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Abstract: Background: Non-alcoholic fatty liver disease (NAFLD) is a prevalent metabolic disorder with limited thera-
peutic options. Tirzepatide (TZP), a novel dual agonist, has shown promise in metabolic disease, but its effects and 
mechanisms in NAFLD remain unclear. Methods: Human HepG2 cells were treated with palmitate (PA) to induce ste-
atosis and then exposed to various concentrations of TZP. Mouse were treated with high-fat diet (HFD) to establish 
a NAFLD model in vivo, followed by TZP treatment. NAFLD-related indicators including cell viability, intracellular lipid 
accumulation, serum biochemical parameters, glucose homeostasis, inflammation, oxidative stress, and hepatic 
histopathology were evaluated. The AMP-activated protein kinase (AMPK)/nuclear factor κB (NF-κB) pathway and 
lipid metabolism-related protein were analyzed. Results: TZP suppressed PA-induced lipid accumulation, triglyceride 
and total cholesterol content, cell apoptosis, while it enhanced cell viability in HepG2 cells. In HFD-induced NAFLD 
mice, TZP treatment markedly decreased liver weight, attenuated hepatic steatosis, ballooning, and necrosis, and 
abnormal lipid accumulation by inhibiting insulin resistance, inflammatory cytokines, oxidative stress, and hepatic 
fibrosis markers. Mechanistically, TZP modulated the AMPK/NF-κB pathway by increasing p-AMPK and decreasing 
p-NF-κB levels, leading to downregulation of lipogenic genes. Conclusion: TZP effectively improved hepatic steatosis, 
inflammation, oxidative stress, and fibrosis in experimental NAFLD models through the AMPK/NF-κB pathway. 
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a 
highly prevalent metabolic disorder primarily 
involving excessive fat accumulation in the 
liver, inflammatory flare-ups, and ultimately le- 
ading to liver fibrosis [1, 2]. The whole patho-
genesis of NAFLD is driven by multiple factors, 
including a complex interplay between meta-
bolic dysregulation, insulin resistance, genetic 
predisposition, and environmental factors [3, 
4]. It is not surprising that NAFLD usually app- 
ears at the same time as obesity and type 2 
diabetes, because they all have the common 
characteristics of metabolic syndrome, such  
as chronic inflammation and universal insulin 
resistance [1]. Despite the increasing burden 
and prevalence of NAFLD, there are currently 

no approved drug therapies specifically target-
ing NAFLD. It is crucial to have a deeper un- 
derstanding of the actual mechanisms driving 
the progression of NAFLD and to identify effec-
tive therapeutic drugs and targeted therapy 
strategies.

Tirzepatide (TZP), abbreviated as TZP, is a dual 
agonist that acts on both glucagon like pep-
tide-1 (GLP-1) and glucose dependent insu- 
linotropic polypeptide (GIP) receptors. It has 
shown great promise in the treatment of vari-
ous metabolic diseases and receptor agonists, 
as well as in metabolic diseases [5, 6]. TZP 
seems to improve the core metabolic problems 
of type 2 diabetes and obesity through a series 
of different actions, such as stimulating insulin 
secretion in a way that depends on glucose lev-
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els, inhibiting abnormally high levels of gluca-
gon, slowing the speed of gastric emptying,  
and working in the brain to suppress appetite 
[7, 8]. TZP has been approved by the US Food 
and Drug Administration for the treatment of 
type 2 diabetes. However, in addition to diabe-
tes, in the field of cardiovascular disease, TZP 
also seems to help alleviate cardiac dysfunc-
tion, mainly by inhibiting oxidative stress and 
inflammation [9, 10]. In animal models, such  
as HFD induced obese mice, treatment with 
TZP significantly improved insulin resistance 
and fatty liver condition, i.e. hepatic steatosis 
[11]. In this regard, new evidence suggests that 
TZP can also inhibit the expression of certain 
biomarkers associated with non-alcoholic fatty 
liver disease and even liver fibrosis [12]. Given 
all these related findings, the impact of TZP on 
NAFLD remains an unresolved issue that has 
not been very well explored.

AMP activated protein kinase (AMPK) is a threo-
nine protein kinase that is fundamentally the 
main sensor of energy balance in mammalian 
cells. Its impact is very extensive, and it partici-
pates in the regulation of the entire cellular 
function in almost every type of tissue. It has 
always been related to how the body manages 
glucose, lipids, and protein metabolism, not to 
mention its role in gene expression and overall 
growth. The accumulated evidence suggests 
that AMPK activation reduces SREBP-1c and 
FAS activity, thereby inhibiting metabolic pro-
cesses such as cholesterol and TAG biosynthe-
sis. Interestingly, AMPK acts as an upstream 
regulator of NF-κB, inhibiting its activation and 
thereby participating in NAFLD progression. 

In this study, we aimed to assess the thera- 
peutic potential of TZP in NAFLD models and  
to dig into the underlying mechanisms behind 
it. Using PA-induced HepG2 cells and a HFD-
induced mouse model, the effects of TZP on 
hepatic lipid accumulation, inflammation, oxi-
dative stress and AMPK/NF-κB pathway was 
evaluated. Finally, this study provides insights 
into the molecular mechanisms of TZP in NAFLD 
and highlights its potential as a novel therapeu-
tic drug.

Materials and methods

Cell culture, free fatty acid induction, and tirz-
epatide treatment

The HepG2 cells were obtained from ATCC 
(USA) and were cultured in DMEM supplement-

ed with 10% FBS and 1% penicillin-streptomy-
cin (Beyotime, China) at 37°C in a 5% CO2 
atmosphere.

To establish the cellular steatosis model, 
HepG2 cells were first exposed to palmitate 
(PA; Sigma-Aldrich, USA) at a concentration of 1 
mM for a full 24 h to reliably induce lipid ac- 
cumulation. Following this lipid-loading phase, 
the same cells were then exposed to TZP 
(MedChemExpress, USA) at 50 nM or 100 nM 
concentrations for an additional 24 h to as- 
sess its effects. Control groups received vehi-
cle treatment (PBS with 1% BSA).

Cell viability assay

After treatment, HepG2 cells were incubated 
with CCK-8 reagent (10% v/v) for 2 h at 37°C. 
Absorbance was measured at 450 nm using a 
microplate reader.

Oil red O staining

HepG2 Cells were fixed with 4% paraformalde-
hyde for 20 min, incubated with Oil Red O work-
ing solution (Sigma-Aldrich) for 30 min, and 
then counterstained with hematoxylin. Images 
were captured using an inverted microscope 
(Nikon, Japan), and lipid droplets were quanti-
fied by extracting stained Oil Red O with isopro-
panol and measuring absorbance at 510 nm.

Intracellular Triglyceride (TG) and Total Choles-
terol (TC) measurements

Cellular TG and TC levels were determined 
using commercial assay kits (Applygen, China 
and Biosino, China, respectively). After treat-
ment, cells were lysed, and the supernatant 
was collected. Absorbance was read at 550 nm 
(TG) and 500 nm (TC) following the manufac-
turer’s protocols.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from HepG2 cells 
using TRIzol reagent (Invitrogen, USA). cDNA 
was synthesized using a PrimeScript RT rea- 
gent kit (Takara, Japan). qRT-PCR was per-
formed with SYBR Green Premix (Roche, Swit- 
zerland) on a QuantStudio 5 system (Appli- 
ed Biosystems, USA). Relative expression for 
SREBP-1c, PPARα, FAS, SCD1, and GAPDH 
(internal control) was calculated using the 
2^-ΔΔCt method. The PCR primer sequences are 
shown in Table 1.
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Animal model and drug administration

To establish a murine model of NAFLD, 6-week-
old male C57BL/6J mice (Vital River Laboratory) 
were subjected to a 12-week dietary regimen 
after acclimation. The animals were randomly 
segregated into two groups: a control diet (CD, 
10% kcal fat) group and a HFD (60% kcal fat) 
group. Subsequently, HFD-fed mice were treat-
ed with tirzepatide (10 nmol/kg/day, subcuta-
neous injection) or vehicle (saline) for 4 weeks. 
Mouse body weights were measured weekly. 
Following anesthesia by isoflurane (2%, 0.5  
L/min), the weight was immediately recorded. 
Upon completion of retro-orbital bleeding and 
subsequent euthanasia by cervical dislocation, 
the livers were promptly excised. After a saline 
rinse and careful drying with filter paper, the 
liver weight was recorded. Animal experimen- 
tal procedures were granted approval by the 
Institutional Animal Care and Use Committee of 
the Linyi people’s hospital. 

Histological analysis of liver tissues

Liver tissues were fixed in 4% paraformalde-
hyde, embedded in paraffin, and sectioned at  
5 μm thickness. Hematoxylin and eosin (H&E) 
staining was performed for morphological eval-
uation. Frozen sections were used for Oil Red O 
staining to visualize lipid accumulation. Images 
were acquired with a light microscope (Nikon, 
Tokyo, Japan). The severity of NAFLD was as- 
sessed using the well-established NAFLD Ac- 
tivity Score (NAS) system by two experienced 
pathologists who were blinded to the group 
assignments [13].

Serum biochemical analysis

Biochemical profiling of serum samples, inclu- 
ding TC, TG, LDL-C, HDL-C, ALT, and AST, was 

performed. The analyses were conducted on a 
Mindray (China) automated biochemical ana-
lyzer with corresponding commercial kits, us- 
ing blood collected from the orbital vein after 
fasting.

Hepatic inflammatory and oxidative stress 
markers

Liver tissues were homogenized in cold PBS. 
Contents of TNF-α, IL-6, SOD, MDA, and glu- 
tathione (GSH) were quantified utilizing ELISA 
kits (R&D Systems, USA) and biochemical as- 
say kits according to manufacturers’ instruc- 
tions.

Oral Glucose Tolerance Test (OGTT), Fasting 
Blood Glucose (FBG), and insulin measure-
ment

After 6 hours of fasting, mice were adminis-
tered glucose (2 g/kg, orally). Blood glucose 
levels were measured at 0, 30, 60, 90, and 120 
min using a glucometer (Roche, Basel, Swit- 
zerland). FBG and serum insulin levels were 
determined with ELISA kits (Millipore, USA). 
Homeostatic model assessment of insulin 
resistance (HOMA-IR) was calculated as: [fast-
ing glucose (mmol/L) × fasting insulin (mU/L)]/ 
22.5.

Western blot analysis

Liver tissues were lysed in RIPA buffer contain-
ing protease inhibitors. Proteins were separat-
ed by SDS-PAGE and transferred to PVDF mem-
branes. After blocking, membranes were incu- 
bated with primary antibodies against SREBP-
1c (1:1500), PPARα (1:2000), FAS (1:1200), 
SCD1 (1:1500), AMPK (1:1000), NF-κB (1: 
1000), and GAPDH (1:5000), followed by HRP-
conjugated secondary antibodies. ECL reagent 
(Millipore) and ImageJ software was utilized to 
visualize and analyze for bands.

Statistical analysis

Statistical analysis was performed using Prism 
8 software (LLC, San Diego, CA, USA). Count 
data were presented as mean ± standard devi-
ation (SD) and analyzed using t-tests between 
two groups, preceded by a test for equality of 
variances. If variances were equal, indepen-
dent-samples t-tests were applied; if unequal, 
nonparametric independent-samples tests we- 
re used. For comparisons among multiple gr- 

Table 1. Sequences of primers used in PCR
Gene Primer sequences (5’-3’)
SREBP-1c F: CTTAGAGCGAGCACTGAACTGTGTG

R: CTGGAACTGATGGAGAAGCTGTAGG
PPARα F: TATTCGGCTGAAGCTGGTGTAC

R: CTGGCATTTGTTCCGGTTCT
FAS F: GCGGGTTCGTGAAACTGATAA

R: GCAAAATGGGCCTCCTTGATA
SCD1 F: TCTTCCTTATCATTGCCAACACCA

R: GCGTTGAGCACCAGAGTGTATCG
GAPDH F: GGGAAGCTTGTCATCAATGG

R: TGGACTCCACGACGTACTCA
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oups, one-way analysis of variance (ANOVA) 
was performed followed by Tukey’s post hoc 
test. For data involving two independent fac-
tors (e.g., diet and drug treatment), two-way 
ANOVA was applied followed by Sidak’s post 
hoc test. For the OGTT data, which were mea-
sured at multiple time points in the same ani-
mals, repeated measures two-way ANOVA was 
used. Differences were considered statistically 
significant at P < 0.05.

Results

TZP treatment reduces lipid accumulation in 
HepG2 cells stimulated by PA

TZP consists of 39 amino acids and contains a 
C18 fatty acid side chain, as shown in Figure 

1A. To evaluate the therapeutic potential of 
TZP in NAFLD, we conducted in vitro experi-
ments using PA-stimulated HepG2 cells. TZP 
treatment effectively ameliorated the PA- 
induced reduction in cell viability (Figure 1B). 
Furthermore, both TG and TC contents were 
decreased in PA-treated HepG2 cells follow- 
ing administration of different concentrations 
of TZP, with higher doses producing more pro-
nounced effects (Figure 1C and 1D). Oil Red O 
staining revealed a significant increase in the 
percentage of stained area in PA-stimulated 
cells, which was markedly attenuated by TZP 
treatment (Figure 1E). In addition, TZP treat-
ment effectively reversed PA-induced apopto-
sis (Figure 1F). These findings indicate that TZP 
has the potential to reduce lipid accumulation 
in HepG2 cells induced by PA stimulation.

Figure 1. TZP treatment reduces lipid accumulation in HepG2 cell stimulated by PA. A. The structure of TZP. B. Cell 
viability of HepG2 cells was assessed by CCK-8 assay after TZP treatment. C and D. Cell TG and TC content of HepG2 
cells were assessed by relative kits after TZP treatment. E. Cell Oil Red O staining of HepG2 cells after TZP treat-
ment. Scale bar = 50 μm. F. Cell apoptosis of HepG2 cells were assessed by flow cytometry after TZP treatment. *P 
< 0.05, **P < 0.01.



Tirzepatide alleviates NAFLD

9559	 Am J Transl Res 2025;17(12):9555-9565

The effect of TZP on lipid metabolism in 
NAFLD is mediated by the AMPK/NF-κB path-
way

Since the AMPK/NF-κB pathway may play a cru-
cial role in abnormal lipid metabolism in the 
liver, the effect of TZP for the AMPK/NF-κB 
pathway was investigated in vitro. TZP treat-
ment effectively reduced AMPK phosphoryla-
tion levels in PA-stimulated HepG2 cells, re- 
sulting in a significant increase in NF-κB phos-
phorylation (Figure 2A and 2B). Next, we in- 
vestigated whether TZP regulates lipid metabo-
lism by modulating the AMPK/NF-κB pathway. 
In PA-treated HepG2 cells, the lipid synthesis-
related markers SREBP1-1c, SCD1 and FAS 
expression was remarkably elevated, while  
TZP diminished both SREBP1-1c, SCD1 and 
FAS expression (Figure 2C-E). In addition, TZP 

increased levels of the PPARα in HepG2 treat- 
ed with PA (Figure 2F).

TZP mitigates liver injury in NAFLD mice fed 
HFDs

To examine the efficacy of TZP on NAFLD in 
vivo, mice were fed a HFD for 12 weeks. Based 
on HE and Oil red O staining results, we un- 
covered that the HFD mice exhibited improved 
lipid accumulation and hepatocyte swelling and 
necrosis after TZP treatment, which was con-
firmed by Oil red positive area and NAFLD Ac- 
tivity Score (Figure 3A and 3B). After 4 weeks of 
TZP treatment, the liver weight and liver-to-
body weight ratio were diminished in HDF mice 
(Figure 3C and 3D). Moreover, serum levels of 
AST and ALT in the HFD group were increased, 
while these levels were significantly reduced in 
the TZP treatment group (Figure 3E and 3F). 

Figure 2. The effect of TZP on lipid metabolism in NAFLD is mediated by the AMPK/NF-κB pathway. A and B. Cell 
p-AMPK and p-NF-κB levels of PA-induced HepG2 cells were assessed by western blot assay after TZP treatment. 
C-F. Cell SREBP1-1c, SCD1, FAS and PPARα levels of PA-induced HepG2 cells were assessed by qRT-PCR assay after 
TZP treatment. **P < 0.01.
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TZP alleviates dyslipidemia and insulin resis-
tance in NAFLD mice fed HFDs 

We further examined the concentrations of TG, 
TC, LDL-C, HDL-C, and FFA to analyze the ef- 
fects of TZP on serum lipid profiles in mice 
across experimental groups. Relative to the 
NCD group, mice fed a HFD exhibited markedly 
abnormal lipid parameters, consistent with the 
induction of hyperlipidemia. On the contrary, 
TZP treatment effectively diminished TG, TC, 
LDL-C, and FFA content, while increasing HDL-C 
content compared with the mice fed a HFD 
(Figure 4A-E). Next, the serum glucose, FBG, 
fasting insulin levels, and HOMA-IR index were 
evaluated to assess insulin resistance. The 
TZP-treated group demonstrated significantly 
lower FBG and HOMA-IR values relative to the 
HFD group, with levels approaching those ob- 
served in the NCD group (Figure 4F-I). The data 
displayed that TZP administration exerts hypo-
glycemic effects and improves glucose toler-
ance in mice.

TZP mitigates liver inflammation, fibrosis and 
oxidative stress in NAFLD mice fed HFDs

Although the inflammatory factor content of 
TNF-α and IL-6 was increased in livers, induced 
by HFD, TZP treatment could reverse the HFD-
mediated promoting effects (Figure 5A and 
5B). With the continued consumption of a HFD, 
mice with NAFLD not only exhibit liver inflam-
matory damage but also developed fibrosis. 
Compared to those of NCD mice, higher fibro-
sis-related markers Col1a1, Col3a1, and Acta2 
levels were observed in HFD fed mice, which 
were visibly reversed in the liver after TZP treat-
ment (Figure 5C). Moreover, oxidative stress 
examination indicated that TZP treatment facili-
tated SOD and GSH secretion, and suppressed 
MDA in HFD mice (Figure 5D-F).

TZP reduces NAFLD in mice fed HFDs by inhib-
iting the AMPK/NF-κB pathway

We further examined whether TZP critically con-
tributed to HFD-induced abnormal lipid metab-

Figure 3. TZP mitigates liver injury in mice with HFD-induced NAFLD mice. A and B. Detection of liver weight and 
liver/body weight ratio (%). Scale bar = 50 μm. C. HE staining of mouse liver tissue and calculation of NAFLD activ-
ity Score (n = 7). D. Oil red O staining of mouse liver tissue and calculation of oil red positive area (n = 7). E and F. 
Serum contents of AST and ALT in mice (n = 7). **P < 0.05.
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Figure 4. TZP alleviates dyslipidemia and insulin resistance in NAFLD mice with HFD. A-E. Detection of serum TG, TC, 
LDL-C, FFA and HDL-C levels in mice after TZP treatment (n = 7). F-I. Detection of serum glucose, FBG, fasting insulin 
levels, and HOMA-IR index in mice after TZP treatment (n = 7). *P < 0.05, **P < 0.01.

olism via the AMPK/NF-κB pathway in mice. 
The results depicted that the inhibitory effects 
of a HFD on p-AMPK and the promoting impact 
of a HFD on p-NF-κB vanished in TZP-treated 
mice with NAFLD (Figure 6A-C). Moreover, a 
similar inhibitory effects of TZP on SREBP1-1c 
and FAS protein levels were observed in NAFLD 
mice (Figure 6D-F), suggesting TZP is involved 
in the inhibition of lipid synthesis by signaling in 
the AMPK/NF-κB pathway.

Discussion

The present study demonstrates that TZP treat-
ment effectively ameliorates hepatic steatosis 
and improves metabolic parameters in both 
PA-induced HepG2 cells and HFD-induced NA- 
FLD mice. These beneficial effects are likely 
mediated through the modulation of the AMPK/
NF-κB signaling pathway, resulting in enhanc- 
ed lipid metabolism, reduced inflammation and 

oxidative stress, and improved insulin sensi- 
tivity.

The compound TZP has garnered considerable 
research interest due to its recurrent associa-
tion with various metabolic disorders. Empiri- 
cal data consistently demonstrate its efficacy 
in suppressing key lipid markers, namely cho-
lesterol and triglycerides, thereby offering a 
potential therapeutic strategy to ameliorate 
these dysregulated metabolic patterns [14]. 
After long-term injection of TZP into the brain 
ventricles of mice, the ratio of white and brown 
adipose tissue changed, accompanied by a sig-
nificant increase in lipid metabolism rate [15]. 
An increasing number of studies are linking TZP 
to liver-related diseases, encompassing condi-
tions ranging from MASH and liver fibrosis to 
hepatocellular carcinoma [16]. Mice with me- 
tabolic dysfunction-associated fatty liver dis-
ease improved liver injury by reducing fatty acid 
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Figure 5. TZP mitigates liver inflammation, fibrosis and oxidative stress in NAFLD mice with HFD. A and B. Detection 
of TNF-α and IL-6 contents in mice after TZP treatment (n = 7). C. Detection of Col1a1, Col3a1, and Acta2 mRNA 
levels in mice after TZP treatment. D-F. Detection of SOD, GSH and MDA contents in mice after TZP treatment (n = 
7). **P < 0.01.

Figure 6. TZP reduces NAFLD in mice with HFD by inhibiting the AMPK/NF-κB pathway. A-C. Liver p-AMPK and p-NF-
κB levels of mice were assessed by western blotting after TZP treatment (n = 7). D-F. Liver SREBP1-1c and FAS levels 
of mice were assessed by western blotting after TZP treatment (n = 7). **P < 0.01.

uptake and promoting cholesterol efflux th- 
rough TZP administration [17]. Given all these 

cumulative findings from the aforementioned 
literature, the present work used TZP to investi-
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gate its functional role within the context of 
HFD-induced NAFLD. In HepG2 cells, TZP expo-
sure markedly improved overall cell viability 
and clearly reduced intracellular lipid buildup. 
Meanwhile, administering TZP markedly atten-
uated hepatic steatosis, ballooning, and necro-
sis in the HFD-induced NAFLD mouse model,  
as confirmed by detailed tissue analysis, corre-
sponding drops in key liver injury markers (ALT, 
AST), improvements in dyslipidemia parame-
ters (TG, TC, LDL-C), and better readings on 
blood glucose metrics (FBG, insulin). Our find-
ings that TZP alleviates hepatic steatosis, dys-
lipidemia, and insulin resistance in HFD-fed 
mice are consistent with the known metabo- 
lic benefits of this dual agonist. For instance, 
Hartman et al. demonstrated in a clinical set-
ting that TZP administration led to significant 
reductions in biomarkers associated with non-
alcoholic steatohepatitis (NASH) and liver fibro-
sis in patients with type 2 diabetes [12].

AMPK is a central regulator of cellular energy 
homeostasis and is a major player in how lipids 
are metabolized, where its activation sets off a 
couple of key downstream pathways. It catalyz-
es and promotes the actual breakdown of lip-
ids, such as fatty acid beta oxidation, while on 
the other hand, it actively inhibits lipid synthe-
sis, just like the entire de novo lipid synthesis 
process [18]. When AMPK is activated in the 
liver, the result is fatty acid oxidation, while glu-
cose, fat, and protein synthesis are generally 
inhibited [19]. Previous studies have shown 
that activating AMPK can effectively limit tri-
glyceride accumulation and oxidative stress 
burden in rats fed HFD [20, 21]. Enhancing 
AMPK phosphorylation accelerates triglyceri- 
de metabolism and reduces oxidative stress, 
thereby helping to improve fatty degeneration 
of liver [22]. Here, we observed that TZP-me- 
diated reduction in p-AMPK was accompanied 
by downregulation of SREBP1-1c, SCD1, FAS, 
MDA, and concurrent upregulation of PPARα, 
SOD and GSH, which enhances fatty acid β- 
oxidation. Indeed, NF-κB has been implicated 
in hepatic steatosis in NAFLD through modula-
tion of inflammation [23]. Inflammatory cyto-
kines promote peripheral lipolysis, hepatic ste-
atosis, inflammation, necrosis, and apoptosis, 
leading to the development of NAFLD [24]. Ac- 
cumulating research has revealed that the reg-
ulation of the AMPK/NF-κB signaling pathway  
is a key mechanism in NAFLD [22, 25-27]. For 

example, Cai et al. reported that p-synephrine 
ameliorated NAFLD by regulating the liver-adi-
pose axis via the AMPK/NF-κB pathway, simi-
larly resulting in the downregulation of SREBP-
1c and FAS [22]. Moreover, Ma et al. found th- 
at TZP mitigates the harmful effects of a HFD 
by suppressing oxidative stress and inflamma-
tion [28]. Here, TZP increased p-AMPK and 
decreased p-NF-κB, leading to of lipogenic pro-
teins SREBP-1c and FAS downregulation. This 
pathway is central to the regulation of lipid me- 
tabolism, inflammation, and oxidative stress in 
NAFLD. The activation of AMPK promotes fa- 
tty acid oxidation and suppresses lipogenesis, 
while the inhibition of NF-κB reduces inflamma-
tory cytokine production and oxidative stress 
markers. The consistent inhibitory impact of 
TZP on the AMPK/NF-κB pathway across both 
cellular and animal models underscores its 
mechanism of action. Our research findings 
extend these findings by identifying the clini-
cally approved drug TZP as a potent activator of 
this beneficial pathway. In addition, although 
GLP-1 receptor agonists such as liraglutide 
have also been shown to activate AMPK in the 
liver [29], the dual GIP/GLP-1 receptor activa-
tion of TZPs may lead to more effective or syn-
ergistic activation, which can explain their sig-
nificant efficacy in our model and clinical trials 
of weight loss and blood glucose control [8]. 

Notwithstanding the promising findings of this 
study, a significant limitation must be acknowl-
edged. Although the AMPK/NF-κB pathway was 
identified as a key mechanistic mediator, the 
precise molecular mechanisms through which 
TZP activates AMPK have not been determined 
and thus remain a critical area for future in- 
vestigation. Future studies should employ tar-
geted experimental approaches, such as AMPK 
knockout models and specific pharmacologi- 
cal modulators (agonists and antagonists), to 
establish a definitive causal link between AMPK 
activation and the pharmacological effects of 
TZP. 

In conclusion, TZP exhibits multi-faceted pro-
tective effects against NAFLD by modulating 
lipid metabolism, reducing inflammation and 
oxidative stress, and improving insulin sensitiv-
ity, largely through the AMPK/NF-κB pathway. 
These findings highlight the therapeutic poten-
tial of TZP acting as a candidate for NAFLD 
treatment. Future studies should focus on elu-
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cidating its precise molecular targets and eval-
uating its long-term efficacy and safety in pre-
clinical and clinical settings.
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