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Abstract: 37 

Introduction 38 

Non-alcoholic steatohepatitis (NASH) is characterized by excessive accumulation of fat, 39 

accompanied by inflammation and liver injury. NASH can lead to chronic conditions like 40 

fibrosis and cirrhosis, and has an elevated risk of progressing to hepatocellular carcinoma 41 

(HCC). Currently there are no FDA-approved drugs for the treatment of NASH.  42 

Objectives 43 

Our discovery of Uttroside B (Utt-B), a phytosaponin isolated from Solanum nigrum Linn., 44 

which exhibits remarkable anti-HCC potential, has gained global recognition and is currently 45 

a US-FDA-designated ‘orphan drug’ against HCC. The present study highlights Utt-B as an 46 

anti-NASH molecule, by utilizing a High-Fat-Diet murine model, and as an inhibitor to the 47 

progression of NASH to HCC, using a streptozotocin-induced steatohepatitis-derived HCC 48 

animal model, thereby warranting its further validation as a propitious candidate drug molecule 49 

against NASH and NASH-induced HCC. 50 

Methods 51 

High fat diet-induced NASH and streptozotocin-induced steatohepatitis-derived HCC were 52 

developed in C57BL/6 mice. Utt-B was administered intraperitoneally. q-PCR, 53 

immunoblotting and staining techniques such as Haematoxylin and eosin, Oil Red O, Sirius 54 

Red and Masson’s Trichrome, were performed to assess the therapeutic potency of Utt-B 55 

against NASH. Nanostring n-Counter analysis was conducted to verify the anti-fibrotic 56 

potential of Utt-B in NASH-induced HCC mouse model. 57 

Results  58 

Utt-B ameliorates the pathological features such as, steatosis, hepatocyte ballooning and 59 

inflammation associated with NASH. Utt-B up-regulates the expression of autophagy markers 60 

ATG7, Beclin-1 and LC-III and down-regulates the expression of α-SMA, the indicator protein 61 

for the activation of hepatic stellate cells. Utt-B hinders the development of fibrosis and halts 62 

the progression of NASH to HCC in NASH-induced HCC mouse model. 63 

Conclusion 64 

Our investigation reveals that Utt-B effectively alleviates NASH and abrogates its   progression 65 

to HCC. As no treatment options are currently available against NASH, our findings are very 66 
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relevant and strengthen the prospect of developing Utt-B as a potent drug for the treatment of 67 

NASH and NASH-induced HCC. 68 

Keywords: Uttroside B; NASH; HCC; NAFLD; Lipogenesis; Fibrogenesis  69 

Graphical Abstract 70 

 71 

Introduction 72 

Non-alcoholic steatohepatitis (NASH) ensues simple hepatic steatosis in non-alcoholic fatty 73 

liver disease (NAFLD), a condition impacting approximately 40% of the adult population. The 74 

prevalence of NAFLD and NASH, has shown a notable increase in recent decades. While non-75 

alcoholic fatty liver (NAFL) represents a relatively benign condition, NASH emerges as a more 76 

aggressive form marked by steatosis, inflammation, hepatocyte ballooning, hepatocellular 77 

injury, and fibrosis. Various detrimental factors, including lipotoxicity, pro-inflammatory 78 

signals and endotoxins, contribute to the pathophysiology of NASH. Further, prolonged liver 79 

injury in NASH significantly elevates the risk of advanced liver diseases, including cirrhosis 80 

and liver cancer [1-5].  81 

Liver fibrosis is a major risk factor for the development of liver cancer in individuals 82 

with NAFLD [6]. Cytokines and chemokines released due to lipotoxic damage in hepatocytes, 83 

activate innate and adaptive immune cells, leading to an inflammatory cascade [7]. Damaged 84 

hepatocytes release extracellular vesicles comprising of apoptotic bodies, exosomes, and 85 

microparticles, that initiate the activation of non-parenchymal cells and the recruitment of 86 

immune cells, ultimately resulting in the progression of fibrosis [8, 9]. Hepatic injury resulting 87 

from lipogenesis and inflammation induces the activation of hepatic stellate cells (HSCs), 88 

thereby increasing the expression of α–SMA, TGFβ, and Collagen type 1, and promoting 89 
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epithelial-to-mesenchymal transitions, which collectively contribute to the development of 90 

fibrosis [10-12]. 91 

Recent therapeutic advancements in the treatment of NASH encompass strategies 92 

targeting PPARs, FXRs, THRs, GLP-1, FGFs, and more. Innovations in the field also include 93 

stem cell-based therapy, interventions targeting ferroptosis, utilization of apoptosis inhibitors, 94 

microRNA treatment, strategies addressing oxidative stress, and modulation of the gut 95 

microbiome for NASH therapy. Despite ongoing research efforts, the precise pathogenic 96 

mechanisms of NASH remain elusive and hence there is a lack of effective pharmaceutic 97 

interventions against NASH, except the recent US-FDA-approved small molecule drug, 98 

resmetirom. Although there has been notable progress in developing disease management 99 

strategies focused on attenuating fibrosis, NASH is poised to emerge as a prominent contributor 100 

to the development of hepatocellular carcinoma (HCC) [5]. 101 

Previous investigations by our research team, have highlighted the remarkable efficacy 102 

of Uttroside B (Utt-B), a phytosaponin isolated in our lab, from the methanolic extract of the 103 

leaves of Solanum nigrum Linn. (S. nigrum), against HCC. This groundbreaking innovation 104 

was granted patent by the USA (US20190160088), Canada (3,026,426), Japan 105 

(JP2019520425), South Korea (KR1020190008323) and Europe (EP3463382). Additionally, 106 

Utt-B also received the ‘Orphan Drug’ designation against hepatocellular carcinoma from the 107 

US FDA [13-15]. Several studies have reported the anti-tumor, anti-inflammatory, anti-oxidant, 108 

hepatoprotective and immunomodulatory efficacy of S. nigrum [16-20]. Given the exceptional 109 

efficacy of Utt-B, an active component of S. nigrum, against hepatocellular carcinoma (HCC), 110 

the present study has explored the therapeutic potential of Utt-B in the context of NASH and 111 

NASH-induced HCC by employing two different murine models; High Fat Diet-induced 112 

(HFD) NASH model and Streptozotocin-induced steatohepatitis-derived hepatocellular 113 

carcinoma model (STAM). Both models replicate the pathological features associated with 114 

human NASH and NASH-induced HCC, thus providing comprehensive pre-clinical data that 115 

demonstrate Utt-B as a potent molecule, which possesses all the credentials to be evaluated as 116 

a candidate drug for the treatment of NASH as well as NASH-induced HCC.  117 

Materials and Methods 118 

Materials 119 

A High Fat Diet containing 60% kcal fat was purchased from National Institute of Nutrition 120 

(NIN), Hyderabad, India. Reagents used for staining mouse liver tissues such as Haematoxylin 121 
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(H9627), Eosin (230251), Oil Red O (O0625), and Direct Red (Sirius Red) (365548) were 122 

obtained from Sigma Chemicals (St.Louis, MO, USA). Trichrome staining kit (ab150686) was 123 

purchased from Abcam. Antibodies against, ATG-7 (2613P), Beclin-1 (3495P), LC-III (4599P), 124 

ACC (3662S), GAPDH (2118S), β-actin (12620S) and Vinculin (13901S) were obtained from 125 

Cell Signalling Technologies (Beverly, MA, USA) and the antibodies against α-SMA (sc-126 

53142) and phospho-ACCα (sc-271965) were purchased from Santa Cruz Biotechnology 127 

(Santa Cruz, CA, USA). cDNA synthesis kit and SyBr Green for qRT-PCR was procured from 128 

Applied Biosystems (4367659). Poly Excel HRP/DAB detection system universal kit 129 

(PathnSitu Biotechnologies Pvt. Ltd., Secunderabad, India, OSH001) was used for 130 

immunohistochemistry experiments. All other chemicals were purchased from Sigma 131 

Chemicals (St.Louis, MO, USA) unless otherwise mentioned. 132 

Methods 133 

Isolation and purification of Utt-B 134 

Isolation and purification of Utt-B were done as previously reported [13]. 135 

Ethics Statement 136 

All experiments using laboratory animals were carried out in compliance with relevant laws 137 

and institutional guidelines of RGCB. The experiments were conducted after obtaining prior 138 

approval from the Institutional animal ethical committee of RGCB (IAEC) (IAEC/899/2022 139 

and IAEC/853/RUBY/2021) and have followed the rules and regulations prescribed by the 140 

Committee for Control and Supervision of Experiments on Animals (CCSEA), Government of 141 

India. 142 

In vivo Experiments 143 

High-Fat-Diet Mouse Model 144 

High fat diet induced NASH was developed in C57BL/6 mice as previously described with 145 

slight modifications [48, 49]. Seven weeks old, male C57BL/6 mice (3-5 per cage), were 146 

housed in a 12-hour light/dark cycle, for a total duration of six months. Following one week of 147 

acclimatization with a standard chow diet and water, the animals were randomly divided into 148 

three experimental groups (n=6, per group), namely Control, HFD and HFD+Utt-B groups. 149 

Control group received the standard chow diet; HFD mice were fed HFD for 6 months; Mice 150 

in the HFD+Utt-B group were fed a HFD and treated with Utt-B at a dose of 10mg/kg, on 151 
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alternate days, starting from the 3rd month of consumption of HFD to the 6th month. The mice 152 

fed a HFD (HFD and HFD+Utt-B groups) were injected intraperitoneally with 5 doses of 153 

T0901317 and 4 doses of CCl4 during the 6th month, as described previously [48, 49]. Corn oil 154 

served as a vehicle for the CCl4 and T090137 (T2320, Sigma) injections. After the duration of 155 

the study, the animals were euthanized following which, blood and tissue samples were 156 

collected for further analyses.  157 

Streptozotocin-Induced Steatohepatitis Derived Hepatocellular Carcinoma (STAM) Mouse 158 

Model 159 

STAM mice were developed as previously described [21-23]. 2 days old C57/BL6 pups were 160 

injected with 200µg of streptozotocin in sodium citrate buffer. After weaning the mice were 161 

separated according to gender, and both male and female mice were used in the study. At 4 162 

weeks of age, the control mice, which were injected with sodium citrate buffer alone at 2 days 163 

of age, were fed a standard chow diet, and the mice in STZ+HFD and treatment groups were 164 

fed HFD (n=6, per group). STAM mice have been reported to develop NASH by 8th week, 165 

fibrosis by 12-13th week and HCC by 20th week. Hence, animals in the treatment group were 166 

administered 10mg/kg of Utt-B in PBS starting from the 8th week, the stage at which NASH 167 

has been fully developed. The duration of study in the male mmice was for a period of 22 weeks 168 

whereas the female mice were caged for approximately 30 weeks, as it was reported that the 169 

female hormones would interefere with the action of streptozotocin. Accordingly, Utt-B 170 

treatment was continued until the 22nd week in the male mice whereas drug treatment was 171 

continued until the 30th week in the female mice. After the duration of the study, the animals 172 

were euthanized following which, blood and tissue samples were collected for further analyses.  173 

Biochemical Analysis 174 

Serum biochemical assays were conducted for the analysis of serum total cholesterol, 175 

triglycerides, creatinine, AST and ALT was performed in Fujifilm Full Dri Chem NX500i. 176 

Oil Red O (ORO) staining 177 

The stock solution of ORO was prepared by dissolving 25g of ORO in 400ml of 99% Isopropyl 178 

alcohol and mixing by keeping on a magnetic stirrer for 2hrs at room temperature. To prepare 179 

working stock, ORO stock and distilled water were mixed in a ratio of 1.5:1 and filtered through 180 

a 0.45μm filter. Oil Red O working solution was added dropwise to tissue section obtained 181 

from frozen liver tissue and was incubated for 5 minutes. It was counterstained with 182 
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haematoxylin for 15 seconds, followed by rinsing in tap water for 30 minutes. After checking 183 

whether staining is sufficient or not under the microscope, the sections were mounted using 184 

glycerol and sealed along the edges with nail polish [50]. Images were captured utilizing a 185 

DMi8 Inverted Fluorescence Research Microscope, complemented by a DMC 2900 Digital 186 

Camera. 187 

Sirius Red Staining 188 

Formalin-fixed paraffin-embedded tissue sections were subjected to a standardized 189 

deparaffinization protocol. Initially, they were immersed in Xylene to eliminate paraffin 190 

residues. Subsequently, the sections were sequentially treated with 100%, 95%, and 70% 191 

Isopropyl alcohol (IPA) for precise durations of 8, 5, and 5 minutes, respectively. Sirius Red 192 

staining was done according to the manufacturer’s protocol. Following this, a thorough rinse 193 

with distilled water was conducted for 5 minutes, followed by staining with Mayer's 194 

Hematoxylin for a defined period of 30 minutes. Excess stain was carefully removed through 195 

immersion in distilled water, succeeded by a brief exposure to acid alcohol. Subsequent steps 196 

involved a tap water rinse prior to bluing, which entailed a precisely timed incubation of 10 197 

minutes in bluing solution. Application of Sirius red (Direct Red) stain ensued, with meticulous 198 

attention paid to the dropwise addition onto tissue sections, followed by an incubation period 199 

of 1 hour. Acidified water washes were meticulously performed twice, each at equal intervals 200 

of 5 minutes. Upon thorough air-drying, slides underwent two consecutive washes in 100% 201 

ethanol, followed by a final immersion in xylene. Ultimately, the sections were meticulously 202 

mounted in DPX and subjected to examination under a light microscope. Images were captured 203 

utilizing a DMi8 Inverted Fluorescence Research Microscope, complemented by a DMC 2900 204 

Digital Camera. 205 

Hematoxylin and Eosin (H&E) Staining 206 

Tumor and liver tissue samples derived from mice were subjected to fixation, sectioning, and 207 

subsequent staining employing Hematoxylin and eosin staining [14]. The samples were blinded 208 

before being analysed by the pathologist.  Images were captured utilizing a DMi8 Inverted 209 

Fluorescence Research Microscope, complemented by a DMC 2900 Digital Camera. 210 

Trichrome Staining  211 

The staining was performed according to the manufacturer’s protocol using the Trichrome 212 

staining kit (Abcam), a kit designed to visualize connective tissues, more particularly collagen 213 
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in tissue sections, strictly adhering to manufacturer’s protocol. The tumor and liver tissue 214 

sections were deparaffinized by being dipped in xylene. Then, Bouin's Fluid was preheated to 215 

a temperature range of 54-64ºC. Next, the slide was incubated in the preheated Bouin's Fluid 216 

for 60 minutes, followed by a cooling period of 10 minutes. The slide was rinsed in water 217 

before being incubated in Weigert's Iron Hematoxylin for 5 minutes. After another water rinse, 218 

the slide was immersed in Biebrich Scarlet/Acid Fuchsin solution for 15 minutes. This was 219 

followed by differentiation in a phosphomolybdic/phosphotungstic acid solution for 10-15 220 

minutes. Subsequently, the slide was incubated in Aniline Blue solution for 5-10 minutes before 221 

being rinsed again in water. Then, the slide was immersed in an acetic acid solution for 3-5 222 

minutes. Finally, the process was completed by dehydrating, clearing, and mounting the slide. 223 

Images were captured utilizing a DMi8 Inverted Fluorescence Research Microscope, 224 

complemented by a DMC 2900 Digital Camera. 225 

Immunohistochemistry 226 

Immunolocalization of specific proteins within tissue sections was conducted utilizing the Poly 227 

Excel HRP/DAB detection system, a universal kit designed for mouse and rabbit primary 228 

antibodies (OSH001, PathnSitu Biotechnologies Pvt. Ltd, India), adhering strictly to the 229 

manufacturer’s protocol. All immunohistochemistry images were captured utilizing a DMi8 230 

Inverted Fluorescence Research Microscope, complemented by a DMC 2900 Digital Camera. 231 

Immunoblotting 232 

Lysates were prepared in whole lysis buffer, followed by centrifugation for 20 minutes at 233 

14,000 rpm at 4°C, and the supernatant was collected. Protein concentration was estimated 234 

using Bradford’s method. Subsequently, 30 μg of protein was loaded per well, and proteins 235 

were separated through SDS-polyacrylamide gel electrophoresis (PAGE) before being 236 

electrophoretically transferred to polyvinyl difluoride (PVDF) membranes in 20% methanol 237 

TRIS-glycine transfer buffer. After blocking with 5% skimmed milk in TBST, membranes were 238 

probed using antibodies as specified above. 239 

RNA isolation 240 

RNA isolation from mouse liver tissues was performed by TriZol method. Liver tissue 241 

weighing 10-15µg was lysed with 1000µl trizol, passed through a syringe and vortexed once. 242 

The tissue lysate was incubated for 5 minutes at room temperature. 0.2 millilitre of chloroform 243 

was added and vortexed vigorously for 15 seconds and then kept for incubation at room 244 
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temperature for 2-3 minutes. Further the samples were centrifuged at 12000*g for 15 minutes 245 

at 2-8ºC. The aqueous phase was removed and 0.5ml of isopropanol was added, mixed gently 246 

and incubated at 15-30ºC for 10 minutes. Further centrifugation was carried out at 12000*g for 247 

10 minutes at room temperature. The RNA precipitate often invisible before centrifugation 248 

formed a gel like precipitate on the side and bottom of the tube. The entire supernatant was 249 

gently removed. The RNA pellet was washed with 75% ethanol. The samples were further 250 

mixed by vortexing and centrifuged at 7500*g for 5 minutes at 2-8 ºC. The washing step was 251 

repeated to remove all the left-over ethanol. Finally, the RNA pellet was air dried for about an 252 

hour. The purity and yield (in ng/μl) of the mRNA samples were measured using Nanodrop. 253 

The RNA samples were stored at -80ºC until and after use. 254 

cDNA synthesis 255 

cDNA was synthesized from the respective RNA samples using Applied Biosystems cDNA 256 

synthesis kit.  257 

Real Time RT-PCR 258 

The stored cDNA was thawed and diluted (1:10) with nuclease free water. The SyBr Green 259 

reagent from Applied Biosystem was used for the experiment. Ten microlitre of the reaction 260 

mix (2.5 μl of cDNA +7.5 μl of master mix) was added in triplicates for genes MCP-1, IFN-γ, 261 

TNF-α, RCP, Collagen1α and PPARγ. GAPDH was added to the wells of a 96 well PCR plate 262 

and placed in a thermal cycler. The ddCT fold change in the gene levels were analysed. The 263 

statistical significance of the PCR results was analysed using Graph Pad Prism software version 264 

8.0.  265 

NanoString mRNA Expression assay 266 

For NanoString analysis, samples were quantified using Qubit RNA HS assay (Invitrogen, Cat 267 

# Q32855) kit and also qualitatively analysed on Agilent 2100 bioanalyzer nano chip (Agilent, 268 

Cat # 5067-1511). Codeset reaction for nCounter Mouse Fibrosis v2 Panel (NanoString 269 

Technologies) was carried out as per the Manual (nCounter Gene Expression Panel and custom 270 

codeset user manual, MAN-10056-06). RNA was hybridized with Reporter and Capture probes 271 

at 65degC for 18 hours and samples run on nanoString nCounter SPRINT machine (1) through 272 

service provider Theracues Innovations Pvt Ltd, Bangalore, India. The Raw data files were 273 

downloaded from nCounter SPRINT machine and analyzed using nSolver™ 4.0 (NanoString 274 

Technologies) software.  275 
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The foldchange values and following un-paired Student’s T-test based pvalue were calculated 276 

using the ‘calculate ratio’ module from nSolverTM 4.0 Analysis Software (MAN-C0019-08). 277 

Differentially expressed genes were identified with thresholds of pvalue < 0.05 and Foldchange 278 

> 1.2 (upregulated) or Foldchange < -1.2 (downregulated). The pvalue was corrected using the 279 

FDR approach. The genes were identified if expressed above background threshold on the basis 280 

of their normalized expression value if expressed above the average of negative probe counts. 281 

All statistical analysis was performed by using R (version 4.0.2, https://www.r-project.org/). P 282 

value below 0.05 was considered statistically significant. 283 

Statistical analysis 284 

Statistical analyses were performed usiing GraphPad Prism software Version 8 (GraphPad 285 

Software Inc., San Diego, CA, USA). To assess statistical significance, Student’s t-tests, One-286 

way ANOVAs, and Two-way ANOVAs were employed, with a significance threshold set at p 287 

< 0.05. The error bars represent ± SD and are indicative of three independent experiments. 288 

 289 

Results 290 

Utt-B inhibits development of high-fat diet (HFD)-induced NASH 291 

As Utt-B exhibited remarkable anti-HCC potential in our previous studies [13-15], we 292 

investigated the efficacy of the compound against NASH, another major liver disease, the 293 

progress of which may lead to the onset of HCC. NASH was induced in C57BL6 mice by 294 

administering HFD for a duration of 6 months, supplemented with intraperitoneal injections of 295 

CCl4 and T0901317, as described in the Materials and Methods. It was observed that NASH-296 

related features such as steatosis and ballooning of hepatocytes start to develop in HFD-mice 297 

after 3 months of consumption of HFD (Fig S1A). Hence, to assess the potential therapeutic 298 

impact of Utt-B against NASH, animals in the treatment group were administered with 299 

10mg/kg of Utt-B intraperitoneally in PBS, from the 4th month onwards (Fig 1A). A steady rise 300 

in the body-weight of animals in the HFD group was noted compared to those fed with a 301 

standard chow diet, while the treatment group exhibited a progressive reduction in body-302 

weight, post-Utt-B administration. Morphologically, the livers resected from mice in the HFD 303 

group were enlarged and pale, with a rough texture, in contrast to the normal-sized livers with 304 

a smooth texture, as observed in both the control and Utt-B treated groups (Fig 1B). This 305 

morphological variation was corroborated by the liver-to-body weight ratio, which differed 306 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.06.622394doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622394


11 
 

among the three groups. The liver-to-body weight ratio in the HFD group was markedly higher 307 

than that in the control, whereas that of Utt-B treated mice exhibited a significant reduction 308 

and was comparable with that of the contro (Fig 1C) 309 

Serum biochemical analysis reports showed an elevated level of total cholesterol, 310 

triglycerides, ALT, AST and ALP in the HFD group, while Utt-B treated mice displayed a 311 

decrease in the serological parameters, demonstrating a trend comparable to mice fed with the 312 

standard chow diet. Renal profile analysis indicated minimal variations among the three 313 

groups, underlining the pharmacological safety of Utt-B (Fig 1D).  314 

To assess the development of NASH in the experimental animals, histopathology 315 

analysis, which is considered as the gold technique for NASH diagnosis, was conducted (Fig 316 

1E, S1B). Animals in the HFD group exhibited distinctive pathologic features such as, macro 317 

and micro-vesicular steatosis, ballooning of hepatocytes and lobular necroinflammation, which 318 

are conditions specifically associated with NASH, confirming the development of human-like 319 

NASH in the HFD mice (Fig S1C). Conversely, mice treated with Utt-B displayed a 320 

histologically normal liver architecture with mild steatosis, demonstrating the therapeutic 321 

efficacy of Utt-B in halting the pathological changes associated with NASH (Fig 1E, S1D).   322 
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 323 

Fig 1: Utt-B exhibits therapeutic potential against HFD-induced NASH, in vivo. 324 

(A) Schematic representation of the treatment regimen followed; (B) Representative images of 325 

livers resected from Control, HFD and Utt-B-treated groups; (C) Graphical representation of 326 

Liver-Body weight ratio (D) Serum biochemical analysis of lipid profile, creatinine and liver 327 

profile indicating pharmacological safety and therapeutic efficacy of Utt-B; One-way ANOVA 328 

was used for statistical analysis; *p<0.1, **p<0.01, ***p<0.001, ****p<0.001 (E) 329 

Histopathology results depicting the development of characteristic features of NASH in HFD 330 

animals and alleviation of NASH in the Utt-B treated animals. 331 

 332 

Utt-B inhibits inflammatory markers associated with NASH and induces autophagy, abrogating 333 

hepatic stellate cell activation, which leads to fibrosis 334 
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NASH is a condition characterized by hepatic lipid accumulation, liver cell injury and 335 

inflammation, which leads to hepatic fibrosis. Hepatocyte damage triggers inflammation and 336 

initiates a cascade of events that culminate in liver fibrosis through the activation of hepatic 337 

stellate cells (HSCs) and subsequent secretion and deposition of extracellular matrix (ECM). 338 

Hence, we investigated the pathological features of NASH, regulated by Utt-B, in the livers of 339 

the experimental animals (Fig1C). The NASH-induced mice displayed excessive lipid droplet 340 

accumulation within hepatocytes, accompanied by a significant up-regulation in the mRNA 341 

expression of the inflammatory markers, MCP-1, CRP-1, IFN-γ and TNF-α, which are 342 

associated with NASH. Remarkably, treatment with Utt-B exerted a notable reduction in lipid 343 

droplet deposition and hepatic expression levels of the inflammatory markers, demonstrating 344 

that Utt-B exhibits anti-steatotic and anti-inflammatory potential, which leads to the alleviation 345 

of NASH (Fig 2A, B). 346 

Impairment of autophagy in NASH is another major contributory factor for the 347 

progression of NASH to fibrosis. Interestingly, Utt-B treatment induced autophagy in HFD-fed 348 

animals as revealed by the increased expression of indicated autophagy markers (Fig 2C,D). 349 

Concurrently, a significant reduction in the expression of the key autophagy markers, ATG-7, 350 

Beclin-1 and LC3-II was observed in the NASH-induced animals. The liver sections of NASH-351 

induced mice displayed regions of intense collagen deposition, while those of Utt-B-treated 352 

mice exhibited a drastic reduction in the collagen deposition as assessed by Sirius Red and 353 

Trichrome staining (Fig 2E, F). These findings were substantiated by the mRNA expression 354 

pattern of Collagen 1α, the type1 collagen, in the liver tissues of mice across all three groups 355 

(Fig 2G). 356 

The activation of HSCs and excessive production of extracellular matrix (ECM) 357 

proteins significantly contribute to the progression of hepatic fibrosis.  Immunohistochemical 358 

analysis in the liver tissues of NASH-induced mice indicated an increase in the expression of 359 

α-smooth muscle actin (α-SMA), a widely recognized marker of activated HSCs, throughout 360 

the parenchyma, compared to the mice in control and treatment groups (Fig 2H). 361 

Immunoblotting also revealed an up-regulation of α-SMA in NASH-induced mice and its 362 

down-regulation in Utt-B treated mice, illustrating the potential of Utt-B to alleviate the 363 

pathological features of NASH and attenuate the process of fibrogenesis in HFD mice (Fig 2I). 364 

These results demonstrate that the anti-lipogenic and anti-inflammatory effects of Utt-B, aid in 365 

the mitigation of the characteristic NASH features in a HFD-induced mouse model.  366 
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         367 

                             Figure 2: Utt-B abrogates the progression of NASH to fibrosis  368 

(A) Utt-B treatment reduces the deposition of lipid droplets within hepatocytes (B) HFD 369 

animals display an elevation of NASH-associated inflammatory markers MCP-1, TNF-α, IFN-370 

γ and RCP, whereas Utt-B treatment results in a decrease in the expression pattern of these 371 

markers; (C) Utt-B treatment increases the expression of the autophagy markers, ATG-7, 372 

Beclin-1 and (D) LC-III ; unpaired t-test was used for statistical analysis; ** p<0.05 (E) Sirius 373 

Red and (F) Trichrome staining reveals the deposition of fibrotic tissues in HFD mice and its 374 

minimal deposition in Utt-B treated mice. (G) Utt-B treatment reduces the mRNA expression 375 

of Collagen 1α; One-way Anova was used for statistical analysis; *p<0.1, **p<0.01, 376 

***p<0.001, ****p<0.001; Utt-B reduces the expression of α-SMA, an indicator of HSC 377 
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activation as assessed by (H) immunohistochemical staining and (I) Immunoblotting; One-way 378 

Anova was used for statistical analysis; *** p<0.001, **** p<0.001. 379 

 380 

Utt-B blocks the progression of NASH to HCC 381 

We extend our investigations to inquire whether Utt-B can prevent the progression of NASH 382 

to HCC. To address this conjecture, we developed the STAM model, which employs diabetes-383 

induced NASH, which slowly progresses to HCC, as detailed in the ‘Materials and Methods’. 384 

As per previous reports [21-23], in this mouse model, NASH develops from week 6-8, fibrosis 385 

from week 10-12 and ultimately results in HCC by the 20th week. We conducted the study for 386 

a period of 22 weeks, initiating Utt-B treatment from the 8th week and continuing until the 22nd 387 

week (Fig 3A).  Upon euthanasia, well-developed solid tumors were observed in the livers of 388 

male mice in the STZ+HFD group whereas no tumor formation was observed in the livers of 389 

male mice that received Utt-B (Fig 3B). Studies have previously indicated that tumor formation 390 

in the STAM model is exclusive to male mice, as female hormones interfere with the action of 391 

streptozotocin. However, in our study, female mice exposed to an extended period of HFD, 392 

until the 30th week, displayed the formation of nodules and well-developed tumors in the STZ 393 

+ HFD group, while no such nodules were noted in the livers of Utt-B group, which displayed 394 

the liver characteristics similar to that of mice in the control group (Fig 3B).  395 

Development of HCC in male mice within the STZ+HFD group was confirmed through 396 

histopathological analysis. Male mice in the STZ+HFD group exhibited well differentiated 397 

intranuclear HCC inclusions. In contrast, livers resected from mice in the Utt-B treatment group 398 

displayed a consistently normal histology, characterized by mild steatosis (Fig 3C). 399 

Interestingly, the female mice in the STZ+HFD group displayed an inconsistent pattern with, 400 

some developing HCC, some showing steatosis, and the others displaying a normal histology 401 

(Fig S1 E). Remarkably, all mice treated with Utt-B, regardless of gender, consistently 402 

displayed a normal histology (Fig 3C). Given the observed heterogenous pattern in female mice 403 

in the STZ+HFD group (Fig 3B, S1E), further analysis was focussed only on male mice. 404 

Further, the development of fibrosis was compared in the liver tissues collected from 405 

male mice among the groups, by Sirius Red and Trichrome staining. The liver sections from 406 

the STZ+HFD group displayed extensive collagen accumulation, as opposed to the negligible 407 

collagen deposition observed in the Utt-B group (Fig 3D, E). This was attested by the decrease 408 

in the mRNA expression of Collagen 1α, in this group (Fig 3F). In addition, the livers of the 409 
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experimental animals were also assessed for the expression of α-smooth muscle actin, an 410 

indicator of hepatic stellate cell activation. The STZ+HFD group showed an up-regulation of 411 

α-smooth muscle actin, indicating the activation of hepatic stellate cells, which could further 412 

lead to the deposition of collagen and development of fibrosis, whereas the treatment group 413 

displayed a down-regulation of the protein, pinpointing the reason behind the efficacy of Utt-B 414 

in hampering collagen deposition (Fig 3G). This observation was further confirmed by 415 

immunoblotting for acetyl carboxylase A, a rate limiting enzyme in de novo lipogenesis and a 416 

regulator of β-oxidation of fatty acids, which exhibits variations in its phosphorylation status 417 

during impaired lipogenesis.  Interestingly, livers of Utt-B group displayed enhanced 418 

expression in the total as well as phosphorylated enzyme in comparison with the STZ+HFD 419 

group (Fig 3H). Inhibition of ACC through phosphorylation reduces the activation of HSCs, 420 

causing a reduction in α-SMA expression and collagen production and eventually suppresses 421 

the development of HCC. These results highlight the potential of Utt-B to impede the 422 

progression of fibrosis and hinder subsequent development of HCC. 423 

 424 
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 425 

Fig 3: Utt-B hampers the progression of NASH to HCC:  426 

(A) Schematic representation of induction of steatohepatitis-derived HCC in BL/6 pups and 427 

treatment regimen; (B) Representative images of livers resected from male and female mice 428 

respectively, injected with sodium citrate buffer and fed normal chow diet, mice injected with 429 

streptozotocin and fed with  high fat diet (STAM mice), STAM mice treated with Utt-B, 430 

indicating that Utt-B inhibits development of HCC in STAM mice model; (C) Histopathology 431 

analysis reveals formation of solid tumor  in STZ+HFD group and anti-tumor efficacy of Utt-432 

B in the treatment group; (D) Sirius Red and (E) Trichrome staining displays fibrous connective 433 

tissue in STZ+ HFD group and its alleviation on treatment with Utt-B; Utt-B reduces the 434 

mRNA expression of (F) Collagen1α; (G) induces down-regulation of αSMA; and induces the 435 

(H) phosphorylation of ACC- α; unpaired t-test was used for statistical analysis; ** p<0.05  436 

 437 
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Nanostring Analysis suggests that Utt-B hinders the progression of NASH to HCC by targeting 438 

fibrosis 439 

To elucidate the precise mechanisms by which Utt-B impedes the progression from NASH to 440 

HCC, we performed targeted transcriptome analysis of genes involved in fibrosis pathway 441 

using the Nanostring nCounter Fibrosis Panel against liver samples from both the groups. 442 

Comparative pathway score analysis revealed a marked down-regulation of fibrosis-associated 443 

pathways in Utt-B-treated group. Results from the nCounter analysis showed an up-regulation 444 

in PPAR signaling and autophagy coupled with a concomitant down-regulation of the TGF-β 445 

and PDGF signaling pathways in the Utt-B-treated group (Fig 4 A-D). 446 

PPARs are regarded as therapeutic targets for a variety of metabolic diseases, such as 447 

diabetes, dyslipidemia, and cardiovascular diseases, especially NAFLD. All PPAR isotypes are 448 

implicated in regulating glucolipid metabolism, inflammation, and hepatic stellate cell (HSC) 449 

activation, processes intricately linked to NAFLD. Notably, PPARγ over-expression has been 450 

reported to reverse hepatic nutritional fibrosis by curbing HSC proliferation, inducing cell cycle 451 

arrest, and promoting apoptosis. PPARγ activation has also been reported to inhibit HSC 452 

activation by down-regulating the TGFβ1/Smad signaling pathway in in vivo NASH model.  453 

In our study, an up-regulation in PPAR-γ mRNA expression was observed in STZ-HFD-454 

fed animals treated with Utt-B (S1 F). Interestingly, the most notable change identified in the 455 

comparison of gene expression between the groups was the up-regulation of genes associated 456 

with PPAR signalling (PPARα, PPARγ and PGC1α) and down-regulation of those involved in 457 

collagen and ECM biosynthesis, including COL4A1, COL5A3, TIMP1, FST, CD14, PDGFB, 458 

and NID2 in the Utt-B-treated group (Fig 4G). Besides a decrease in these fibrosis markers, a 459 

down-regulation of fibrosis-related pathways such as TGF- β and PDGF pathways was also 460 

observed in the Utt-B-treated group (Fig 4C, D). Taken together, the up-regulation of PPAR 461 

signalling and down-regulation of TGF- β and PDGF pathways leading to subsequent reduction 462 

in the activation of HSCs and deposition of collagen in the Utt-B treatment group illustrates 463 

that Utt-B targets fibrosis in hindering the progression from NASH to HCC.  464 

 465 

 466 

 467 
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 468 

Fig 4: Utt-B abrogates the progression of NASH to HCC by regulating fibrogenesis: 469 

 Utt-B treatment results in the up-regulation of (A) PPAR signalling and (B) Autophagy; down-470 

regulation of (C) TGF-β (D) PDGF signalling and (E) ECM and (F) collagen biosynthesis 471 

pathways; Statistical analysis was performed using the software R, and P value less than 0.05 472 

was considered statistically significant (G) Utt-B treatment results in the down-regulation of 473 

major genes involved in fibrogenesis COL4A1, COL5A3, TIMP1, FST, CD14, PDGFB, and 474 

NID2 475 

Discussion 476 
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Our previous studies have demonstrated the exceptional therapeutic efficacy of Utt-B 477 

against HCC.  The present study has assessed the efficacy of Utt-B in combating NASH, a 478 

critical liver disease, with an escalating mortality rate.  We employed two different mouse 479 

models to study the hepatoprotective effect of Utt-B, one to evaluate the efficacy of Utt-B 480 

against NASH and the other to study its potential to hamper the advancement of NASH to 481 

HCC. 482 

We noted a significant alleviation of the pathological features of NASH, such as lipid 483 

accumulation, macro and microvesicular steatosis, ballooning of hepatocytes and collagen 484 

deposition, by Utt-B in HFD mouse model. Interestingly, administration of Utt-B for 3 months 485 

to the NASH-developed mice, resulted in a normal liver histology with mild steatosis and the 486 

hepatic features were comparable to that of the animals fed a normal chow diet. We also 487 

observed a drastic decrease in deposition of collagen and fibrous connective tissue in the livers 488 

of the Utt-B-treated mice. This observation was attested by the corresponding down-regulation 489 

of the hepatic mRNA expression of Collagen1α in these mice. A significant down-regulation 490 

of α-SMA, an indicator of HSC activation and fibrogenesis, was also noted in the livers of the 491 

Utt-B-treated mice, highlighting the anti-fibrogenic effect of Utt-B.  492 

Excessive triglyceride accumulation occurs in NAFLD due to imbalances in lipid 493 

metabolism and can lead to ER stress and insulin resistance [24]. This triggers the release of 494 

chemokines, cytokines and subsequent activation of HSCs leading to fibrosis [25]. In the 495 

present study, an extensive deposition of lipid droplets was observed in the livers of HFD-mice, 496 

whereas that of Utt-B treated mice displayed a drastic reduction in the size and number of lipid 497 

droplets. Subsequently, a significant down-regulation of inflammatory markers associated with 498 

NASH (MCP-1, IFN-γ, TNF-α and CRP-1) was also noted in the liver tissue extracts isolated 499 

from Utt-B treated mice. Therefore, the minimal activation of HSCs in the livers of the Utt-B 500 

treated mice in the HFD model, as indicated by a striking reduction in the expression of α-SMA 501 

and Collagen1α, could be attributed to the anti-lipogenic and anti-inflammatory action of Utt-502 

B. 503 

Our study also revealed a significant role for Utt-B in modulating autophagy, which has 504 

a critical role in regulating NASH. Impaired hepatic autophagy is a common feature of NASH, 505 

which contributes to hepatic lipid metabolism, ER stress and insulin resistance [26-29]. Several 506 

studies report that pharmacological and genetic interventions aimed at enhancing autophagy, 507 

improve steatosis and fibrosis in NAFLD and NASH models [29-35]. 508 
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Our previous study has demonstrated induction of autophagy by Utt-B in liver cancer 509 

using in vitro and in vivo models [14]. In the present study, the livers of HFD-fed mice 510 

manifested a down-regulation of autophagy. Interestingly, a significant up-regulation of the 511 

autophagy markers, ATG7, Beclin-1and LC3-II was noted in the livers isolated from HFD-512 

mice treated with Utt-B, indicating that induction of autophagy by Utt-B may have a direct 513 

correlation with the efficacy of Utt-B in inhibiting HFD-mediated development of NASH. 514 

NASH-induced HCC is emerging as a prevalent cause of HCC on a global scale, 515 

warranting serious attention and comprehensive intervention strategies. The anti-NASH 516 

potential of Utt-B inspired our inquiry into its efficacy in impeding progression of NASH to 517 

HCC. For this, we used the STAM model, which employs administration of a combination of 518 

streptozotocin and high fat diet, which will eventually develop HCC within 22 weeks. While 519 

all male mice in the control group developed liver tumours within 22 weeks, none of the mice 520 

in the treatment group, which received Utt-B treatment from 8 weeks onwards, developed 521 

tumors attesting the efficacy of Utt-B, not only in ameliorating the features associated with 522 

NASH, but also in hampering the advancement of NASH to its more adverse stage, HCC.  523 

We further investigated the response of Utt-B treatment to the level of enzyme, acetyl-524 

CoA carboxylase (ACC), which is involved in the rate limiting step of de novo lipogenesis that 525 

catalyzes the conversion of acetyl coenzyme A to malonyl-CoA [36]. Phosphorylation of ACC 526 

inhibits the enzyme resulting in a reduction of de novo lipogenesis and an increase in fatty acid 527 

oxidation. ACC inhibition has been reported to block collagen production in LX-2 HSC cells 528 

and reduce the expression of α-SMA in primary rat HSCs, and that of COL1A1 and ACTA2 in 529 

primary human HSCs [37]. Previous studies have demonstrated that pharmacological 530 

intervention with ACC inhibitors reduce steatosis in preclinical models of NASH as well as in 531 

patients diagnosed with NASH [38-40].  Moreover, it is also reported that gene level alterations 532 

that result in a reduced phosphorylation of ACC contributes to the proliferation of liver cancer 533 

cells and development of HCC and that inhibition of ACC is an effective strategy in hindering 534 

the progression to HCC [41]. Interestingly, we also observed an up-regulation of phospho-535 

ACC-α in Utt-B treated STZ-HFD-mice. 536 

Development of fibrosis in NASH signifies the advancement of NASH and warrants a 537 

progressive development to much severe HCC. As Utt-B treatment mitigated the pathological 538 

features associated with fibrosis in both the HFD-induced NASH model and the STAM model 539 

mice, the latter being a model designed to study the transition from NASH to HCC, we presume 540 
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that the antifibrotic effect of Utt-B might be serving as the connecting link to the remarkable 541 

efficacy of Utt-B in combating NASH and NASH-induced HCC. Utt-B treatment reduced the 542 

deposition of collagen and down-regulated α-SMA, the indicator of HSC activation, in both 543 

HFD and STAM animal models, reflecting the efficacy of Utt-B against NASH and NASH-544 

induced HCC respectively.  Results of the targeted transcriptome analysis reveal that Utt-B 545 

treatment resulted in down-regulation of genes involved in collagen production and ECM 546 

biosynthesis. Comparative pathway score analysis suggests an up-regulation of PPAR 547 

signalling and a down-regulation of TGF-β and PDGF signalling pathways, which play pivotal 548 

roles in orchestrating inflammation, fibrogenesis and development of HCC [42-44]. Several 549 

studies have reported that drugs targeting PPARs display a therapeutic effect against NAFLD, 550 

NASH and fibrosis. Moreover, PPAR agonists have been reported to inhibit liver fibrosis 551 

through down-regulation of fibrosis-related genes, TGF-β1, α-SMA, CoI-α1 and through 552 

inhibition of HSC activation [41, 45-47], which are consistent with the findings of our study. 553 

Collectively, our study outcomes in both the animal models, highlight the efficacy of Utt-B not 554 

only in ameliorating NASH but also in blocking the progression of NASH to HCC by exerting 555 

anti-lipogenic, anti-inflammatory and most importantly, anti-fibrogenic effects. 556 

Conclusion 557 

Taken together, NASH and NASH-induced HCC have emerged as significant 558 

challenges, particularly due to the limited therapeutic options available. The prospect of a drug 559 

that can effectively address NASH and hinder its progression to HCC holds great promise, 560 

given that HCC stands as a leading cause of mortality in patients diagnosed with NASH. The 561 

findings of the current study present Utt-B as a promising candidate, showcasing its efficacy 562 

not only in treating NASH but also in impeding its advancement to HCC. However, additional 563 

research is needed to fully understand the mechanisms of action of Utt-B against NASH and 564 

NASH-related HCC.   565 

Patents 566 

Title of the invention: Uttroside B and Derivatives Thereof as Therapeutics for Hepatocellular 567 

Carcinoma. The invention has been granted patent by the USA (US2019/0160088A1), Canada 568 

(3026426.), Japan (JP2019520425), S. Korea (KR1020190008323) and Europe (EP3463382). 569 

Conflict of Interest 570 

The authors declare no competing interests. 571 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.06.622394doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622394


23 
 

Data Availability 572 

Raw data will be provided upon request to the corresponding author. 573 

Funding 574 

This work was financially supported by Department of Science and Technology, Government 575 

of India, Department of Biotechnology (DBT), Government of India, Kerala State Centre for 576 

Science, Technology and Environment and DBT MK Bhan Fellowship. 577 

Acknowledgement 578 

The authors acknowledge the assistance provided by Ms. Devika Shaji, Ms. Shirly James, Ms. 579 

Aparna, Mr Yadu, Dr. Arya Aravind and Dr. Archana in successfully completing the work. The 580 

authors also thank RGCB Instrumentation and ARF Facility for all technical support and 581 

Theracues Innovations Pvt Ltd, Bangalore, India, a service provider for NanoString platforms, 582 

team for performing mRNA probing assays on NanoString platform and Bioinformatic 583 

analysis. 584 

Credit Author Statement 585 

Tennyson P Rayginia: Methodology, Data curation, Investigation, Formal analysis, Software, 586 

Writing- Original draft preparation. Chenicheri K. Keerthana: Methodology, Data curation, 587 

Investigation. Sreekumar U. Aiswarya: Methodology, Data curation, Investigation. Sadiq C. 588 

Shifana: Methodology, Data curation, Investigation. Jannet S: Methodology, Data curation, 589 

Investigation. Sanjay Suresh Varma: Methodology. Maria Joy P: Investigation. 590 

Mundanattu Swetha: Methodology, Data curation. Archana Payickattu Retnakumary: 591 

Methodology, Data curation, Investigation; Visualization. Lekshmi R Nath: Methodology. 592 

Kalishwaralal Kalimuthu: Funding acquisition, Data curation. Vishnu Sunil Jaikumar: 593 

Methodology, Data curation. Sankar Sundaram: Formal analysis, Visualization, Validation. 594 

Nikhil Ponnoor Anto: Data curation, Writing - review & editing. Noah Isakov: Writing - 595 

review & editing. Kuzhuvelil B Harikumar: Resources, Project Administration. Ravi S. 596 

Lankalapalli: Resources. Ruby John Anto: Conceptualization, Formal analysis, Resources, 597 

Project administration, Supervision, Funding acquisition, Writing- Reviewing and Editing. 598 

 599 

 600 

 601 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.06.622394doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622394


24 
 

References 602 

1. Reimer, K.C., et al., New drugs for NAFLD: lessons from basic models to the clinic. Hepatology 603 

international, 2020. 14: p. 8-23. 604 

2. Zarei, M., et al., Revealing the role of peroxisome proliferator-activated receptor β/δ in 605 

nonalcoholic fatty liver disease. Metabolism, 2021. 114: p. 154342. 606 

3. Longo, M., et al., Mitochondrial dynamics and nonalcoholic fatty liver disease (NAFLD): new 607 

perspectives for a fairy-tale ending? Metabolism, 2021. 117: p. 154708. 608 

4. Friedman, S.L., et al., Mechanisms of NAFLD development and therapeutic strategies. Nature 609 

medicine, 2018. 24(7): p. 908-922. 610 

5. Pinter, M., et al., NASH and hepatocellular carcinoma: immunology and immunotherapy. 611 

Clinical Cancer Research, 2023. 29(3): p. 513-520. 612 

6. Sanyal, A.J., et al., Prospective study of outcomes in adults with nonalcoholic fatty liver 613 

disease. New England Journal of Medicine, 2021. 385(17): p. 1559-1569. 614 

7. Parthasarathy, G., X. Revelo, and H. Malhi, Pathogenesis of nonalcoholic steatohepatitis: an 615 

overview. Hepatology communications, 2020. 4(4): p. 478-492. 616 

8. Marra, F. and G. Svegliati-Baroni, Lipotoxicity and the gut-liver axis in NASH pathogenesis. 617 

Journal of hepatology, 2018. 68(2): p. 280-295. 618 

9. Hirsova, P., et al., Lipid-induced signaling causes release of inflammatory extracellular vesicles 619 

from hepatocytes. Gastroenterology, 2016. 150(4): p. 956-967. 620 

10. Lee, K.-C., P.-S. Wu, and H.-C. Lin, Pathogenesis and treatment of non-alcoholic 621 

steatohepatitis and its fibrosis. Clinical and Molecular Hepatology, 2023. 29(1): p. 77. 622 

11. Canbay, A., et al., Apoptotic body engulfment by a human stellate cell line is profibrogenic. 623 

Laboratory investigation, 2003. 83(5): p. 655-663. 624 

12. Syn, W.K., et al., Hedgehog-mediated epithelial-to-mesenchymal transition and fibrogenic 625 

repair in nonalcoholic fatty liver disease. Gastroenterology, 2009. 137(4): p. 1478-1488. e8. 626 

13. Nath, L.R., et al., Evaluation of uttroside B, a saponin from Solanum nigrum Linn, as a 627 

promising chemotherapeutic agent against hepatocellular carcinoma. Scientific reports, 628 

2016. 6(1): p. 36318. 629 

14. Nath, L.R., et al., Blockade of uttroside b-induced autophagic pro-survival signals augments 630 

its chemotherapeutic efficacy against hepatocellular carcinoma. Frontiers in Oncology, 2022. 631 

12: p. 812598. 632 

15. Swetha, M., et al., Augmented efficacy of uttroside B over sorafenib in a murine model of 633 

human hepatocellular carcinoma. Pharmaceuticals, 2022. 15(5): p. 636. 634 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.06.622394doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622394


25 
 

16. Ling, B., et al., Probing the antitumor mechanism of Solanum nigrum L. aqueous extract 635 

against human breast cancer MCF7 cells. Bioengineering, 2019. 6(4): p. 112. 636 

17. Yeom, Y.-E., et al., Anti-inflammatory effects of the extract of Solanum nigrum L. on an acute 637 

ear edema mouse model. Materials Technology, 2019. 34(14): p. 851-857. 638 

18. Zaidi, S.K., et al., Antioxidant potential of Solanum nigrum aqueous leaves extract in 639 

modulating restraint stress-induced changes in rat’s liver. Journal of pharmacy & bioallied 640 

sciences, 2019. 11(1): p. 60. 641 

19. Liu, F.-P., et al., Hepatoprotective effects of Solanum nigrum against ethanol-induced injury in 642 

primary hepatocytes and mice with analysis of glutathione S-transferase A1. Journal of the 643 

Chinese Medical Association, 2016. 79(2): p. 65-71. 644 

20. Ding, X., F. Zhu, and S. Gao, Purification, antitumour and immunomodulatory activity of 645 

water-extractable and alkali-extractable polysaccharides from Solanum nigrum L. Food 646 

chemistry, 2012. 131(2): p. 677-684. 647 

21. Soeda, K., et al., Gut insulin action protects from hepatocarcinogenesis in diabetic mice 648 

comorbid with nonalcoholic steatohepatitis. Nature communications, 2023. 14(1): p. 6584. 649 

22. Kato, M., et al., Non-target GC–MS analyses of fecal VOCs in NASH-hepatocellular carcinoma 650 

model STAM mice. Scientific Reports, 2023. 13(1): p. 8924. 651 

23. Takakura, K., et al., Mouse models for investigating the underlying mechanisms of 652 

nonalcoholic steatohepatitis-derived hepatocellular carcinoma. World Journal of 653 

Gastroenterology, 2018. 24(18): p. 1989. 654 

24. Kim, J.-H., et al., Poria cocus wolf extract ameliorates hepatic steatosis through regulation of 655 

lipid metabolism, inhibition of ER stress, and activation of autophagy via AMPK activation. 656 

International Journal of Molecular Sciences, 2019. 20(19): p. 4801. 657 

25. Wang, M., et al., Roles of hepatic stellate cells in NAFLD: From the perspective of 658 

inflammation and fibrosis. Frontiers in Pharmacology, 2022. 13: p. 958428. 659 

26. Liu, K. and M. Czaja, Regulation of lipid stores and metabolism by lipophagy. Cell Death & 660 

Differentiation, 2013. 20(1): p. 3-11. 661 

27. Singh, R., et al., Autophagy regulates lipid metabolism. Nature, 2009. 458(7242): p. 1131-662 

1135. 663 

28. Yang, L., et al., Defective hepatic autophagy in obesity promotes ER stress and causes insulin 664 

resistance. Cell metabolism, 2010. 11(6): p. 467-478. 665 

29. Liu, B., et al., Scoparone improves hepatic inflammation and autophagy in mice with 666 

nonalcoholic steatohepatitis by regulating the ROS/P38/Nrf2 axis and PI3K/AKT/mTOR 667 

pathway in macrophages. Biomedicine & Pharmacotherapy, 2020. 125: p. 109895. 668 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.06.622394doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622394


26 
 

30. Lin, C.-W., et al., Pharmacological promotion of autophagy alleviates steatosis and injury in 669 

alcoholic and non-alcoholic fatty liver conditions in mice. Journal of hepatology, 2013. 58(5): 670 

p. 993-999. 671 

31. Xin, S.-l. and Y.-y. Yu, Ubiquitin-specific peptidase 10 ameliorates hepatic steatosis in 672 

nonalcoholic steatohepatitis model by restoring autophagic activity. Digestive and Liver 673 

Disease, 2022. 54(8): p. 1021-1029. 674 

32. Younossi, Z.M., et al., Current and future therapeutic regimens for nonalcoholic fatty liver 675 

disease and nonalcoholic steatohepatitis. Hepatology, 2018. 68(1): p. 361-371. 676 

33. Chen, W., et al., Activation of autophagy is required for Oroxylin A to alleviate carbon 677 

tetrachloride-induced liver fibrosis and hepatic stellate cell activation. International 678 

immunopharmacology, 2018. 56: p. 148-155. 679 

34. Ni, H.-M., et al., Nrf2 promotes the development of fibrosis and tumorigenesis in mice with 680 

defective hepatic autophagy. Journal of hepatology, 2014. 61(3): p. 617-625. 681 

35. Inokuchi-Shimizu, S., et al., TAK1-mediated autophagy and fatty acid oxidation prevent 682 

hepatosteatosis and tumorigenesis. The Journal of clinical investigation, 2014. 124(8): p. 683 

3566-3578. 684 

36. Brownsey, R., R. Zhande, and A. Boone, Isoforms of acetyl-CoA carboxylase: structures, 685 

regulatory properties and metabolic functions. Biochemical Society Transactions, 1997. 25(4): 686 

p. 1232-1238. 687 

37. Bates, J., et al., Acetyl-CoA carboxylase inhibition disrupts metabolic reprogramming during 688 

hepatic stellate cell activation. Journal of Hepatology, 2020. 73(4): p. 896-905. 689 

38. Lawitz, E.J., et al., Acetyl-CoA carboxylase inhibitor GS-0976 for 12 weeks reduces hepatic de 690 

novo lipogenesis and steatosis in patients with nonalcoholic steatohepatitis. Clinical 691 

Gastroenterology and Hepatology, 2018. 16(12): p. 1983-1991. e3. 692 

39. Loomba, R., et al., GS-0976 reduces hepatic steatosis and fibrosis markers in patients with 693 

nonalcoholic fatty liver disease. Gastroenterology, 2018. 155(5): p. 1463-1473. e6. 694 

40. Harriman, G., et al., Acetyl-CoA carboxylase inhibition by ND-630 reduces hepatic steatosis, 695 

improves insulin sensitivity, and modulates dyslipidemia in rats. Proceedings of the National 696 

Academy of Sciences, 2016. 113(13): p. E1796-E1805. 697 

41. Lally, J.S., et al., Inhibition of acetyl-CoA carboxylase by phosphorylation or the inhibitor ND-698 

654 suppresses lipogenesis and hepatocellular carcinoma. Cell metabolism, 2019. 29(1): p. 699 

174-182. e5. 700 

42. Chen, J., J.A. Gingold, and X. Su, Immunomodulatory TGF-β signaling in hepatocellular 701 

carcinoma. Trends in molecular medicine, 2019. 25(11): p. 1010-1023. 702 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.06.622394doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622394


27 
 

43. Jin, X., et al., High Expression of TGF-β1 Contributes to Hepatocellular Carcinoma Prognosis 703 

via Regulating Tumor Immunity. Frontiers in Oncology, 2022. 12: p. 861601. 704 

44. Zou, X., et al., Targeting the PDGF/PDGFR signaling pathway for cancer therapy: A review. 705 

International Journal of Biological Macromolecules, 2022. 202: p. 539-557. 706 

45. Wei, Z., et al., Rosiglitazone ameliorates bile duct ligation-induced liver fibrosis by down-707 

regulating NF-κB-TNF-α signaling pathway in a PPARγ-dependent manner. Biochemical and 708 

Biophysical Research Communications, 2019. 519(4): p. 854-860. 709 

46. Zhi, S.-c., et al., Rosiglitazone inhibits activation of hepatic stellate cells via up-regulating 710 

micro-RNA-124-3p to alleviate hepatic fibrosis. Digestive Diseases and Sciences, 2019. 64: p. 711 

1560-1570. 712 

47. Li, J., C. Guo, and J. Wu, The agonists of peroxisome proliferator-activated receptor-γ for liver 713 

fibrosis. Drug Design, Development and Therapy, 2021: p. 2619-2628. 714 

48. Ganbold, M., et al., Isorhamnetin alleviates steatosis and fibrosis in mice with nonalcoholic 715 

steatohepatitis. Scientific Reports, 2019. 9(1): p. 16210. 716 

49. Owada, Y., et al., Novel non-alcoholic steatohepatitis model with histopathological and 717 

insulin-resistant features. Pathology international, 2018. 68(1): p. 12-22. 718 

50. Mehlem, A., et al., Imaging of neutral lipids by oil red O for analyzing the metabolic status in 719 

health and disease. Nature protocols, 2013. 8(6): p. 1149-1154. 720 

  721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.06.622394doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622394


28 
 

Abbreviations 732 

HCC-Hepatocellular Carcinoma; NASH-Non-Alcoholic Steatohepatitis; FDA-Food and Drug 733 

Administration; NAFLD-Non-Alcoholic Fatty Liver Disease; α–SMA-α – Smooth Muscle 734 

Actin; TGFβ-Transforming growth factor – β; PPAR-Peroxisome proliferator – activated 735 

receptor; FXR-Farnesoid X receptor; THR-Thyroid Hormone Receptor; GLP-1-Glucagon – 736 

like peptide 1; FGF-Fibroblast growth factor; STAM-Stelic Animal Model; CCl4-Carbon 737 

tetrachloride; HFD-High- Fat Diet; PBS-Phosphate Buffer Saline; ALT-Alanine transaminase; 738 

AST-Aspartate aminotransferase; ALP-Alkaline phosphatase; MCP-1-Monocyte 739 

Chemoattractant protein – 1; CRP-1-C-reactive protein 1; IFN-γ-Interferon-gamma; TNF-α-740 

Tumour necrosis factor alpha; ATG-7-Autophagy-related 7; LC3-II-Microtubule-associated 741 

protein 1A/1B-light chain 3; STZ-Streptozotocin; HSC-Hepatic Stellate Cell; ACC-Acetyl – 742 

CoA carboxylase; PDGF-Platelet derived growth factor; PGC1α-Peroxisome proliferator – 743 

activated receptor – gamma coactivator- 1 alpha; ECM-Extracellular matrix; COL4A1-744 

Collagen type IV alpha 1 chain; COL5A3-Collagen type V alpha 3 chain; TIMP1-Tissue 745 

inhibitor of metalloproyeinases; FST-Follistatin; CD14-Cluster of differentiation 14; PDGFB-746 

Platelet derived growth factor subunit B; NID2-Nidogen 2; ER-Endoplasmic reticulum; LX-2-747 

Lieming Xu-2; COL1A1-Collagen type 1 alpha 1 chain; ACTA2-Actin alpha 2, smooth muscle; 748 

CoI-α1-Collagen type I alpha 1; NIN-National Institute of Nutrition; ORO-Oil Red O; 749 

GAPDH-Glyceraldehyde-3-phosphate dehydrogenase; cDNA-Complementary DNA; qRT-750 

PCR-Real time quantitative reverse transcription PCR; HRP-Horseradish peroxidase; DAB-751 

Diaminobenzidine; DPX-Dibutylphthalate Polystyrene Xylene; PVDF-Polyvinyl difluoride; 752 

TBST-Tris buffer saline with tween 20; SDS-PAGE- SOodium dodecyl sulfate-Polyacrylamide 753 

gel electrophoresis 754 

 755 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.06.622394doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622394

