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Abstract Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most common

chronic liver disease, posing public health risks from potential irreversible liver damage. Curcumin

(Cur), a polyphenolic compound from Zingiberaceae and Araceae, exhibits antihyperlipidemic and

insulin-sensitizing effects. However, its targets and mechanisms in MASLD remain unclear. This study

aimed to identify the potential targets and mechanisms by which Cur ameliorates MASLD. Cur markedly

improved metabolic disorders and inflammation in rats and reduced intracellular lipid accumulation in

HepG2 cells, primary hepatocytes, and AML12 cells. TKFC was identified as a direct target of Cur which

binds to TKFC at Val136 and Glu538, thereby activating it. Gene microarray screening showed that Cur

*Corresponding authors.

E-mail addresses: ligen0725@163.com (Gen Li), kangndd@163.com (Ning Kang), fengqiu20070118@163.com (Feng Qiu).
†These authors made equal contributions to this work.

Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2026.01.038

2211-3835 ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsev ie r.com/ loca te /apsb
www.sc iencedirec t . com

Acta Pharmaceutica Sinica B 2026;16(5):3026—3042



profiling;

Triacylglycerol

down-regulated the mRNA expression of Gpat3. TKFC knockdown attenuated the down-regulation of

GPAT3 by Cur, whereas TKFC overexpression reversed this effect. In Tkfc-deficient mice, the therapeutic

effects of Cur were attenuated and the down-regulation of GPAT3 and related proteins was hindered,

thereby promoting triglyceride production in the liver. Further mechanistic studies revealed that Cur tar-

gets TKFC to inhibit GPAT3 expression by modulating the AMPK—STAT3 axis. Our study highlights

TKFC as a novel and promising target for MASLD and offers new insights into the molecular mecha-

nisms through which Cur ameliorates MASLD.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is now redefined as

metabolic dysfunction-associated steatotic liver disease

(MASLD), and is associated with obesity, insulin resistance, and

dyslipidemia1. MASLD encompasses a range of conditions

marked by substantial lipid accumulation in the liver without

significant alcohol intake, spanning from the milder non-alcoholic

fatty liver to the more serious non-alcoholic steatohepatitis2,3.

Although simple hepatic steatosis is often considered a benign

condition, its association with liver fibrosis can progress to

cirrhosis and even hepatocellular carcinoma. Current studies

indicate that the precise mechanisms underlying the progression of

MASLD and its associated complications remain incompletely

understood4. In 2024, the U.S. Food and Drug Administration

approved Resmetirom as the first therapeutic agent for non-

alcoholic steatohepatitis, but its clinical application remains

associated with certain adverse effects5. Therefore, the develop-

ment of safe and effective intervention strategies is crucial to

prevent the malignant progression of MASLD. Carbohydrates and

lipids are crucial for energy and cellular functions, with their

metabolism precisely regulated by enzymes and receptors to

maintain homeostasis; however, prolonged unhealthy dietary

habits can disrupt this balance, potentially leading to various

metabolic diseases6,7. Therefore, restoring and improving impaired

metabolic function is considered an effective approach to alleviating

MASLD. Lipid metabolic disorders affect several crucial organ

systems, particularly the liver, which is not only one of the major

insulin-responsive organs, but is also closely associated with lipid

accumulation8,9. Current therapeutic strategies mainly target well-

known metabolic regulators, such as proprotein convertase subtili-

sin/kexin type 9 and peroxisome proliferator-activated receptors,

but their clinical application is often limited by adverse effects10.

This highlights the need to explore novel, mechanistically distinct

targets for safer and more effective metabolic regulation.

The triokinase/FMN cyclase (TKFC ) gene encodes a bifunctional

homodimeric enzyme with triokinase and flavin mononucleotide

cyclase activities, consisting of K and L domains. The K domain

contains two α/ß-folds, and the L domain forms an eight-helix

α-barrel. The homodimer adopts an elongated structure

(L2—K1—K2—L1). Active sites lie between K1—L2 and K2—L1,

where dihydroxyacetone binds K and ATP binds L. Kinase activity

requires intact homodimers, while cyclase activity can occur with a

truncated single-domain subunit. Triokinase catalyzes the ATP-

dependent phosphorylation of D-glyceraldehyde (GA) and dihy-

droxyacetone, crucial for the final step in the classical HERS pathway

of fructose metabolism. Additionally, the cyclizing lyase activity of

TKFC could split flavin adenine dinucleotide (FAD) into adenosine

monophosphate (AMP) and riboflavin cyclic-4′,5′-phosphate11. In

the fructose metabolic pathway, fructose-1-phosphate was cleaved by

aldolase B into GA and dihydroxyacetone phosphate12. Dihydroxy-

acetone phosphate easily integrates into the glycolytic triose

phosphate pool without further metabolism, while GA is phosphor-

ylated by TKFC to glyceraldehyde-3-phosphate and subsequently

enters glycolysis13,14, concluding the final step of fructose breakdown.

Jang et al.15 revealed that TKFC activity might restrict fructose

breakdown in certain contexts. In a study by Liu14, triokinase was

considered a metabolic switch that effectively controls lipid

synthesis, and triokinase knockout mice exhibited liver inflammation

and fructose malabsorption on a high-fructose diet. Analysis of

mouse liver proteomic profiles revealed a potential correlation be-

tween high TKFC expression and consumption of a high-fat diet16.

Despite its pivotal role, research on TKFC remains limited, partly

because of the absence of recognized clinical conditions correlated

with mutations.

The formation of triacylglycerol (TAG) is an essential meta-

bolic process for storing and utilizing energy17. This process in-

volves the action of glycerol-3-phosphate acyltransferases

(GPATs), which initiate the formation of TAG and glycer-

ophospholipids from glycerol-3-phosphate (G3P)18. Currently,

four mammalian subtypes of GPATs have been identified: GPAT1

to GPAT4. GPAT1 and GPAT2 are situated in the outer mito-

chondrial membrane, while GPAT3 and GPAT4 are found in the

endoplasmic reticulum (ER)19,20. GPATs convert G3P and fatty

acyl-CoA into lysophosphatidic acid, which is then transformed

into phosphatidic acid by 1-acylglycerol-3-phosphate acyl-

transferase (AGPAT) using fatty acyl-CoA. Finally, phosphatidic

acid phosphohydrolase, also referred to as lipin, facilitates the

conversion of phosphatidic acid to diacylglycerol (DAG)21. Ulti-

mately, DAG combines with fatty acyl-CoA to form TAG via

diacylglycerol acyltransferase (DGAT) catalyzes22. GPAT3 ex-

hibits predominant expression in tissues characterized by active

lipid metabolism. GPAT3 overexpression leads to increased TAG

synthesis23,24. Thus, GPAT3 could be regarded as a target for

managing diseases related to lipid metabolism disorders.

Curcumin (Cur), a diarylheptanoid compound, is present in a

variety of traditional Chinese medicines, such as turmeric (Cur-

cuma longa L.), Yu Jin (Curcuma wenyujin Y. H. Chen et C.

Ling), and E Zhu (Curcuma kwangsiensis S. G. Lee et C. F.

Liang). Owing to its excellent safety, Cur is widely utilized in the

food and pharmaceutical industries. In recent years, Cur has

gained prominence as one of the “star drugs” due to its diverse

biological activities, which include antidiabetic25, hypolipi-

demic26, anti-inflammatory27, antioxidant28, and hepatoprotective

effects29. Orally administered Cur effectively penetrates liver tis-

sues30, reaching peak levels 2 h after administration31. Given the
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liver’s pivotal role as the “central organ” in lipid metabolism, this

accumulation may underpin Cur’s efficacy. Previous studies show

that Cur could reduce fatty acid synthesis and increase their

oxidation by inhibiting acetyl-CoA carboxylase and fatty acid

synthase, or activating 5′-AMP-activated protein kinase (AMPK)

and peroxisome proliferator-activated receptors32,33. Multiple

meta-analyses have also confirmed the potential benefits of Cur in

patients with MASLD34,35. However, it remains unclear which

direct target of Cur on the regulation of lipid metabolism to

improve MASLD, necessitating further investigation.

In conclusion, the present study integrated transcriptomic and

chemical proteomic approaches to systematically screen and

identify the direct molecular targets of Cur, with a particular focus

on TKFC and its downstream effector GPAT3 in lipid metabolism

regulation. Our findings reveal that Cur ameliorates MASLD

through the TKFC—GPAT3 axis and suggest that TKFC may serve

as a potential pharmacological target of Cur in the treatment of

lipid metabolism-related diseases, thereby providing a theoretical

basis for the development of novel metabolic interventions.

2. Materials and methods

2.1. Reagents

Cur (purity ≥98%) was from Shanghai Macklin Biochemical Co.,

Ltd. (Shanghai, China). Protease Inhibitor Cocktail purchased

from MedChemExpress (NJ, USA). Total cholesterol (TC), tri-

glyceride (TG), low-density lipoprotein cholesterol (LDL-C),

high-density lipoprotein cholesterol (HDL-C), aspartate amino-

transferase (AST), alanine transaminase (ALT), nonesterified free

fatty acids (NEFA) assay commercially kits obtained from Nanj-

ing Jiancheng Bioengineering Institute (Nanjing, China). Mouse

or rat insulin (INS), interleukin (IL)-6 and glucagon-like peptide

(GLP)-1 ELISA kits purchased from Cusabio (Wuhan, China).

Nitric oxide (NO) assay commercially kits obtained from Beyo-

time (Shanghai, China). The antibodies for p-AMPK (Thr 172),

signal transducer and activator of transcription 3 (STAT3), p-

STAT3 were purchased from Cell Signaling Technology (Beverly,

MA). The antibodies for DGAT1, AMPK, GPAT3, TKFC, and ß-

actin were from Proteintech (Wuhan, China). The antibodies for

Lipin1, AGPAT1 were from ABclonal (Wuhan, China).

2.2. Cell culture, modeling, and treatment

Human hepatoma HepG2 cells and normal mouse hepatocyte cell

line AML12 cells were cultured, serum-starved for 6 h, and treated

with 0.5 mmol/L oleic acid (OA) to induce lipid accumulation36,

followed by different concentrations of Cur treatment for 24 h.

Primary hepatocytes were isolated from the livers of 8-week-old

male C57BL/6 mice, with cell viability assessed by trypan blue

exclusion, yielding a viability rate of 92.17%. The cells were

treated with OA to induce lipid accumulation and exposed to

varying concentrations of Cur treatment. Cell viability was

assessed with the MTT assay, and intracellular TG content was

measured using a commercial assay kit.

2.3. Oil Red O staining and boron-dipyrromethene (BODIPY)

staining

HepG2 cells were fixed and stained with 0.5% oil Red O in iso-

propanol solution (3:2, v/v, Sigma—Aldrich, MO, USA),

differentiated in 75% ethanol for 2 min, and finally rinsed thrice

with 100 μL of distilled water before imaging. The lipid droplet

area was quantified using the ImageJ software. HepG2 cells were

incubated with phosphate buffer saline (PBS) buffer (including

5 μmol/L BODIPY and Hoechst 33342 fluorescent dyes) in 96-

well plates with opaque side walls and clear bottoms for

30 min. Fluorescence intensity was analyzed using high-content

analysis (Cytiva, NY, USA).

2.4. Animals and treatment

Zucker diabetic fatty (ZDF) rats, obtained from Beijing Vital

River Laboratory Animal Technology Co., Ltd., were acclimatized

to a controlled environment with 12-h light-dark cycles at a

constant temperature of 24 ± 2 ◦C. ZDF (fa/+) rats were fed a

normal diet, while ZDF (fa/fa) rats were fed a high-fat diet (HFD).

The animals were subsequently divided into six groups: CON

(ZDF fa/+, control), MOD (ZDF fa/fa, model), MET (100 mg/kg/

day metformin, positive control), Cur-L (curcumin low dose

25 mg/kg/day), Cur-M (curcumin middle dose 50 mg/kg/day), and

Cur-H (curcumin high dose 100 mg/kg/day). Each group consisted

of eight rats. The oral gavage treatment lasted for four weeks, with

weekly recordings of body weight and physiological parameters.

Tissue samples were obtained for mRNA and protein determina-

tion. Blood samples from all rats were collected from the

abdominal aorta for biochemical analyses.

2.5. Biochemistry indexes

Serum TC, TG, LDL-C, HDL-C, AST, ALT, NEFA, IL-6, NO,

GLP-1, and INS levels were measured using commercially

available kits according to the protocols provided. For the liver TG

and TC measurements, tissue extracts were prepared by homog-

enizing liver tissue in absolute alcohol. The intraperitoneal

glucose tolerance test was performed after a 16 h fast using a

blood glucose meter (Yuwell, Yancheng, China).

2.6. Cur probe (Cur-P) chemical synthesis

Cur (501 mg, 1.36 mmol/L) was reacted with 3-bromo-1-propyne

(162 mg, 1.37 mmol/L) and potassium carbonate (190 mg,

1.37 mmol/L) in 3 mL of dimethylformamide for 48 h under inert

gas. The reaction completion was monitored by thin-layer chro-

matography, followed by quenching with water. Extraction was

performed using 10 mL of dichloromethane and removal of re-

sidual dimethylformamide was achieved with a saturated sodium

chloride solution. The filtrate was concentrated under vacuum to

yield a pale-yellow solid. The product was purified using high-

performance liquid chromatography (84 mg, 15.1%). MS spec-

trum and nuclear magnetic resonance (NMR) spectrum of Cur-P

showed in Supporting Information Fig. S1. 1H NMR (600 MHz,

CDCl3) δ: 7.58 (2H, d, J � 15.5 Hz, H-7, H-13), 7.13 (1H, d,

J � 8.8 Hz, H-19), 7.11 (1H, d, J � 8.7 Hz, H-5), 7.08 (1H, s,

H-15), 7.04 (1H, s, H-3), 7.03 (1H, d, J � 8.4 Hz, H-18), 6.93

(1H, d, J � 8.1 Hz, H-6), 6.48 (2H, t, J � 15.1 Hz, H-8, H-12),

5.80 (1H, s, H-10), 4.80 (2H, s, H-3′), 3.93 (3H, s, OCH3), 3.92

(3H, s, OCH3), 2.54 (1H, s, H-1′); 13C NMR (150 MHz, CDCl3) δ:

181.62 (C-11), 180.76 (C-9), 147.70 (C-17), 146.58 (C-1), 145.87

(C-18), 144.76 (C-6), 138.68 (C-13), 138.02 (C-5), 127.19 (C-4),

125.57 (C-14), 120.87 (C-12), 120.47 (C-8), 119.98 (C-3), 119.69

(C-15), 112.80 (C-16), 111.71 (C-2), 108.35 (C-5), 107.61 (C-19),

99.28 (C-10), 75.99 (C-2′), 74.19 (C-1′), 54.57 (C-3′), 53.90 and
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53.89 (C-21/C-20); HR-ESI-MS m/z: 407.1516[M+H]+ (calcd.

for 407.1495, C24H23O6).

2.7. Click chemistry-activity-based protein profiling (CC-ABPP)

OA-treated HepG2 cell lysates were incubated with dimethyl

sulfoxide (DMSO), 10 μmol/L Cur-P, and 10 μmol/L Cur-P plus

Cur for 4 h, respectively. A click chemistry reaction cocktail

[10 mmol/L biotin azide, 100 mmol/L tris (benzyltriazolylmethyl)

amine, 1 mmol/L tris(2-carboxyethyl) phosphine, and 1 mmol/L

CuSO4] was added and incubated for 2 h with gentle mixing in the

dark, followed by protein precipitation with pre-chilled acetone

for 6 h (− 20 ◦C). The harvested proteins were centrifuged,

acetone dried, dissolved in PBS with 1.2% sodium dodecyl

sulfate.

The samples were pulled down using streptavidin-conjugated

beads (Affimag Polystyrene Microspheres Streptavidin) for 4 h,

washed with PBS, and separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), followed by

silver staining. The samples were isolated, trypsin-digested, and

identified using liquid chromatography—tandem mass spectrom-

etry (LC—MS/MS) on a Q Exactive mass spectrometer. The

MASCOT engine integrated into the Proteome Discoverer 1.4

software was used to search raw data for identification and

quantification analysis.

2.8. Western blot analysis

Tissues or cells were lysed with RIPA lysis buffer containing

1 mmol/L protease inhibitor cocktail. The lysates were centrifuged

and the concentration was adjusted to 2 mg/mL. The lysates were

separated on 6%—15% SDS-PAGE and immunoblotted using the

standard protocol37,38.

2.9. Cellular thermal shift assay (CETSA)

The CETSA was performed according to previously established

protocols39—41. Cells were collected and lysed. Subsequently, the

lysates were partitioned into two aliquots: one subjected to Cur

treatment, while the other served as the control (DMSO). These

samples were individually subjected to a 3 min heat treatment at

various temperatures (40—67 ◦C), followed by cooling, and then

analyzed using Western blotting.

2.10. Drug affinity responsive target stability assay42,43

Total protein from HepG2 cells was extracted and diluted, then

treated with Cur or DMSO (control). Pronase was added at various

concentrations and incubated for 30 min. Samples were analyzed

by Western blotting with an anti-TFKC antibody.

2.11. Bio-layer interferometry assay

Recombinant human (rh) TKFC was biotinylated and desalted to

remove the unbound biotin. Subsequently, the biotinylated

rhTKFC was specifically captured and diluted to a total volume of

400 μL using PBS, employing Super Streptavidin Biosensors

(Sartorius, Goettingen, Germany), and immobilized for 1200 s.

Upon reaching a signal of 4.5 nm, it was exposed to different

concentrations of Cur. The Octet� R8 Protein Analysis System

(Sartorius, Goettingen, Germany) was utilized to measure binding

and dissociation rates, enabling the calculation of the protein-

small molecule affinity.

2.12. Determination of the Cur-binding site on TKFC

rhTKFC was incubated with Cur overnight at 4 ◦C, then treated

with a tris(2-carboxyethyl) phosphine solution at 60 ◦C for 1 h for

reduction. Following this, it was reacted with methyl methyl-

sulfinylmethyl sulfide solution for 45 min. After ultrafiltration and

centrifugation, the sample was treated with an 8 mol/L urea so-

lution, washed with 0.25 mol/L tetraethylammonium bromide, and

centrifuged. Finally, the filtrate was collected after centrifugation

and dried under low-temperature vacuum. Peptide segments were

prepared in a solution of 0.1% formic acid and 2% acetonitrile for

mass spectrometry analysis. Mass spectrometric data were

analyzed using the MASCOT search engine.

2.13. Molecular docking

AutoDock Vina (version 1.1.2) was used for semi-flexible dock-

ing, with TKFC as the receptor and Cur as the ligand. Protein

structures were obtained from AlphaFold, and Cur structures were

obtained from PubChem (CID: 969,516). PyMOL software

(version 4.3.0) was used for ligand—protein separation, dehydra-

tion, and organic compound removal. AutoDockTools (http://

mgltools.scripps.edu/downloads) was used to prepare the protein

and ligand structures for docking by hydrogenation, charge

checking, and grid box construction. PyMol and Discovery Studio

software facilitated the visualization and analysis.

2.14. Cell transfection

HepG2 cells were serum-starved and transfected with GPAT3 or

TKFC siRNA using Lipofectamine� 2000 transfection reagent for

6 h. Then, the transfected cells were treated with Cur. The siRNA

sequences are listed in Supporting Information Table S1.

2.15. Construction of plasmids and amino acid mutants

Transfection was carried out at 70%—80% confluence of the

HepG2 cells using the GPAT3-plasmid vector (pIRES2-CMV-

GPAT3-IRES2-EGFP) or the human TKFC-plasmid vector. The

site-directed mutant TKFC (Val136Ala or Glu538Ala) was cloned

into the GV657 vector. The plasmids were constructed using

GeneChem (Shanghai, China). The overexpression was performed

for 8 h according to the protocol of Lipofectamine� 2000 before

the modeling and Cur treatment.

2.16. Adeno-associated virus (AAV) knockdown

The AAV Helper-Free System was used for the knockdown of

TKFC in mice liver. The AAV8 vector was generated by co-

transfecting three plasmids, including GV687, pAAV-RC, and

pHelper in AAV-293 cells and purified via CsCl density gradient

centrifugation and ultrafiltration. The constructed vector consisted

of the following elements in sequence: CMV promoter-EGFP-

MIR155 (mTKFC )-WPRE-SV40 polyA. C57BL/6 mice were

fed high-fat diets (D12492, SPF (Beijing) Biotechnology Co.,

Ltd.) for 4 weeks to induce lipid metabolism disorder. The AAV

particles (1.896 × 1011 v.g) were tail-vein injected into C57BL/6

mice. Subsequently, C57BL/6 mice were treated with Cur orally

for 4 weeks. At the end of the experiment, the mice were
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sacrificed, and the serum biochemical indicators and the expres-

sion of key genes and proteins were detected.

2.17. RNA-array

Liver samples were analyzed using an Agilent SurePrint G3 Rat

Gene Expression microarray (8 × 60 K, Design ID: 0711,036).

Total RNA was extracted, labeled, hybridized, and washed ac-

cording to the manufacturer’s protocol (n � 5). Microarray data

were analyzed using Feature Extraction (version 10.7.1.1, Agilent

Technologies) and Genespring (version 13.1, Agilent

Technologies).

2.18. RT-qPCR

Liver RNA was extracted and reverse-transcribed to cDNA using

an RNA extraction kit (Tiangen, Beijing, China) and a

PrimeScript™ RT reagent Kit (Takara, Tokyo, Japan), followed by

RT-qPCR using SYBR Green Master Mix (MedChemExpress, NJ,

USA), with results calculated via the 2—ΔΔCt method using ß-actin

as a control, and primer sequences detailed in Supporting Infor-

mation Table S2.

2.19. Kinase activity assay

TKFC enzymatic activity was assessed using the Kinase-Lumi™
Luminescent Kinase Assay Kit (Beyotime, Shanghai, China). The

active reaction system of TKFC was prepared as follows:

50 mmol/L Tris-HCl solution, 10 mmol/L D,L-glyceraldehyde,

0.2 mmol/L ATP, and 0.125 μg human recombinant TKFC pro-

tein or 10 μL cell lysate (with 5 mg/mL protein concentration).

The reaction was conducted at 25 ◦C for 10 min, and measure-

ments were taken within 20 min following the manufacturer’s

guidelines. Enzyme activity was quantified by the reduction in

ATP per minute.

2.20. Ethics statement

All experiments involving animals were conducted according to

the ethical policies and procedures approved by the Institutional

Animal Care and Use Committee of the Tianjin International Joint

Academy of Biomedicine (Approval No. TCM-

LAEC2023188z1526).

2.21. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.5. The

results were considered significant at P < 0.05. Data are shown as

mean ± standard error of the mean (SEM) and were compared

using one-way analysis of variance (ANOVA).

3. Results

3.1. Cur ameliorates metabolic disorders in MASLD cells and

rats

In OA-treated HepG2, primary hepatocyte, and AML12 cells, Cur

showed no obvious toxicity to cell growth when the concentration

was below 10 μmol/L (Supporting Information Fig. S2A). Cur

treatment significantly reduced intracellular TG levels in a dose-

dependent manner (Fig. 1A). Meanwhile, BODIPY and oil Red

O staining also demonstrated that Cur could significantly improve

cellular lipid accumulation caused by OA (Fig. 1B and C,

Fig. S2B-S2E).

ZDF rats were used to establish a MASLD model to confirm

the beneficial effects of Cur on the lipid metabolism disorder. We

observed that Cur improved the pathological condition with

increased diet, water, and excretion (Supporting Information

Fig. S3A). Meanwhile, Cur reduced the levels of TC, TG, LDL-

C, and NEFA in the serum of the model group (Fig. 1D). H&E

staining revealed healthy liver tissue in the CON group, with an

intact hepatic structure and orderly hepatic cords around the

central vein. In the MOD group, hepatic tissue integrity was dis-

rupted, with disordered hepatic cords and vacuolar changes in

some cells, indicating hepatocyte steatosis. In the Cur-treated

groups, lipid vacuoles were reduced, and the disrupted hepatic

tissue structure showed partial recovery (Fig. 1E). These findings

indicate that Cur effectively alleviates liver lipid accumulation.

Furthermore, the hepatic index demonstrated a dose-dependent

decrease (Fig. 1F), with a notable reduction in liver TG levels

observed at higher doses of Cur (Fig. S3B). Cur observably

reduced the ALT/AST ratio compared with that in MOD (Fig. 1G),

suggesting its potential hepatoprotective effect. Metabolic disor-

ders often involve increased inflammation, as indicated by the

elevated NO and IL-6 levels in the MOD group. Unlike metfor-

min, Cur effectively reduced the serum NO and IL-6 levels

(Fig. 1H). Notably, fasting blood glucose (FBG) levels signifi-

cantly decreased during administration, accompanied by a marked

reduction in homeostatic model assessment of insulin resistance

(Fig. S3C) and an increase in GLP-1 content (Fig. S3D). In

addition, Cur also improved the abnormal relative kidney and

heart weights (Fig. S3E). These results indicated that Cur could

significantly improve metabolic disorders both in vivo and in vitro.

3.2. Cur down-regulates Gpat3 expression to ameliorate lipid

metabolic disorders

In ZDF rats, the RNA array analysis revealed a significant alter-

ation in 357 genes in the MOD group compared to the CON

group, with 134 genes being up-regulated and 223 genes being

down-regulated. In the Cur-H group, there was a significant

modulation of 852 differentially expressed genes compared to the

MOD group, with 544 genes up-regulated and 308 genes

Figure 1 Curcumin ameliorates metabolic disorders in both cells and rats with metabolic dysfunction-associated steatotic liver disease. (A) TG

content determination in OA-treated HepG2, AML12 and primary hepatocyte cells (n � 3). (B) Oil Red O staining in OA-treated HepG2 and

primary hepatocyte cells (n � 3). (C) BODIPY staining in OA-treated HepG2 and primary hepatocyte cells (n � 3). (D) Effects of Cur on blood

lipid levels in rats (n � 8). (E) Hepatic histopathology (n � 3). (F) Relative liver weight in rats (n � 8). (G) Determination of the ALT/AST ratio

(n � 8). (H) Determination of NO and IL-6 levels (n � 8). Data are shown as mean ± SEM and compared using one-way ANOVA. *P < 0.05,

**P < 0.01, ***P < 0.001. ns: not significant.
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Figure 2 Curcumin improved lipid metabolic disorders by regulating the expression of GPAT3. (A) Statistics of differentially expressed genes

in Venn diagram in ZDF rats (n � 5). (B) KEGG pathway enrichment analysis of differentially expressed genes (n � 5). (C) Cluster analysis of

differentially expressed genes. Red represents up-regulation, blue represents down-regulation, and the intensity of color indicates the degree of up-
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down-regulated (Fig. 2A). The intersection of differentially

expressed genes in each group was used for Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway enrichment analysis.

Notably, the primary signaling pathways influenced by Cur were

found to be AMPK and insulin signaling pathways (Fig. 2B).

Heatmap clustering analysis indicated noticeable differences in

gene expression between each group with relatively good intra-

group variation (Fig. 2C). The volcano plot was used to describe

or down-regulation (n � 5). (D) Volcano plot analyzed fold change of differential genes in ZDF rats (n � 5). (E) GSEA enrichment plot for the

triglyceride metabolic process gene set. (F) GPAT3 mRNA expression in liver tissue from the public dataset. (G) Effect of Cur on Gpat3 mRNA in

the liver of ZDF rats (n � 5). (H) Effect of Cur on GPAT3 protein expression in OA-treated HepG2 cells (n � 3). (I) Effect of Cur on GPAT3 and

AMPK protein expression in the liver of ZDF rats (n � 3). Data are shown as mean ± SEM and were compared using one-way ANOVA.

*P < 0.05, ***P < 0.001.

Figure 3 Direct target identification of curcumin. (A) Synthesis of the Cur probe. (B) MTT was used to measure the effect of the Cur-P on cell

viability (n � 4). (C) The effect of Cur-P on lipid droplet accumulation in HepG2 cells was evaluated using oil Red O staining (n � 3). (D)

Quantitative analysis of oil Red O staining (n � 3). (E) Effect of the Cur-P on TG content in HepG2 cells (n � 3). Data are shown as

mean ± SEM and were compared using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. (F) Outline of the ABPP strategy for the target

identification of small molecule probes in the cells. (G) Cur-P labeled proteome separated by SDS-PAGE and visualized by in-gel fluorescence.

(H) Venn diagram showing the number of differentially expressed proteins. (I) KEGG enriched pathways for differential proteins. (J) The table

illustrates the ABPP results of nine proteins from carbon metabolism pathways.
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the differential RNA expression. It was found that Gpat3 was

significantly up-regulated in MOD, whereas a high dose of Cur

significantly down-regulated this gene (Fig. 2D).

Gene Set Enrichment Analysis (GSEA) analysis identified

Gpat3 as the top-ranked gene in the triglyceride metabolic process

gene set (Rank Metric Score � 0.341, rank � 37), suggesting a

pivotal regulatory role in pathway activation (Fig. 2E). In the Gene

Expression Omnibus dataset (GSE126848), hepatic GPAT3

mRNA expression was significantly upregulated in individuals

with NAFLD compared to healthy controls (Fig. 2F). This upre-

gulation suggests that GPAT3 plays a role in triglyceride accu-

mulation and may contribute to the pathogenesis of NAFLD.

Analysis of the differentially expressed genes based on glucose

and lipid metabolism targets revealed that Gpat3 gene expression

was approximately 18-fold higher in the MOD group than in the

CON group and decreased approximately 5.4-fold following Cur

administration. This trend was validated using RT-qPCR and

western blotting analyses on rat liver tissue (Fig. 2G and I).

Meanwhile, in an OA-induced lipid accumulation HepG2 cell

model, Cur effectively down-regulated the protein expression of

GPAT3 (Fig. 2H). AMPK signaling pathways, frequently involved

in lipid metabolism, were enriched by KEGG in our study.

Western blotting analysis revealed that Cur increased the phos-

phorylation levels of AMPK in the hepatic tissue of ZDF rats

(Fig. 2I). The insulin signaling pathway is also regulated by Cur

(Supporting Information Fig. S4A and S4B). Moreover, knock-

down of GPAT3 in HepG2 cells significantly increased glucose

consumption and uptake, whereas GPAT3 overexpression reversed

these effects (Supporting Information Fig. S5A—S5F).

3.3. Target profiling of Cur by click chemistry activity-based

protein profiling

CC-ABPP is one of the most versatile chemical proteomic

methods for compound target discovery44—46. To identify the

direct targets of Cur, CC-ABPP was employed to map them within

a cellular context. An alkyne group was introduced into Cur’s

hydroxyl position to synthesize an activity-based probe (Cur-P),

facilitating its conjugation with biotin for subsequent analysis

(Fig. 3A). MTT assay showed that the 10 μmol/L Cur probe had

no significant toxicity to OA-treated HepG2 cells (Fig. 3B). We

confirmed that the probe retained lipid-lowering activity in HepG2

cells, comparable to that of curcumin (Fig. 3C—E). Next, we

performed “click” reactions with Cur-P in cell lysates to label the

whole proteome and pull-down/LC—MS/MS-based target identi-

fication was employed (Fig. 3F). Silver staining showed that

proteins were enriched in the Cur-P group, but decreased in the

Cur-P + Cur groups (Fig. 3G). A total of 354 proteins were

detected by LC—MS/MS. There were 309 proteins in the probe

group whose abundance was more than two times greater than that

in the DMSO group, including 88 proteins that were specific to the

probe group (Fig. 3H and Supporting Information Table S3).

KEGG enrichment analysis indicated that multiple pathways were

significantly enriched, with carbon metabolism showing the

highest significance (Fig. 3I). In this pathway, TKFC was identi-

fied as a prominent candidate, supported by its high confidence

scores in protein identification (Fig. 3J). Furthermore, the PPI

network showed an interaction between TKFC and GPAT3

(Supporting Information Fig. S6A). Thus, TKFC was prioritized

for additional follow-up validation experiments.

3.4. Cur binds directly to TKFC

CETSA and drug affinity responsive target stability experiments

were performed in HepG2 cells to verify the interaction between

Cur and target proteins. The thermal stability of TKFC was

enhanced to varying extents following the addition of Cur at

temperatures ranging from 40 to 67 ◦C (Fig. 4A). Following

exposure to Cur, the level of TKFC was significantly elevated

compared to the DMSO group when treated with 0.03% and 0.1%

pronase E (Fig. 4B), suggesting potential direct interactions be-

tween Cur and the TKFC proteins. Furthermore, pull-down

western blotting analysis with the corresponding human recom-

binant protein identified TKFC as a potential target (Fig. 4C). To

confirm this finding, Bio-Layer Interferometry analysis was per-

formed with the rhTKFC, revealing a Kd value of

1.38 × 10− 4 mol/L for the interaction between Cur and TKFC

(Fig. 4D). To determine which amino acid residues were modified

by Cur, recombinant TKFC was incubated with Cur, followed by

LC—MS/MS analysis. This revealed that Val136 and Glu538 were

modified by Cur (Fig. 4E). To validate the binding site of Cur, we

mutated Val136 and Glu538 of TKFC to Val136Ala and

Glu538Ala, respectively. As shown in Fig. 4F, the thermal stability

of the Val136Ala and Glu538Ala mutants was similar to that of

the DMSO group. Meanwhile, the mutants reversed the Cur-

mediated decrease in TG levels in OA-treated HepG2 cells,

indicating that these mutations blocked the binding of TKFC with

Cur (Fig. 4G). To further investigate the binding mode of Cur to

TKFC, we performed a docking simulation using AutoDock Vina.

We found that Cur’s stereo conformation fit well with the binding

site around the reactive valine residue (Val136), and Cur binds to

136 Val of TKFC by a 3.8 Å hydrophobic binding force (Fig. 4H).

Given the functional importance of this interaction, we next

examined whether Cur binding affects TKFC protein expression

or enzymatic activity. As shown in Fig. 4I and J, Fig. S6B, TKFC

protein expression was not significantly different after Cur treat-

ment. However, Cur promoted the enzymatic activity of TKFC,

both in HepG2 and primary hepatocytes, as well as in rhTKFC

protein. These findings suggest that the lipid-lowering effect of

Cur may be attributed to the functional activation of TKFC.

3.5. Cur targeting TKFC alleviates hepatic lipid metabolism

disorder

In HepG2 cells, TKFC knockdown reversed the Cur-mediated

decrease in TG content and lipid droplet area (Fig. 5A and B,

Figure 4 Curcumin directly binds to Glu538 and Val136 sites of TKFC. (A) Cellular thermal shift assay (n � 3). (B) Drug affinity responsive

target stability assay (n � 3). (C) Pulldown of Cur-P bound rhTKFC proteins. (D) Bio-Layer Interferometry assay. (E) The binding sites of Cur

and TKFC amino acid residues were identified by LC—MS/MS. (F) Cellular thermal shift assay was used to detect the direct binding of Cur to

mutant proteins. (G) The effect of Cur on TG content was detected by overexpressing the mutant plasmid (n � 3). (H) Molecular docking analysis

between TKFC protein and Cur. (I) Effect of different concentrations of Cur on TKFC protein expression (n � 3). (J) Effect of different con-

centrations of Cur on cellular TKFC and rhTKFC enzyme activity (n � 3). Data are shown as mean ± SEM and were compared using one-way

ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Con. ns: not significant.
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Fig. S6C). However, Cur treatment significantly reduced TG

content and lipid droplet area in HepG2 cells with high TKFC

expression (Fig. 5C and D, Fig. S6D).

Subsequently, we knocked down the Tkfc gene in HFD-fed

mice transfected using AAV8 (Fig. 5E). There was an obvious

green fluorescence in the liver tissue sections of the AAV group,

and the mRNA level of Tkfc was decreased significantly (Sup-

porting Information Fig. S7A). In addition, there was no signifi-

cant effect on TKFC protein expression in the hearts or kidneys of

mice (Fig. S7B).

We observed that Cur significantly reduced the body weight of

mice compared with those in the AAV8-NC group. However, the

weight-reducing effect of Cur was attenuated following Tkfc

knockdown (Fig. 5F). Liver tissue H&E and oil Red O staining

results revealed a significant reduction in the lipid droplet area

after Cur administration in AAV8-NC mice, whereas Cur treat-

ment did not exhibit a significant inhibitory effect on hepatic lipid

accumulation in the Tkfc knockdown model (Fig. 5G and

Fig. S7C). Additionally, measurements of liver TG and TC con-

tents indicated a significant attenuation of the therapeutic effects

of Cur following Tkfc knockdown (Fig. 5H), while Cur had no

significant effect on the liver ALT/AST ratio (Fig. S7D). Cur

blocked the relative white adipose tissue weight and relative liver

weight in AAV8-NC mice, but showed less of an effect in Tkfc-

deficient mice (Fig. 5I). Similarly, Tkfc knockdown reversed the

Cur-mediated down-regulation of serum TC, TG, LDL-C, and

NEFA, and the up-regulation of the HDL-C/TC ratio in C57BL/6

mice (Fig. 5J). In terms of blood glucose, Tkfc knockdown

markedly reversed the Cur-regulated decrease in FBG, INS levels,

and the HOMA-IR, as well as the increase in glucose tolerance

(Fig. S7E and S7F). These results indicate that TKFC is a vital

target of Cur in managing metabolism.

3.6. Cur targets TKFC and inhibits GPAT3 expression by

regulating the AMPK—STAT3 axis

siRNA-mediated TKFC knockdown in HepG2 and AML12 cells

clearly ablated the Cur-induced decrease in GPAT3 expression

(Fig. 6A, Supporting Information Fig. S8A and S8B). Conversely,

we employed TKFC overexpression plasmid transfection in

HepG2 cells. GPAT3 expression was significantly down-regulated

compared to that in the group without Cur (Fig. 6B, Fig. S8C and

S8D).

To further identify the relationship between TKFC and GPAT3

in vivo, we analyze the effect of Tkfc gene silencing on GPAT3 and

the related pathway at the mRNA and protein levels. The results

showed significant down-regulation of Gpat3, Dgat1, and Lipin1

mRNA expression in the Cur-treated control group, whereas the

expression of Gpat3 and Dgat1 was not regulated by Cur after

Tkfc knockdown (Supporting Information Fig. S9A). Western

blotting showed that Cur inhibited the glycerol phosphate pathway

(GPAT3/AGPAT1/Lipin1/DGAT1), thereby reducing TAG gener-

ation. However, the inhibitory effect of Cur on the glycerol

phosphate pathway was weakened in Tkfc knockdown mice

(Fig. 6C and Fig. S9B). Pearson correlation coefficient analysis

was performed to compare the mRNA expression of Tkfc (or

Gpat3) with serum TG levels in mice. Tkfc mRNA levels were not

significantly correlated with serum TG levels, whereas Gpat3

mRNA levels were positively correlated (Fig. 6D). These findings

suggest that the effect of Cur on improving the lipid metabolism

disorders may be accomplished by targeting TKFC to regulate

GPAT3 expression.

Nevertheless, the mechanism by which Cur binds to TKFC

regulates GPAT3 remains unclear. To address this, we conducted

transcriptomic analysis to investigate the potential impact of Tkfc

knockdown on hepatic gene expression profiles in mice. As shown

in the volcano plot and heatmap (Fig. 6E and Fig. S9C), tran-

scriptome analysis identified 1550 differentially expressed genes.

KEGG and GSEA enrichment analyses revealed that the AMPK

signaling pathway was notably affected, suggesting that TKFC

may regulate lipid metabolism by modulating AMPK activity

(Fig. 6F and G). This result is consistent with the findings from the

previous liver gene microarray analysis in ZDF rats.

AMPK serves as a central regulator of cellular energy ho-

meostasis and plays a pivotal role in lipid metabolism. AMPK

activation leads to decreased lipid accumulation and improved

lipid homeostasis. Studies have shown that AMPK activation can

inhibit the phosphorylation of STAT3, thereby suppressing its

transcriptional activity47,48. Since STAT3 acts as a transcription

factor for GPAT349, it is speculated that the changes in GPAT3

expression may be mediated by the AMPK—STAT3 axis. Immu-

nofluorescence results showed that Cur treatment significantly

reduced the nuclear localization of STAT3, an effect that was

abolished in TKFC knockdown cells (Fig. 6H). Additionally, a

dual-luciferase reporter gene system was constructed, demon-

strating that STAT3 can regulate the transcription of GPAT3

(Fig. 6I). Western blot analysis showed that in both cells and mice,

Cur significantly activated AMPK and inhibited the phosphory-

lation of STAT3. However, these effects were attenuated in cells

with TKFC knockdown, suggesting that Cur inhibits GPAT3

expression by targeting TKFC to regulate the AMPK—STAT3

axis (Fig. 6J and K, Fig. S9D—S9F).

4. Discussion

The pathogenesis of MASLD is highly complex, involving various

factors including lipid metabolism disorders, insulin resistance,

and inflammation. The interaction between disordered lipid

metabolism and the resulting inflammatory response could

together drive the occurrence and progression of MASLD. Cur is

considered to be a pleiotropic natural product, and has been

frequently reported in MASLD, obesity and T2DM treatment over

Figure 5 Curcumin improves lipid accumulation by targeting TKFC in cells and mice. (A) Effect of Cur on lipid accumulation in TKFC

knockdown OA-treated HepG2 cells (n � 3). (B) Effect of Cur on TG level in TKFC knockdown OA-treated HepG2 cells (n � 3). (C) Effect of

Cur on lipid accumulation in OA-treated HepG2 cells with a TKFC overexpression (n � 3). (D) Effect of Cur on TG level in OA-treated HepG2

cells with a TKFC overexpression (n � 3). (E) Experimental procedure of AAV8 transfection in C57BL/6 mice. (F) Effects of Cur on weight of

Tkfc gene knockdown mice (n � 8). (G) The liver sizes and hepatic steatosis as measured by H&E and oil Red O staining (n � 3). (H) Effects of

Cur on TG and TC in livers of Tkfc gene knockdown mice (n � 8). (I) Effects of Cur on liver and white adipose tissue (WAT) relative weight in

Tkfc gene knockdown mice (n � 8). (J) Effects of Cur on blood lipid levels in Tkfc gene knockdown mice (n � 8). Data are shown as

mean ± SEM and were compared using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. ns: not significant.
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recent decades26,35,50. Although some studies have questioned its

specificity, subsequent articles published in Nature refuted this

view and reaffirmed the biological effects of Cur51,52. In our study,

abnormal glycolipid indicators, including TG, TC, LDL-C, FFA,

FBG, etc., were improved by Cur administration for 4 weeks. In

addition, the treatment effect of 100 mg/kg/day Cur is better than

that of equivalent metformin. As a proven anti-inflammatory and

antioxidant natural product, Cur has been demonstrated to be

effective in reducing NO and IL-6 levels, which alleviates the

negative effects of lipid metabolism disorders to a certain extent.

Although Cur exhibits significant biological effects, its clinical

application still relies on further optimization of its bioavailability.

By developing more effective delivery systems and optimizing

Cur formulations, its clinical value, particularly in the treatment of

MASLD and other metabolic diseases, can be significantly

enhanced.

Ectopic lipid accumulation is an important risk factor for

MASLD. These accumulated lipids assemble excessively in the

hepatic tissues and ultimately cause hepatic steatosis53. The fatty

acid pathway and channels involved in TG synthesis are highly

compartmentalized. Fatty acids are activated and attached to G3P

in the ER, leading to the formation of the lipid intermediate DAG,

which can be further esterified to TGs in subsequent reactions54,55.

Therefore, the continuous formation of TGs contributes to the

formation of ER-derived lipid droplets, which are dispersed sub-

cellular organelles involved in various cellular processes beyond

the storage of neutral lipids56. In recent years, numerous genome-

wide studies have identified multiple polymorphisms in genes

associated with MASLD susceptibility. GPAT3 is an important

enzyme located in the ER, which has been confirmed to possess

both AGPAT and GPAT activities that control the synthesis of

TGs18. Chen et al.57 reported that Asiatic acid inhibited GPAT3

mRNA expression, thereby affecting the biosynthesis of metabo-

lites such as 1-acyl-sn-glycerol-3-phosphocholine, phosphatidyl-

choline, phosphatidylethanolamine, and phosphatidylserine,

which regulate the glycerophospholipid metabolism pathway, ul-

timately ameliorating alcoholic hepatitis. Furthermore, N-ace-

tylcysteine could reverse HFD-induced Gpat3 mRNA high-

Figure 7 The potential molecular mechanism of Cur in alleviating MASLD.

Figure 6 Curcumin targets TKFC and inhibits GPAT3 expression by regulating the AMPK—STAT3 axis. (A) Effect of Cur on GPAT3

expression in TKFC knockdown HepG2 and AML12 cells (n � 3). (B) Effect of Cur on GPAT3 expression in OA-treated HepG2 cells with

a TKFC overexpression (n � 3). (C) Effects of Cur on glycerol phosphate metabolic pathways of protein expression in Tkfc gene knockdown

mice (n � 4). (D) Pearson correlation analysis between Tkfc and Gpat3 mRNA expression and mice serum TG levels. (E) Volcano plot showing

differential expressed genes between AAV8-Tkfc-Cur and AAV8-NC-Cur groups (n � 4). (F) KEGG pathway enrichment scatter plot displaying

significantly enriched signaling pathways (n � 4). (G) GSEA plot showing the enrichment of the AMPK signaling pathway between the AAV8-

Tkfc-Cur and AAV8-NC-Cur groups (n � 4). (H) The effect of Cur on STAT3 nuclear localization in TKFC knockdown cells (n � 3). (I) Dual-

luciferase reporter assay was employed to investigate the regulatory effect of STAT3 on the GPAT3 promoter. The GPAT3 promoter and a negative

control (CON) were cloned into the GV534 vector, while the STAT3 cDNA was inserted into the GV712 vector to construct an overexpression

plasmid. HEK293T cells were co-transfected with a STAT3 expression plasmid together with the GPAT3 promoter-firefly luciferase and Renilla

control vectors, and luciferase activity was measured 48 h post-transfection (n � 3). (J) Expression of AMPK—STAT3 axis protein in TKFC

knockdown HepG2 and AML12 cells (n � 3). (K) Expression of AMPK—STAT3 axis protein in Tkfc gene knockdown mice (n � 4). Data are

shown as mean ± SEM and were compared using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. ns: not significant.
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expressed to alleviate hepatic steatosis and injury58. In our study,

we found that the mRNA level of Gpat3 increased 18-fold in ZDF

rats compared to that in ZDF normal rats by microarray analysis,

and Cur treatment caused a 5.4-fold decrease compared to that in

the MOD group. These results indicate that GPAT3 may be a

regulator of lipid metabolism and a key protein in Cur treatment.

Current methods based on ABPP have undergone systematic

exploration and review to develop standardized tools to identify

and functionally characterize individual proteins from complex

proteomes59—62. A characteristic of ABPP is the design of small-

molecule probes that can modify the active sites of proteins63.

Once protein covalent modification is achieved, the reporter

groups on the probes allow the visualization or isolation of labeled

proteins through various methods64—66. TKFC is a bifunctional

enzyme involved in the ATP-dependent phosphorylation of GA

and dihydroxyacetone during fructose metabolism. Its kinase ac-

tivity depends on the binding of substrates and ATP to distinct

domains on separate subunits, with phosphate group transfer

facilitated by specific conformational changes11. This process may

require conformational modulators such as FAD to stabilize the

enzyme’s catalytic configuration. Our study found that Cur did not

significantly alter the protein expression level of TKFC but

enhanced its enzymatic activity in a dose-dependent manner. This

suggests that Cur may promote conformational transitions of

TKFC through an allosteric regulatory mechanism, thereby acti-

vating its catalytic function. Further mechanistic investigation

revealed that Cur activates TKFC to regulate the downstream

AMPK—STAT3—GPAT3 signaling pathway, ultimately inhibiting

triglyceride synthesis. Therefore, the regulatory role of TKFC in

lipid metabolism appears to depend on Cur-induced activation of

its enzymatic function rather than changes in its protein abun-

dance. Activation of TKFC lies at a strategic node of the hepatic

Hers pathway. By accelerating ATP-dependent phosphorylation of

D-glyceraldehyde/dihydroxyacetone and cleaving FAD to AMP,

TKFC activation is expected to raise the AMP/ATP ratio and

engage AMPK signaling67, linking to our observations of AMPK

activation, reduced STAT3 activity, and GPAT3 down-regulation.

Under TKFC activation, increased triose flux may augment

glycolytic throughput and lactate production, thereby altering the

cytosolic redox state68. It could also disturb glyceraldehyde levels,

leading to transient accumulation that may impact cell viability69.

However, these effects are theoretical speculations, and their

actual occurrence and severity are highly dependent on the extent

of TKFC activation, physiological conditions (such as exposure to

a high fructose diet), and the overall balance of metabolic path-

ways, etc. Within the Cur dose range used in this study (cells:

2.5—10 μmol/L, rats: 25—100 mg/kg/day), we observed no overt

fructose-related toxicity.

Our results showed that Cur binds to Val136 and Glu538 of

TKFC, located in the K and L domains, respectively, which may

influence the enzymatic activity of TKFC. The covalent modifi-

cation observed at Glu residues may suggest the involvement of

oxidative activation, such as the formation of Cur-derived quinone

intermediates, which could react with nucleophilic oxygen centers

or participate in radical-mediated crosslinking. Although Glu is

not typically considered a reactive residue, esterification or atyp-

ical rearrangement mechanisms under oxidative or dehydrating

conditions may explain this modification. The detection of cova-

lent modification at valine residues is unexpected, given the lack

of nucleophilic side chains. While this may reflect a misassign-

ment or modification of neighboring residues, it is also possible

that under oxidative stress conditions, non-specific radical-

induced crosslinking occurred at hydrophobic sites. However,

molecular docking results identified Val136 as a binding site for

Cur. Therefore, we hypothesize that the interaction is driven by

hydrophobic forces rather than covalent bonding70.

AMPK is a central energy sensor that regulates lipid and

glucose metabolism. Activation of AMPK promotes catabolic

pathways while inhibiting anabolic processes. Structurally,

AMPK is a heterotrimer composed of a catalytic α subunit and

regulatory ß and γ subunits. The α subunit contains an

N-terminal kinase domain, whose activity depends on phos-

phorylation of the conserved Thr172 residue within the activation

loop near the ATP-binding site. Phosphorylation at Thr172 is

widely used as a marker of AMPK activation71,72. Activation of

AMPK inhibits STAT3 nuclear translocation and promotes its

cytoplasmic phosphorylation, thereby reducing the transcriptional

activity of STAT3. STATs are a special family of DNA-binding

proteins. In resting cells, STAT proteins are predominantly

localized in the cytoplasm. Upon activation, STAT molecules

form dimers and translocate into the nucleus. STATs contain SH2

and SH3 domains, which enable them to bind to specific

phosphotyrosine-containing peptide motifs. Upon phosphoryla-

tion, STAT proteins dimerize to form active transcription factors

that migrate into the nucleus, where they bind to the promoter

regions of target genes and promote their transcription. Recent

studies have shown that STAT3 can bind to the promoter region of

GPAT3, thereby enhancing its transcriptional activity73. In studies

related to fatty acid metabolism, STAT3 has also been observed to

regulate the fatty acid esterification process by inhibiting GPAT3

activity74.

5. Conclusions

Cur can ameliorate glucose and lipid metabolism disorders both

in vivo and in vitro. We identified TKFC as a direct target of Cur,

which downregulates GPAT3 expression by modulating the

AMPK—STAT3 axis and inhibits the glycerol phosphate pathway

(Fig. 7). These results enhance our understanding of lipid meta-

bolism regulation and offer new therapeutic approaches for

MASLD. Further investigation into the interaction between Cur

and TKFC is necessary to develop more targeted clinical strategies

for treating lipid metabolism disorders.
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