 

2 (periportal 

fibrosis) 

0 (no 

fibrosis) 

NAS value 1 8 NASH 3 
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FIGURES 

 

Figure 1. Effects of specific HO-1 expression on adipocytes in lean vs HFD-mice Representative Western blot and densitometry 

quantification for adipocyte HO-1 levels (A, B) when compared to HFD group. This shows that the mechanism was HO-1 upregulation 

in adipocytes as well as in hepatocytes.∗p<0.05 versus Lean. #p<0.05 versus HFD. n=5 
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Figure 2. Adipo-HO-1 upregulation reduces hepatic lipid droplets and fibrosis. (A-C): Morphological analyses of lipid droplet diameter 

and fibrosis in Lean, HFD-fed and HFD-Adipo-HO-1 groups. Representative Masson’s trichrome stained sections of liver and 

corresponding morphological analyses are shown. Bar: 40 μm; n= five animals per group. Panel D-E shows representative images of 

MMP-9 in liver tissues of Lean, HFD and HFD+HO-1 mice group. ∗p<0.05 versus Lean. #p<0.05 versus HFD. n=5 
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Figure 3. HO-1 upregulation reduces glucose intolerance and hepatic dysfunction. Ln-Adipo-HO-1 overexpression shows remarkable 

improvements on overall body functions in HFD-fed mice when compared to non-treated HFD fed mice. Data analysis of lenti-adipo-

HO-1 treated mice shows improved area under the curve glucose vs. HFD mice (A ) when compared to HFD group. The bar graphs 

summarize the serum activity of liver-function related enzymes ALT (C), and AST (B). ∗p<0.05 versus Lean. #p<0.05 versus HFD. n=5 
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Figure 4. HO-1 upregulation increases key genes related to mitochondrial fusion and thermogenesis. mRNA expression levels of 

mitochondrial thermogenic genes Prdm16 (A), Ucp-1 (B), adiponectin (C) and FGF21(D) in adipose tissue. N= five animals per group. 

∗p<0.05 versus Lean. #p<0.05 versus HFD. 
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Figure 5. Increased HO-1 expression enhances protein expression related to mitochondrial biogenesis and thermogenesis in liver 

tissue. Representative Western blots of SIRT1, CREG1 and FGF21 and their corresponding densitometry analysis reflecting changes 

from HO-1 upregulation (A-C); MFN2 and OPA1 (D-F) in liver tissue reflecting changes from HO-1 upregulation. N= five animals per 

group. ∗p<0.05 versus Lean. #p<0.05 versus HFD. 
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Figure 6. Adipocyte HO-1 overexpression enhances AMPK, ACC and AKT phosphorylation as well as insulin sensitivity in liver tissue to 

improve the metabolic syndrome. Panel A and B show representative Western blots and their densitometry analysis for p-AMPK to 

AMPK, p-ACC to ACC, p-AKT to AKT ratio in the liver tissue. Panel C and D shown representative Western blots and their densitometry 

analysis for IR-Beta, and GLUT2 in liver tissue, all increased in the treated group. ∗p<0.05 versus Lean. #p<0.05 versus HFD. n=5 
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Figure 7. Schematic representation of the possible mechanisms by which adipocyte specific HO-1 expression increases mitochondrial 

biogenesis and integrity, which inhibits Fatty acid synthetase (FAS) and adiposity. HO-1 has been shown to translocate to the nucleus 

and upregulate transcription factors to reduce insulin resistance and adiposity and increase metabolic function and attenuates 

NAFLD and obesity. Targeting adipose tissues with specific HO-1 expression attenuates fibrosis, insulin sensitivity and NAFLD in an 

obese mice model.  


