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NSC48160 targets AMPKa to ameliorate
nonalcoholic steatohepatitis by inhibiting
lipogenesis and mitochondrial oxidative stress

Jiaxin Zhang,1,2 Zuojia Liu,1,4,* Xunzhe Yin,1 Erkang Wang,1,2 and Jin Wang3,*
SUMMARY

Hepatic steatosis, which is triggered by dysregulation of lipid metabolism and redox equilibrium in the
liver, is regarded as a risk factor in the non-alcoholic fatty liver disease (NAFLD). However, pharmacologic
engagement of this process is difficult. We identified the small molecule NSC48160 as an effective agent
against nonalcoholic steatohepatitis (NASH). We found that NSC48160 significantly lowered hepatic lipid
levels in vitro and in vivo by activating the AMPKa-dependent pathway. AMPKa regulated its down-
stream pathway involved in lipogenesis (SREBP-1c/FASN pathway) and fatty acid oxidation (PPARa
pathway). Metabonomics analysis combined with RNA-sequencing profiling revealed that NSC48160-
induced lipogenesis is modulated by lipid metabolism. Moreover, NSC48160 dramatically reduces reac-
tive oxygen species (ROS) production, restores the levels of the membrane potential and NAD+/NADH
ratio, and improves mitochondrial respiration. These findings suggest that NSC48160 is a promising hit
compound in the pursuit of a pharmacological approach in the treatment of NASH.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), also known as metabolic dysfunction-associated fatty liver disease, is characterized by deposited

lipid droplets and impaired lipid metabolism in the liver.1 NAFLD is a wide spectrum of liver diseases ranging from simple steatosis to nonal-

coholic steatohepatitis (NASH), which further progresses to cirrhosis or even more advanced disease stages.2,3Thus, it is urgent to develop

therapeutic targets and pharmaceutical therapies to delay or terminate the progression of NASH to lower the expanding health care burden

worldwide. Multiple risk factors have been shown to contribute to the pathogenesis of NASH, such as hepatic lipid droplet accumulation

concomitant with free cholesterol accumulation.4 To date, approved medicines for NASH are scarce because the pathogenesis of NASH

and the molecular mechanism underlying the promotion of lipid metabolism in hepatocytes are not well known.5

Given that the pathogenesis of NAFLD is a complicated process, an ideal drug target should be a signaling hub factor that controls the

pathophysiological pathway. AMPK as a master regulator of metabolic pathways slows down the critical biosynthetic process by phosphor-

ylating its target proteins.6,7 Metformin and several experimental compounds have been shown to improve NAFLD in preclinical animal

models by increasing the activity of AMPK.8 More recently, we reported that the natural product gallic acid alleviates NASH in NAFLD animal

models by directly activating the AMPK-mediated ACC-PPARa pathway via dual regulation of lipid metabolism and mitochondrial function.9

Therefore, it is conceivable that activating the AMPK signaling axis could be an attractive strategy for NAFLD treatment.10

AMPK is directly activated in response to a binding interaction, which attenuates anabolic lipid synthesis and catabolic b-oxidation. This

cascade reaction involves multiple branches of AMPK-mediated cellular metabolism, including reductions in ACC,11 resulting in the weak-

ened conversion of acetyl-CoA to malonyl-CoA (the first committed step in de novo lipogenesis). Malonyl-CoA is an inhibitor of carnitinepal-

mitoyl transferase 1A (CPT1A), which is required for the uptake of fatty acyl-CoA into mitochondria, and thus, a reduction in malonyl-CoA

stimulates fatty acid oxidation (FAO) and inhibits lipogenesis.12 In addition to these short-term effects, activated AMPK inhibits the transcrip-

tion of lipogenic genes by phosphorylating the transcription factor, sterol regulatory element binding protein-1c (SREBP-1c).13 SREBP-1c is a

key regulator of lipogenesis and plays a role in activating the transcription of genes that produce rate-limiting lipogenic enzymes such as fatty

acid synthase (FASN).14 Although several putative mechanisms have been proposed to account for the inhibition of the lipid metabolism

pathway by AMPK in response to stimuli like mTOR and eEF2K,15,16 relatively few studies have examined how the ACC-CPT1A/SREBP-1c-

FASN pathway is controlled by AMPK in NAFLD. Previous studies have revealed that increased lipogenesis and activated SREBP-1c are

observed in NAFLDmousemodels.17 It has been demonstrated that abnormal activation of SREBP-1c drives lipogenesis.18 Thus, suppressing

lipogenesis by inhibiting the AMPK-mediated SREBP-1c pathway might be an effective strategy for treating NASH.
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In this work, we identified a promising AMPKa-ACC-SREBP-1c axis inhibitor, NSC48160, named 4-tert-butyl-2-[(cyclohexylamino) methyl]-

6-methylphenol,that prevents the development of NAFLD induced by a high-fat diet (HFD), allowing for direct activation of AMPK in vitro and

in vivo. Moreover, we elucidated the mechanism by which NSC48160 directly targets AMPKa to block the SREBP-1c signaling pathway and

evaluated its therapeutic efficacy for treating NASH in NAFLD mouse models. These promising findings suggest that NSC48160 could be a

useful therapeutic tool to treat NAFLD.
RESULTS

NSC48160 ameliorates NAFLD in diet-induced mice

NSC48160 has been proven to treat HCCby suppressing de novo lipogenesis in our laboratory. Given that elevated lipogenesis is also a com-

mon feature of NAFLD, it is possible to use NSC48160 for the treatment of NAFLD. Adult C57BL/6J mice were challenged with an HFD for 16

continuous weeks, and received once-daily administration of the vehicle solution (saline) or NSC48160 (50 or 100 mg/kg/d) intragastrically for

4 weeks. Mice fed an HFD and normal chow (NC) diet was used as controls (Figure 1A). NSC48160 has been observed to be effective and

nonhepatotoxic at the dose used. HFD-fed mice exhibited fatty liver and hepatomegaly, and protection from pathological changes and stea-

tosis was observed in mice treated with NSC48160 (Figure 1B). Compared with NC-vehicle mice, the body weight of HFD-vehicle mice was

significantly increased, while these increases were alleviated byNSC48160 administration. Consistent with fasting bodyweight augmentation,

the white adipose weight (WWs) and white adipose weight-to-body weight ratio (WW/BW) in NSC48160-treated mice were notably lower

than those in the HFD-vehicle group (Figure 1C). In keeping with that, the LWs and LW/BW ratios were dramatically decreased in HFD-

NSC48160mice (Figure 1D). Changes in body weight were evident among the four groups (Figure 1E). Administration of NSC48160

eliminated excess fat accumulation in hepatic intracellular vacuoles as evidenced by less ballooning degeneration in the hepatocytes of

HFD-NSC48160 mice by hematoxylin and eosin (H&E) and oil red O staining (Figure 1F). HFD-NSC48160 mice also revealed lower levels

of plasma triglycerides and were protected from diet-induced elevations in total cholesterol, both HDL-C and LDL-C (Figure 1G). Further-

more, NSC48160 restored the biomarkers of HFD-fed liver injury, as seen in decreased serum ALT and AST activity, which is the biochemical

markers of hepatocellular injury (Figure 1H). Interestingly, NSC48160 treatment showed less significant effects on mouse liver characteristics

and functions under NC feeding conditions (Figures 1B–1H). Following 16 weeks of NC feeding, mice that received NSC48160 showed min-

imal effects on the functions and histological characteristics of key organs, as shown by comparable serological index levels and H&E staining

images (Figure 1I). In general, our investigation clarifies that NSC48160 is capable of alleviating hepatic steatosis in HFD-fed mice.
NSC48160 reduces lipid accumulation in vitro

Since hepatocytes are the primary cell type of the liver and are responsible for fatty acid induced lipotoxicity, we subsequently investigated

the direct effects of NSC48160 on hepatocytes under conditions of metabolic stress. HepG2 and BEL-7402 cells were treated with palmitic

acid and oleic acid (PO) in the presence of different concentrations of NSC48160 or vehicle solution. To avoid the toxicity caused by PO in this

study, a CCK-8 assay was performed to evaluate the maximum nontoxic concentration of OA (0.4 mM) and PA (0.2 mM) (Figure 2A). Similarly,

the effective nontoxic concentration of NSC48160 was confirmed by LDH release and CCK8 assays (Figures 2B and 2C). Consistently,

NSC48160 did not cause excessive cell injury and thus demonstrated no significant inhibition of cell growth, which was proven in steatosis

hepatocytes by colony formation assays (Figure 2D). Oil redO staining showed that NSC48160 notably decreased PO-stimulated cellular lipid

droplet accumulation in a dose-dependent manner compared with that of the control group (Figure 2E). Moreover, the contents of intracel-

lular TG and T-CHO in the PO-stimulated cells were significantly suppressed in theNSC48160-treated group (Figure 2F). Hepatocellular death

is a common feature of NASH. Improving liver damage caused by hepatocellular death is amajor goal of NASH therapy. The apoptoticmarker

Bax and cleaved-caspase 9 were upregulated by exposure to PO, as shown in Figure 2G, whereas this effect was reversed by NSC48160 treat-

ment. Consistently, immunofluorescence analysis showed that the signals of cleaved-caspase-9 were clearly detected in the PO group.

Compared to the PO group, cleaved-caspase-9 was similarly expressed in the two treatment groups in a downward trend (Figure 2H), which

strongly suggests that apoptosis is not triggered by NSC48160 under the condition of drug therapy during lipid-accumulation induction. The

findings implied that NSC48160 treatment rescued the injury caused by PO by inhibiting caspase-9-mediated apoptosis. Collectively, these

results demonstrate that NSC48160 attenuates PO-stimulated lipid accumulation in vitro and shields hepatocytes from damage caused

by PO.
NSC48160 inhibits the AMPKa-SREBP-1C-FASN signaling pathway

To gain insight into the molecular mechanisms and biological functions by which NSC48160 ameliorates NAFLD, we next analyzed the meta-

bolic pathway from PO-treated hepatocytes and liver samples fromHFD-fedmice. The untargetedmetabonomics analysis was performed to

detect a wide range ofmetabolites in both theHFD-NSC48160 andHFD-vehicle groups. TheOPLS-DAmodel showed thatmetabolites in the

two groups were clearly separated (Figure 3A). It is clear that there is a significant metabolic change in these NAFLD mice. The permutation

test of the model showed that R2X was 0.336, R2Y was 0.954, and Q2 was 0.664(p < 0.005) (Figure 3B). Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) is a database resource for understanding high-level functions and utilities of the biological system. KEGGpathway enrichment

analysis of all differentially abundant metabolites proved that the samples between the two groups were different in the metabolic pathways

of cholesterol metabolism, glutathione metabolism and biosynthesis of amino acids involved in lipid metabolism (Figure 3C). Furthermore,

the STRING tool was used to assess the functional relations and networks among these proteins. Herein, a protein-protein interaction (PPI)
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Figure 1. NSC48160 ameliorates HFD-induced hepatic steatosis in mice

(A) Schedule diagram shows the time points of HFD diet supplementation at week 8 for 16 weeks and NSC48160 (100 mg/kg) intraperitoneal injection

administration at week 20 for 4 weeks in mice.

(B) Gross anatomical representations of representative adipose tissue and liver frommice in the corresponding groups of mice. Scale bar, 2 cm; n = 8 per group.

(C) White adipose weight and white adipose-to-body weight ratios.

(D) Liver weights and ratios of liver to body weight.

(E) Body weight; n = 4 per group.

(F) H&E and oil red O staining of liver sections from mice in the aforementioned groups. Scale bar, 100 mm. n = 3 per group.

(G and H) Serum lipid content (TG, TC, LDL-C, HDL-C, ALT, and AST) of the indicated mice. n = 5 per group.

(I) Heart, lung, and kidney slices frommice in the aforementioned groups stained with H&E. Scale bar, 100 mm. n = 3 per group. All pooled data presented as the

mean G SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

ll
OPEN ACCESS

iScience
Article
network is obtained, which comprisesDEGs in the lipidmetabolismpathway (Figure 3D). AMPKa regulates and coordinates lipid homeostasis

in the liver, which is involved in the transcriptional activation of the genes encoding rate-limiting enzymes in lipogenesis, such as FASN, ACC

and stearoyl-CoA desaturase1 (SCD1), and fatty acid b-oxidation receives increased attention in relation to the disposal of hepatic FFAs, such

as PPARa and CPT1A (Figure 3D). The aforementioned genes were chosen from the hub genes. Accordingly, NSC48160 regulates these
iScience 27, 108614, January 19, 2024 3



Figure 2. NSC48160 reduces lipid accumulation and promotes lipid metabolism in hepatocytes

(A) The effect of OA/PA on cell viability detected using the CCK-8 assay.

(B) BEL-7402 cells and HepG2 cells were treated with 9, 18, 36, 45, 54, and 72 mM NSC48160 for 24 h. Cell viability was determined by CCK8 assay.

(C) LDH release in each group.

(D) Colony formation of hepatocytes with or without NSC48160 administration with PO.

(E) Representative oil red O staining images of hepatocytes with or without NSC48160 treatment induced with PO for 24 h. Scale bar, 100 mm.

(F) PO increased triglyceride (TG) and total cholesterol (TC) accumulation in HepG2 cells, and treatment with NSC48160 decreased TG and TC accumulation in

HepG2 cells.

(G) Western blotting analysis of the key apoptosis markers, Bax and caspase 9. b-actin was used as a loading control.

(H) Representative confocal pictures display caspase 9 labeling alone (green) or in conjunction with nuclear staining using DAPI (blue). n = 3 each group. The data

are presented as the mean G SEM, *p < 0.05, **p < 0.01.
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processes through the modulation of the master regulator of lipogenesis and b-oxidation. Among the most lipid metabolism related path-

ways, AMPK is the most drastically altered upstream regulator in mouse livers and hepatocytes. AMPK activation could counteract these ef-

fects via a variety of mechanisms, which can be partly proven by Figure 3E. Experimentally, our results confirmed the increased protein ratios

of p-AMPK/AMPK and p-ACC/ACC, indicating that AMPK activation could promote p-ACC but inhibit ACC expression, thus promoting the

oxidative metabolism of fatty acids in hepatocytes. Activation of AMPKa in the liver reduced the expression of lipogenic genes, including

SREBP-1c and FASN, and the intracellular lipid accumulation while increasing PPARa expression (increasing fatty acid clearance viamitochon-

drial FAO) in vitro and in vivo (Figures 3E and 3F). Moreover, immunohistochemistry (IHC) analysis further confirmed the increased protein

expression of p-AMPK and PPARa in liver sections (Figure 3G). In conclusion, the NSC48160-mediated AMPKa-SREBP-1c-FASN axis results

in an inhibitory effect on lipid accumulation in vitro and in vivo.
4 iScience 27, 108614, January 19, 2024



Figure 3. Metabonomics reveals the central target of NSC48160 in HFD-induced mice

(A) OPLS-DA showed the possible discrimination of metabolites in the treatment group and control group (n = 8) as indicated. 48160-1–48160-5: the NSC48160

treatment samples for metabonomics, M1–M5: the HFD-induced mice samples for metabonomics.

(B) R2 and Q2 represent goodness of fit and prediction respectively, and the p value shows the significance level of the model (x axis = predictive components,

y axis = orthogonal component).

(C) The top 10 pathways in rich factors of the gene pathway enrichment.

(D) Protein-protein interaction (PPI) network of lipid metabolism from metabonomics.

(E) The levels of p-ACC, SREBP-1C, p-AMPK, PPARa and FASN in hepatocytes were assessed by western blotting. b-actin was used as a loading control, n = 3.

Representative blots of three independent experiments are shown.

(F) The levels of p-ACC, SREBP-1C, p-AMPK, PPARa, and FASN were assessed by western blotting in mice, n = 3.

(G) Immunohistochemical staining of liver sections from the indicated mice. Scale bars, 100 mm, n = 3. All pooled data presented as themeanG SEM, **p < 0.01,

***p < 0.001.
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NSC48160 changes metabolic profiles in mouse liver tissues

To better understand the metabolic mechanism in the NAFLD model, we analyzed the metabolic patterns in liver tissues derived from HFD-

vehicle mice and HFD-NSC48160 mice, respectively. The malate-aspartate shuttle is a biochemical system in eukaryotic cells that transports

electrons transmitted during glycolysis across the semipermeable mitochondrial intima for oxidative phosphorylation (OXPHOS). Compared

with the control group, the liver tissues from HFD-NSC48160 mice showed promotion of OXPHOS, as evidenced by the increased levels of

malate and aspartate (Figure 4A). Simultaneously, the TCA cycle was promoted byNSC48160 due to the increasing levels of citrate and oxalo-

acetate in liver tissues from HFD-NSC48160 mice (Figure 4A). Consistent with these results, the expression of the enzymes involved in glycol-

ysis and the TCA cycle was promoted, as observed for lactate dehydrogenase A (LDH-A), lactate dehydrogenase B (LDH-B), pyruvate dehy-

drogenase (PDH-b) and pyruvate dehydrogenase kinase 1 (PDK1) (Figure 4B). Additionally, the expression of CPT1A and PPARa was

upregulated, and their activities modestly increased (Figure 4C), indicating enhanced FAO. Furthermore, the urea cycle in humans, located

exclusively in the liver, has evolved to remove ammonia. The enzymes involved in this process are carbamoyl phosphate synthetase 1 (CPS1)

and the key rate-limiting enzymeargininesuccinatesynthetase1 (ASS1). Many lines of study have indicated that mitochondrial dysfunction can

occur inNAFLD. It is conceivable thatmitochondrial injury alters the CPS1 andASS1 genes, leading to reduced expression and function. How-

ever, their high expression in the liver tissue from the HFD-NSC48160mice revealed an improved urea cycle and alleviated hyperammonemia

and liver damage (Figure 4D). As seen intuitively in a network built, metabolites associated with the citric acid cycle and FAO are positively

correlated, indicating a potential role in enhancing lipid metabolism (Figure 4E). Based on these metabolic traits of hepatocytes, it can be

concluded clearly that the addition of NSC48160 in the context of NAFLDmainly promotes lipid metabolism in HFD-challenged liver tissues.
iScience 27, 108614, January 19, 2024 5



Figure 4. Metabolic profiles in the liver tissue from HFD-induced mice with or without NSC48160

(A) Metabolic changes during oxidative phosphorylation and the TCA cycle in the treatment group compared with the normal group, n = 8.

(B–D) Expression of proteins in glycolysis (LDHA and LDHB), oxidative phosphorylation (PDHb and PDK1), FAO (PPARa andCPT1A), and the urea cycle (ASS1 and

CPS1) in the treatment group liver samples compared with the HFD-induced group liver samples, n = 3.

(E) Correlation network of those significant (p < 0.05) related nodes. Colors of nodes represent their categories. All pooled data presented as the meanG SEM,

*p < 0.05, **p < 0.01.
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NSC48160 lowers hepatic lipogenesis-induced oxidative stress and mitochondrial dysfunction

Since increased oxidative stress and mitochondrial dysfunction are two pathological inducing factors of NAFLD, we performed KEGG pathway

enrichment to analyze whether these two motivators have potential functional implications in differentially abundant metabolites between the

HFD-vehicle and HFD-NSC48160 groups (Figure 5A). Two relatively top-ranked pathways that are highly correlated with liver function are high-

lighted in 20 metabolic pathways enriched, including glutathione metabolism as well as taurine and hypotaurine metabolism. As shown in

Figures 5B and 5C, the symbolic amino acids involved in the synthesis and catabolismof glutathione, such as glutamate, cysteine, glycine, homo-

cysteine and glutamate, are disclosed in the two metabolic pathways closely related to liver function. In contrast, cysterine, cystathionine, and

taurine were decreased in the HFD-vehicle group but the addition of NSC48160 reversed these effects. The pharmacological approach to coun-

teract the oxidative stress related to NAFLD progression to NASH, consists of NSC48160 administration, which has been shown to restore GSH

levels in hepatocytes (Figure 5C). Intuitively, NSC48160 increases the amount of GSH, which is necessary for reducing the buildup of the incom-

pletebyproductsofFAO.GSHplays a variety of roles in cell physiology, includingdirectly scavenging reactiveoxygenspecies (ROS), suchasmito-

chondrial ROS (mtROS) and cytoplasmic ROS (cROS), which may be identified using specific fluorescent dyes MitoSOX and DCFH-DA, respec-

tively. As indicated in Figure 5D, mtROS and cROS were significantly increased in PO-treated hepatocytes; however, ROS were weakened when

NSC48160 was added to PO-treated hepatocytes. NAD+ is a key coenzyme in redox reactions and is essential for many biological processes,

including metabolism, aging and cell death.19 Increased intracellular ROS levels are the result of decreased NAD+ levels’ effects on ROS. After-

ward, the NAD+ level required formitochondrial FAOwasmarkedly increased in challengedNSC48160 hepatocytes at a concentration of 54 mM

(Figure 5E). The augmentation of NAD+ levels in the NSC48160-treated hepatocytes directly led to recovery of the NADH-dependent OXPHOS

process, whichwas further supportedby the fact that the reducedmembranepotential due to the additionof POgradually returned to thenormal

level of the control group (Figure 5F). According to these findings, it can be concluded that NSC48160 eases the burden of oxidative stress and

mitochondrial dysfunction via a three-step strategy that includes (1) increasing mitochondrial FAO in the steatotic cells, (2) reducingmtROS and

cROS from hepatocytes in NAFLD, and (3) enhancing the production of GSH in the steatotic cells (Figure 5G).
6 iScience 27, 108614, January 19, 2024



Figure 5. NSC48160 improves the levels of GSH and mitochondrial membrane potential and reduces ROS levels in hepatocytes

(A) The top 20 pathways in rich factors of gene pathway enrichment. The rich factor indicates the ratio of the number of differentially enriched genes to the number

of annotated genes in this pathway, and the number indicates the number of genes enriched in this pathway.

(B) Schematic representation of the GSH pathway change from metabonomics. Homocysteine, cystathionine, cysteine, taurine, glutamate, and glycine levels in

the HFD and HFD-NSC48160 groups from metabonomics, n = 8.

(C) Intracellular GSH levels of HepG2 cells treated with DMSO, PO, and PO + NSC48160 (n = 3, **p < 0.01).

(D) Flow cytometric analysis of intracellular ROS (up) and mitochondrial ROS (down) levels in HepG2 cells treated with DMSO, PO, and PO + NSC48160 (n = 3,

**p < 0.01).

(E) Intracellular NAD+ and NADH in HepG2 cells treated with DMSO, PO, and PO + NSC48160 (n = 3, **p < 0.01). Scale bars, 50 mm.

(F) Mitochondrial membrane potential change in HepG2 cells induced by PO, together with DMSO and NSC48160 (n = 3).

(G) Molecular mechanisms of the relationship among NAD+/NADH, ROS, and GSH in hepatocytes. All pooled data presented as the mean G SEM.
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NSC48160 attenuates hepatic lipid accumulation and promotes lipid metabolism via an AMPK-dependent pathway

To determine whether it truly decreases fat deposition through the AMPKa pathway, we tested NSC48160 for the crucial requirement of

AMPKa inhibition by knocking down of AMPKa (Figure 6A). NSC48160 reduced lipid formation in PO-induced hepatocytes as anticipated,

and this effect was reversed by AMPKa-knockdown (Figure 6B). The reverse effect is seen uniformly in the contents of TG and TC (Fig-

ure 6C). To clarify whether the activation of AMPKa is derived from the direct interaction between NSC48160 and AMPKa targets, the

possible binding interaction of NSC48160 with AMPK was predicted using molecular docking analysis. The three-dimensional interaction

map suggests that NSC48160 and AMPKa may interact directly in the a1b1 domain (Figure 6D). CETSA (cellular thermal shift assay) indi-

cated that NSC48160 has an effect on the protein’s thermal stability, implying that there is a direct interaction between NSC48160 and

AMPKa within cells in vivo (Figure 6E). As shown in Figure 6F, the in vitro SPR (surface plasmon resonance) assay showed a strong affinity

between NSC48160 and the recombinant AMPKa protein as evidenced by the binding association constant of KD (7.173 10�5M). AMPKa
iScience 27, 108614, January 19, 2024 7



Figure 6. Inhibition of the AMPK pathway abolishes the protective effect of NSC48160 on NAFLD

(A) Immunoblotting analyses of phosphorylated AMPK, ACC, CPT1A, PPARa, and FASN in hepatocytes stimulated by PO with the indicated concentrations of

NSC48160, n = 3.

(B) Oil red O staining of the indicated groups.n = 3 replicates. Scale bar, 100 mm.

(C) TG and TC contents of hepatocytes stimulated by PO, together with DMSO or NSC48160. n = 3 replicates.

(D) The binding modes of NSC48160 for the a1b1 AMPK isoform. The a subunit is shown in the illustration and colored cyan and the b subunit was shown in the

illustration and colored pink.

(E) CETSA was used to evaluate the binding between NSC48160 and AMPK at the thermodynamic level. The expression of AMPK was detected by western

blotting.

(F) The interaction between NSC48160 and recombinant AMPKa protein was analyzed by surface plasmon resonance (SPR) assay.

(G) Mitochondrial respiration of HepG2 cells induced by PO, together with CC and NSC48160. Data represent the mean G SEM. n = 3, *p < 0.05, **p < 0.01.
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behaves as an NSC48160 receptor with a somewhat high affinity for NSC48160, stimulating mitochondrial respiration via the AMPKa/ACC/

PPARa pathway. NSC48160 induced an increase in basal respiration and ATP production in HepG2cells, but AMPKa-knockdown obviously

reversed this trend (Figure 6G). In summary, these results prove that NSC48160 inhibits steatohepatitis chiefly by targeting AMPKa and

regulating downstream pathways.
NSC48160 suppresses fatty acid synthesis and the inflammatory response of hepatocytes in vitro

To comprehensively examine the effects of NSC48160 on lipid metabolism and inflammation in hepatocytes under metabolic stress, we used

RNA-sequencing (RNA-seq) analysis of HepG2 cells treated with NSC48160 and DMSO control. A heatmap based on the KEGG results re-

vealed that genes related to lipid metabolism were dramatically upregulated by NSC48160 treatment in PO-treated hepatocytes (Figure 7A).

A circular enrichment map based on the GO results revealed that lipid metabolic processes (such as lipid storage and fatty acid transport
8 iScience 27, 108614, January 19, 2024



Figure 7. NSC48160promotes lipid metabolism and reduces the inflammatory response in hepatocytes

(A) Heatmap showing the expression pattern of genes related to lipid metabolism in the indicated groups, n = 3.

(B) Circular enrichment map based on GO results for lipid metabolic processes.GO:0000188, inactivation of MAPK activity; GO:0010884, positive regulation of

lipid storage; GO:0034599, cellular response to oxidative stress; GO:0051591, response to cAMP; GO:0016042, lipid catabolic process; GO:0007265, Ras protein

signal transduction; GO:0006084, acetyl-CoA metabolic process; GO:0060071, Wnt signaling pathway, planar cell polarity pathway; GO:0042776, mitochondrial

ATP synthesis coupled proton transport; GO:0015908,fatty acid transport; GO:0062012, regulation of small moleculemetabolic process; GO:0005324, long-chain

fatty acid transporter activity; GO:0035497, cAMP response element binding.

(C) KEGG pathway enrichment results show inflammation-related pathways.

(D) Expression of genes related to inflammation and lipid metabolism (b-oxidation) in hepatocytes from the indicated groups, n = 3.

(E and F)Western blot analysis of total and phosphorylated IKKb, p65, and PPARg in the livers of the indicatedmice (left) and hepatocytes (right). b-actin served as

a loading control. n = 3 per group. All pooled data presented as the mean G SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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pathways) were upregulated by NSC48160 (Figure 7B). Chronic inflammation is essential for the deterioration of NAFLD. Therefore, we exam-

ined at how NSC48160 affected inflammatory reactions. Inflammation-related pathways (neutrophil extracellular trap formation, Th17 cell

differentiation and Th1 and Th2 differentiation) were enriched in the KEGG pathway enrichment results (Figure 7C), and NSC48160 therapy

significantly downregulated these pathways in comparison to the control. After NSC48160 administration, the mRNA levels of proinflam-

matory cytokines (II6, II1b, and Tnfa) and chemokines (Ccl2) were clearly lowered (Figure 7D). Meanwhile, the mRNA levels of lipid meta-

bolism-related genes (SCD1, CPT1A, ACACA, and FASN) were regulated to the control level by NSC48160 (Figure 7D). NSC48160 inhibits

the activation of the NF-kB signaling pathway which is a typical inflammatory signalingmechanism. In line with this, the protein levels of phos-

phorylated IKKb and p65 were decreased in HFD-inducedmice and PO-stimulated hepatocytes (Figures 7E and 7F). These findings show that

NSC48160 promotes lipid metabolic processes and shields hepatocytes from inflammation and malfunction.

DISCUSSION

Due to the increasing prevalence of NAFLD/NASH and the concurrent development of HCC, preventive and curative therapy is widely

desired.20 A growing body of research highlights potential negative effects of lipid consumption, lipogenesis, and lipolysis, which are primar-

ily triggered by abnormalities in lipid metabolism and aid in the emergence of NAFLD.21 Therefore, the prevention and restoration of the
iScience 27, 108614, January 19, 2024 9
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metabolic rewiring associated with NAFLD represent novel attractive strategies. Herein, we found the pleiotropic effects of NSC48160 on

multiple processes related to oxidative stress, mitochondrial injury and inflammation through activating AMPKa signaling. AMPK plays an

important role as a hub to control cell metabolism and regulate the activities of living organisms. AMPK is required for amelioration of ectopic

lipid accumulation,22 so AMPK is a vital target that we focused on in this study.

The role of AMPK in lipidmetabolism has been extensively studied.23 AMPK functions by interfering with both lipogenesis and lipid oxida-

tion. Once activated, AMPK can phosphorylate and inactivate ACC, which leads to the failure of acetyl-CoA conversion to malonyl-CoA for

fatty acid synthesis and consequently inhibits lipid accumulation in the liver.24 Moreover, the decrease in malonyl-CoA induced by AMPK acti-

vation promotes lipid oxidation not only by increasing protein expression but also by disinhibiting the enzymatic activity of CPT1A, a rate-

limiting enzyme in mitochondrial FAO.25 In addition to ACC, AMPK activation was also reported to suppress lipogenesis by activating the

SREBP-1c/FASN signaling pathway or directly phosphorylating PPARa.26 To test our hypothesis, AMPK was silenced, via knockdown of

AMPK in hepatocytes. We collected the samples and used the same method as described previously to conduct various tests and analyses.

As expected, AMPK expression exhibited a close relationship with lipid metabolism. Low levels of AMPK led to aggravate HFD- or PO-in-

duced hepatocyte injury, which was relieved by AMPK activation.

Mitochondrial metabolism sits on the crossroads of steatosis, oxidative stress and the dysregulation of metabolic pathways,27 but its role in

the pathogenesis of NAFLD has yet to be thoroughly investigated. The pathophysiology of NAFLD is connected with disrupted lipid homeo-

stasis, whichmay develop into amore severe phenotype when combinedwith other imbalanced processes, such as increasedOXPHOS,mito-

chondrial dysfunction, or autophagic obstruction.28 In fact, peroxisomes are also crucial organelles that contribute to ROS generation through

b-oxidationwhile other cellular oxidases canalsogenerateH2O2.
29NSC48160boosted theendogenous antioxidant defense system, especially

GSH, NAD+/NADH, and peroxisomal catalase, even in the absence of aberrant mitochondrial H2O2. Moreover, NSC48160 treatment signifi-

cantly attenuated the cellular increase in ROS/mtROS production and restored the levels of MMP. Our data indicate that the AMPKa-ACC-

PPARa axis regulates these processes. PPARa controls peroxisomes b-oxidation,mitochondrial b-oxidation, fatty acid transport,mitochondrial

redox status, and lipid homeostasis in the liver. The effect on the AMPKa-ACC-PPARa axis increased the antioxidant capacity of NSC48160-

treated cells. The depletion of NAD+ and GSH was found in hepatocyte with high hepatic steatosis. GSHmust be synthesized within the liver

either de novo or by the salvation pathway. Supplementation with NAD+ and GSHmay increase the amount of fat oxidized in the liver, lower

oxidative stress resulting fromhigh fat oxidation, lower the level of HS, and eventually improve liver function. In addition, it has been shown that

supplementation of natural NAD+ precursors, such as tryptophan, niacin, and nicotinamide elevates NAD+ levels in vivo.30 There is growing

evidence that substantial NAD+ synthesis may be beneficial for enhancing mitochondrial function.31 Overall, we therefore suggest that

NSC48160 increases the GSH level to normal levels, promotes the generation of NAD+ precursors and increases the level of NAD+ required

for increased fat oxidation.

It is thought that NAFLD etiology is a complicated process. The typical damage-associated alterations found in the NAFLDmodel, such as

inflammation and cell death, are induced by lipotoxicity.32 Inflammation is one of the hallmarks of lipid toxicity in the liver. IKKb and p65

secreted by injured hepatocytes are implicated in the inflammatory response generated by lipids. NSC48160 reversed inflammation in the

pathological processes of NAFLD in both in vivo and in vitro models by decreasing the expression of IKKb and p65. Furthermore, the

RNA-seq results supported the potent action of NSC48160 on the inflammatory response. One notion of lipid toxicity is that apoptosis abduc-

tion, which is highly associated with the aberrant expression of apoptosis, contributes to the advancement of NAFLD.33 Bax and caspase 9

expression levels were inhibited andwe discovered that NSC48160 reduced the incidence of apoptosis in NAFLD. Taken together, NSC48160

reduced the liver damage caused by lipid toxicity in NAFLD.

In summary, the present study uncovers a mechanism underlying AMPKa activation in the presence of the small molecule NSC48160 dur-

ing the therapeutic process of NASH inNAFLD.Wediscovered that NSC48160 significantly decreases lipid accumulation, oxidative stress and

the inflammatory response by SREBP-1c mediated lipogenesis and ACC-mediated lipid metabolism as a robust inhibitor of NAFLD. Our

study reveals a promising avenue for the development of a new therapy for NAFLD.
Limitations of the study

Several limitations need to be taken into consideration when interpreting the results from this study. First, lack of metabolomics data from the

liver biopsy samples of clinical cases. Second, AMPK is also expressed in other tissues such as brain (hypothalamus), internal organs, adipose

tissue and muscle, and thus our study exclusively focusing changes on hepatic AMPK expression may have overlooked the contribution of

AMPK in other tissues to the improvement of hepatic steatosis. In the future, we will further explore the role of AMPK in the metabolism

of adipose tissue by constructing specific AMPK knockout mice.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
10
B Lead contact

B Materials availability

B Data and code availability
iScience 27, 108614, January 19, 2024



ll
OPEN ACCESS

iScience
Article
d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Ethics statement

B Mouse models

d METHOD DETAILS

B Cell culture

B Quantitative PCR assay

B RNA sequencing and bioinformatic analysis

B Metabolomics analysis

B Surface plasmon resonance (SPR)

B Cellular thermal shift assay (CETSA)

B Molecular docking analysis

B Measurement of serum and hepatocellular biochemical index

B Histological analysis

B Cell viability assay and lactated hydrogenase (LDH) release assay

B Cellular oil red O staining

B Western blot analysis

B Detection of mitochondria reactive oxygen species

B XFp cell mito stress analysis

B Immunohistochemistry

B Measurement of tissue glutathione

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.108614.

ACKNOWLEDGMENTS

Z.J.L. and J.X.Z. thank the support from the Science and Technology Development Plan of Jilin Province (20230101145JC), National Natural

Science Foundation of China (21721003), the Ministry of Science and Technology of the People’s Republic of China (2016YFA0203200), the

Scientific Instrument Developing Project of the Chinese Academy of Sciences (YJKYYQ20180038).

AUTHOR CONTRIBUTIONS

Z.J.L., J.X.Z., and J.W. conceived the study and participated in the overall design. J.X.Z. and X.Z.Y. performed the molecular and cellular ex-

periments. J.X.Z. participated in the preparation and analysis of clinical subjects. J.X.Z. constructed the animal models. J.X.Z. and Z.J.L. wrote

the manuscript. E.K.W. and J.W. revised the paper and participated in supervision and coordination of the study. All authors approved this

manuscript for submission. All data were generated in-house, and no paper mill was used. All authors agree to be accountable for all aspects

of work ensuring integrity and accuracy.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: August 14, 2023

Revised: October 6, 2023

Accepted: November 29, 2023

Published: December 2, 2023
REFERENCES

1. Rom, O., Liu, Y.H., Liu, Z.P., Zhao, Y., and

Wu, J.F. (2020). Glycine-based treatment
ameliorates NAFLD by modulating fatty
acid oxidation, glutathione synthesis, and
the gut microbiome. Sci. Transl. Med. 12,
eaaz2841.

2. Wan, J., Zhang, Y.Y., Yang, D.Q., Liang, Y.J.,
Yang, L., Hu, S., Liu, Z., Fang, Q., Tian, S., and
Ding, Y. (2021). Gastrodin improves
nonalcoholic fatty liver disease via activation
of the AMPK signaling pathway. Hepatology
74, 3074–3090.

3. Zhou, F., Zhou, J., Wang, W., Zhang, X.J., Ji,
Y.X., Zhang, P., She, Z.G., Zhu, L., Cai, J., and
Li, H. (2019). Unexpected rapid increase in the
Burden of NAFLD in China From 2008 to
2018: A systematic review and meta-analysis.
Hepatology 70, 1119–1133.

4. Min, H.K., Kapoor, A., Fuchs, M., Mirshahi,
F., Zhou, H., Maher, J., Kellum, J., Warnick,
R., Contos, M.J., and Sanyal, A.J. (2012).
Increased hepatic synthesis and
dysregulation of cholesterol metabolism is
associated with the severity of nonalcoholic
iScience 27, 108614, January 19, 2024 11

https://doi.org/10.1016/j.isci.2023.108614
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref1
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref1
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref1
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref1
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref1
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref1
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref2
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref2
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref2
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref2
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref2
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref2
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref3
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref3
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref3
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref3
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref3
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref3
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref4
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref4
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref4
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref4
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref4
http://refhub.elsevier.com/S2589-0042(23)02691-3/sref4


ll
OPEN ACCESS

iScience
Article
fatty liver disease. Cell Metabol. 15,
665–674.

5. Cohen, J.C., Horton, J.D., and Hobbs, H.H.
(2011). Human fatty liver disease: old
questions and new insights. Science 332,
1519–1523.

6. Garcia, D., and Shaw, R.J. (2017). AMPK:
Mechanisms of Cellular Energy Sensing and
Restoration of Metabolic Balance. Mol. Cell
66, 789–800.

7. Hardie, D.G. (2013). AMPK: a target for drugs
and natural products with effects on both
diabetes and cancer. Diabetes 62,
2164–2172.

8. Ford, R.J., Fullerton, M.D., Pinkosky, S.L.,
Day, E.A., Scott, J.W., Oakhill, J.S., Bujak,
A.L., Smith, B.K., Crane, J.D., Blümer, R.M.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit p-AMPK Abcam Cat#ab133448;RRID:AB_2923300

Rabbit AMPK Abcam Cat#ab32047;RRID:AB_722764

Rabbit PPARa Abcam Cat#ab61182;

RRID:AB_944764

Rabbit FAS Abcam Cat#ab133619

RRID:AB_2940837

Mouse SREBP-1C Abcam Cat#ab28481

RRID:AB_778069

Rabbit p-ACC Abcam Cat#ab68191

RRID:AB_11156104

Rabbit ACC Abcam Cat#ab45174

RRID:AB_867475

Rabbit CPT1 Abcam Cat#ab220789

RRID:AB_2847832

Mouse b-actin Abcam Cat#ab8226

RRID:AB_306371

Rabbit CPS1 Abcam Cat#ab129076

RRID:AB_11156290

Rabbit LDH Abcam Cat#ab53292

RRID:AB_2234531

Rabbit PDH Abcam Cat#ab155996

RRID:AB_2814826

Rabbit PDK1 Abcam Cat#ab110335

RRID:AB_10858735

Rabbit PPARy Abcam Cat#ab209350

RRID:AB_2890099

Rabbit IKKb Abcam Cat#ab124957

RRID:AB_10975710

Rabbit p-IKKb Abcam Cat#ab38515

RRID:AB_881450

Rabbit P65 Abcam Cat#ab32536

RRID:AB_776751

Rabbit p-p65 Abcam Cat#ab76302

RRID:AB_1524028

Biological samples

High-fat diet, Teklad 45kcal% fat Jinpan. Co. Ltd, China TD.06303

Critical commercial assays

CCK8 kit Dojindo CK04

BCA Protein Assay kit Beyotime P0011

XF Cell Mito stress test kits Agilent Technologies 103010-100

glycolysis stress test kits Agilent Technologies 103020-100

MMP Assay kit Beyotime C1071S

LDH Analysis Kit Thermo Scientific

Inc., USA

C20301

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Total cholesterol Assay Kit Nanjing jiancheng

Bioengineering institute

A111-1-1

Triglyceride assay kit Nanjing jiancheng

Bioengineering institute

A110-1-1

High-density lipoprotein cholesterol assay kit Nanjing jiancheng

Bioengineering institute

A112-1-1

Low-density lipoprotein cholesterol assay kit Nanjing jiancheng

Bioengineering institute

A113-1-1

Aspartate aminotransferase Assay Kit Nanjing jiancheng

Bioengineering institute

C010-2-1

Alanine aminotransferase Assay Kit Nanjing jiancheng

Bioengineering institute

C009-2-1

Deposited data

AMPK structure This paper PDB:6C9H

Resequencing data This study, NCBI

Sequence Read Archive

(SRA) database

PRJNA1035544

Experimental models: Cell lines

HepG2 National of Authenticated

Cell Culture

https://pubmed.ncbi.nlm.nih.gov/35931467/

BEL-7402 National of Authenticated

Cell Culture

https://pubmed.ncbi.nlm.nih.gov/24219083/

Experimental models: Organisms/strains

Mouse:Wild-type male C57BL/6N Vital River Laboratory

Animal Technology Co.,

Ltd

N/A

Oligonucleotides

siRNA targeting sequence: AMPK alpha #1:

GTGGAACCCTTCCATTTGA

RiboBio Technologies N/A

Primer sequences for RT-qPCR Table S1 N/A

Software and algorithms

ImageJ Faller et al.16 N/A

SPSS software IBM N/A

Metabolic network visualization Cytoscape https://cytoscape.org/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Zuojia Liu

(zjliu@ciac.ac.cn).

Materials availability

This study did not generate new materials.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

The animal study was reviewed and approved by the Animal Care and Use Committee of Wish Detection Technology Co., Ltd., Changchun,

China (Approval Number: 20200417-1, Changchun, China).
Mouse models

C57BL/6J mice (8-week-old, male) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). Animals

were divided into three groups (n=8 per group) as follows: NCD group, HFD diet group, HFD with 50 mg/kg NSC48160 group (HFD-50)

and HFD with 100 mg/kg NSC48160 group (HFD-100). Mice were provided with either a normal chow diet or a HFD diet for 16 weeks.

NSC48160 was given by intraperitoneal injection every other day. During the feeding period, the fasting body weight was measured at

different time points. All experimental procedures were approved by the Animal Care and Use Committee of Wish Detection Technology

Co., Ltd, Changchun, China (Approval Number: SYXK 2019-0007, Changchun, China) and performed in strict accordance with Legislation

Regarding the Use and Care of Laboratory Animals of China.
METHOD DETAILS

Cell culture

Cell lines (HepG2 and BEL-7402) were provided by the Chinese Academy of Sciences Cell Bank. After reaching 80% confluence, the HepG2

and BEL-7402 cells were induced of the steatosis cells with PO (OA:PA=2:1) with BSA. NSC48160 was added to the PO-BSA complex and

incubated for 24 h.
Quantitative PCR assay

Total RNA was extracted from hepatocyte with Tirzol Reagent which was subsequently reverse transcribed into cDNA in accordance with the

instructions. According to the manual, Real-time qPCR was performed by using SYBRGreen PCRMaster Mix. The relative mRNA levels of the

genes’ relative expression in relation to the housekeeping gene (b-actin) were calculated and expressed in comparison to the internal control.

Table S1 contains the primer pairings that were utilized.
RNA sequencing and bioinformatic analysis

After being extracted, the total RNAwas utilized to build the cDNA libraries. With the help of the Illumina Novaseq 6000, PE150 libraries were

sequenced. The basic analysis included raw data filtering and quality control, reference genome comparison, saturation analysis, differential

gene analysis, and sample correlation analysis. The usage of sophisticated analysis methods included GO/pathway/disease enrichment, dif-

ferential gene coexpression network analysis, and differential gene protein interaction analysis. RNA-seq was performed by Metware Tech-

nology (Wuhan, China)
Metabolomics analysis

The total lipids were extracted from the liver in the HFD andHFD-NSC48160 groups (n=8). Liver tissues (50G2mg) were homogenized in 1mL

mixture (includemethanol and internal standardmixture). After homogenization, themixture was vortexed and then centrifuged for 10 min at

4�C. Let the supernatant stand at -20�C for overnight. Then, the supernatant was centrifuged again for 3 min at 4�C. Finally, the supernatant

was collected for liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis with a QTRAP System (SCIEX, Framingham, USA).

Metabonomics was performed by Metware Technology (Wuhan, China)
Surface plasmon resonance (SPR)

We conducted the experiment in accordance with the Reichert SR7500DC SPR system instructions (Reichert, New York, USA). The AMPKa

protein was diluted to a final concentration of 100 mM in sodium acetate before being immobilized on a sensor chip. Additionally, it was in-

jected via the channel. After that, channels were filled with 1 M ethanolamine, pH 8.5, to cap the chip’s surface. By infusing various concen-

trations of the drug (1% DMSO) into AMPKa immobilized chambers (1-128 mM), the AMPKa binding affinity with NSC48160 was ascertained.

TraceDrawer software was used to examine the outcomes (Reichert, New York, USA).
Cellular thermal shift assay (CETSA)

Direct binding betweenNSC48160 and AMPKawas found using CETSA. HCC cells were exposed to DMSO, POor PO+NSC48160 (36 mM) for

24h. The harvested cells were gently rinsed in a pre-chilled PBS solution that contained a protease inhibitor. The samples were then heated for

3 minutes in a heat block at a range of temperatures (47�C, 49�C, 51�C, 53�C, 55�C, 57�C, 59�C, 61�C, 63�C). Proteins were isolated andWest-

ern blots were used to analyze them.
iScience 27, 108614, January 19, 2024 15
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Molecular docking analysis

The RCSB Protein Data Bank provided the amino acid sequences for the carbohydrate-bindingmodules and the crystal structure information

for AMPK (a1b1: 6C9H). Pymol V2.5.2 provides the program for processing and visualizing proteins. The protein backbone is depicted as a

cartoon, with the various subunits colored in various hues. Docking was carried out according to the accepted protocol.

Measurement of serum and hepatocellular biochemical index

Cell levels of TG and T-CHO were determined by enzymatic colorimetric kits by Tecan Infinite M200 Pro (Mannedorf, Switzerland). Serum of

mice was obtained in a blood collection tube by centrifuging at 1000g for 10 min. Serum and hepatocellular biochemical index quantitation

was performed according to the Jian Cheng assay kit manufacturer’s manual. Then, the levels of serum AST, ALT, TG, T-CHO, HDL-C, and

LDL-C were measured with Tecan Infinite M200 Pro.

Histological analysis

Small pieces of fresh liver were fixed immediately in 10% buffered formalin. Sections were stained with hematoxylin and eosin (H&E). Alter-

natively, portions of fresh liver were flash-frozen and cryostat sectionswere cut and prepared for staining withOil RedO. Pathological sections

were observed under Nikon eclipse Ti-S fluorescence microscope (Nikon, Tkoyo, Japan).

Cell viability assay and lactated hydrogenase (LDH) release assay

Cell death was determined by measurements of lactated hydrogenase (LDH) release and CCK8 test. The cell viability was assessed by Cell

Counting Kit-8 (CCK-8) assay kit. Briefly, the cells seeded onto 96-well plates were treated by various proportion of PO as model group or

various concentrations of NSC48160 as experimental groups. Each group of cells was set five alternative holes. And then the optical density

(OD) at 450 nmwas read with aM200 PRONanoQuantautoreader (TECAN, Switzerland).For LDH assay, we collected the culturemedium and

analyzed them by LDH Analysis Kit (Thermo Scientific Inc., USA) according to the manufacturer’s instructions.

Cellular oil red O staining

The cellular lipid content was determined by Oil Red O staining. Cells were washed with PBS twice and fixed in4% paraformaldehyde for

30min, and incubated withOil RedOworking solution for another 30min at room temperature, followed by decolorization with 60% iso-prop-

anol. After washing three times with PBS, the cells were counterstained with hematoxylin for 30s. The cells were photographed under a light

microscope (NIKON Eclipse ci, Japan).

Western blot analysis

The hepatocytes and liver tissues proteins were immunelabeled with primary antibody at 4�C overnight. After washing the membranes with

TBST and incubating the membranes with fluorescence-labeled secondary antibodies at room temperature, they can be visualized by using

Chemiluminescent gel imaging system (DNR MicroChemi 4.2, Israel). Band densities were quantified by Image-ProPlus (version 6.0). The in-

ternal control protein b-actin’s densitometric value was used to standardize the protein level.

Detection of mitochondria reactive oxygen species

In the mitochondria of living cells, MitoSOX Red reagent was oxidized by superoxide, showing red fluorescence. The Mitochondrial ROS

(mtROS) levels of cells were detected by flow cytometer using MitoSOX fluorescence reagent. After 24 h of the treatment, with or without

NAC (5 mM), NSC48160 was added into the wells at the indicated concentration. The cells (13106 cells/mL) were trypsinized and incubated

with theMitoSOX fluorescence reagent (5 mM) at 37�C for 10 min with keeping in dark place. And then the cells were washed twice with warm

buffer. The fluorescence intensity of cell was analyzed by an Accuri C6 Flow Cytometer (Franklin Lakes, USA). MitoSOX fluorescence was

measured at 561 nm.

XFp cell mito stress analysis

Themitochondrial respiratory capacity was determined using XF Cell Mito Stress Test Kit. Cells seeded in the XF Cell CultureMicroplate were

incubated for 24 h at 37�C. And then cells were treated with PO or PO and 2.5 mM NSC48160 for 24 h. The control cells were processed in

parallel. Next day, cells were incubated with the base medium containing 2 mM L-glutamine, 1 mM sodium pyruvate, and 10 mM glucose

for 1 hour prior to assay. The oxygen consumption rate (OCR) was measured by XFp extracellular flux analyzer (Agilent Technologies, CA,

USA). Data sets were analyzed by XFp software and then the measurements were normalized.

Immunohistochemistry

Sections of formalin-fixed paraffin-embedded liver blocks from a previous study were subjected to IHC. The following primary antibodies

were used: AMPK, ACC and PPARa. The sections were incubated with the antibodies at 4�C overnight and developed by DAB substrate.

And then the sections were counterstained with hematoxylin. The sections were observed with a light microscope (NIKON Eclipse ci, Japan)
16 iScience 27, 108614, January 19, 2024
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and images were taken at 4003magnification. The average positive staining area percentage was measured with the Image-Pro Plus 6.0 Im-

age Analysis System.
Measurement of tissue glutathione

Using the GSSG/GSH Quantification Kit (Dojindo Laboratories, Kumamoto, Japan), total glutathione of tissue was quantified in accordance

with the manufacturer’s suggested procedure.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using SPSS software (IBM SPSS Statistics, USA). Statistical analyses were performed using the Student’s t test. All values

are presented as the mean G standard error of the mean (SEM). *p< 0.05 and **p< 0.01 were considered statistically significant.
iScience 27, 108614, January 19, 2024 17
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