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Abstract 

The incidence and prevalence of metabolic dysfunction-associated steatotic liver disease (MASLD), a chronic liver 
disease characterized by hepatic steatosis without substantial alcohol consumption, are rapidly increasing worldwide. 
Liver cirrhosis and cancer are relatively common in MASLD patients. Therefore, it is essential to take proactive meas-
ures in preventing its onset or initiating prompt treatment. However, there is a lack of approved medications for effec-
tively treating this ailment. Lipoic acid (LA), a compound with antioxidant, insulin-sensitization, anti-inflammatory, 
and prooxidant activities, has been proven to inhibit lipid deposition. Many studies have shown that supplementation 
of LA can alleviate MASLD. Therefore, the latest evidence on the relationship between LA and MASLD is presented 
in this review. The effect of LA on the accumulation of fat in the liver is emphasized following different diet models 
(normal, high fat, high fructose, choline deficiency) and other models (gene mutation, diabetes), with the main mech-
anisms from mitochondrial function to inflammation and oxidative stress being summarized. LA possesses excellent 
preventive effects on MASLD, which can provide new opportunities for clinical research.

Keywords  Lipoic acid, Metabolic dysfunction-associated steatotic liver disease, Hepatic fat accumulation, 
Mechanisms, Prevention

Introduction
According to recent studies, it has been disclosed that 
the global prevalence of fatty liver disease among adults 
stands at 24% [1]. Fatty liver disease arises from an exces-
sive build-up of fat within the liver, potentially leading 
to functional impairments and disruptions in its regular 

operations. Consequently, this condition may gravely 
jeopardize the health of vital organs such as the heart, 
kidneys, brain, and gallbladder. In addition, Fatty liver 
significantly elevates the risk of progressing from sim-
ple fibrosis to cirrhosis, and ultimately, liver cancer. [2, 
3]. The incidence of liver fibrosis is up to 25%, and about 
~ 8% of patients can progress to cirrhosis. Fatty liver dis-
ease is divided into two main categories depending on 
the history of alcohol consumption, namely, alcoholic 
fatty liver disease (AFLD) and metabolic dysfunction-
associated steatotic liver disease (MASLD). Although 
AFLD is usually considered a benign and static lesion, it 
can develop irreversible liver damage in a short period 
of time, MASLD is caused by high-fat diet (HFD), high-
fructose diet, methionine- and choline-deficient diet 
(MCD), gene mutations, and heavy-metal poisoning. 
The pathogenesis of MASLD is complex and includes 
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mitochondrial dysfunction, inflammation, and oxidative 
stress (Fig. 1) [4–8].

The prevalence of MASLD has been escalating rap-
idly, demonstrating a consistent upward trend year on 
year, notably among younger individuals [9, 10]. It is esti-
mated that about 30% of the global population is affected 
by nonalcoholic fatty liver disease. In China, about 400 
million people are affected by 2024, and the prevalence 
of MASLD is as high as 29.2%, making it the largest liver 
disease. Non-alcoholic fatty liver disease is a progres-
sive disease, without effective intervention, can gradually 
deteriorate into non-alcoholic steatohepatitis, fatty liver 
fibrosis, liver cirrhosis and even liver cancer, and may 
become the main cause of end-stage liver disease in the 
future [11].

Therefore, it is very important to prevent fatty liver 
actively to prevent the progression of chronic liver dis-
ease and improve the prognosis. And there have been 
a growing number of research papers published on the 
prevention and mitigation of MASLD [12]. It is crucial 
to promptly explore innovative approaches to tackle 

MASLD. Extensive experiments have provided sub-
stantial evidence for the effectiveness of various natural 
substances, such as Polygonum multiflorum, Artemisia 
annua leaves, berberine (BBR)  [13], and curcumin, in 
alleviating MASLD. It is worth emphasizing that lipoic 
acid (LA), a naturally occurring disulfide compound 
in the human body, may be a safer choice. Abundant 
research has confirmed that LA effectively inhibits lipid 
accumulation in both living organisms and laboratory 
experiments  [14–17]. Aside from this, LA is exten-
sively used to induce remission of diverse conditions, 
including Alzheimer’s disease, Down syndrome, dia-
betes  [18–20], and even MASLD. Based on the above 
research evidence, the study hypothesis is that sup-
plemeting LA appropriately to combat MASLD may be 
effective. In addition, LA has a number of advantages 
(widely available in foods, easy to supplement and 
relatively safe) that help to justify the hypothesis men-
tioned above. In this paper, the latest evidence on the 
relationship between LA and MASLD is reviewed to 
provide valuable insights for future explorations into 
mechanisms and to aid clinical investigations.

Fig. 1  The pathogenesis of MASLD
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Lipoic acid
Source and synthesis
LA, which was first isolated from bovine liver in 1951  
[21], was previously regarded as a vitamin. However, 
it was later determined that LA is biosynthesized by 
animals. LA can be obtained from plants such as spin-
ach and potatoes, but also from animal viscera (Fig.  2)  
[22, 23]. Although humans can only synthesize a small 
amount of LA from fatty acids and cysteine, LA can be 
easily absorbed from exogenous dietary sources  [24] to 
ensure some functions of human growth physiology.

LA—i.e., 1, 2-dimercaptiol-3-valeric acid—consists 
of a single chiral center and an asymmetrical carbon, 
which leads to the presence of two optical isomers. As 
a molecule that occurs naturally, LA can be synthesized 
internally in the mitochondria in small quantities from 
octanoic acid through the action of LA synthase (LASY)  
[25]. The impaired production of LA leads to a disruption 
in the overall antioxidant defense system, thereby pro-
moting inflammation and dysfunction of the mitochon-
dria  [22, 23]. In vivo, LA exists as free and protein-bound 
(predominant form) and is formed by the substitution of 
sulfur groups for hydrogen at positions 6 and 8 of octane 
groups  [26]. Only R-LA is endogenously synthesized, so 
this isomer is essential for biological systems  [27].

In vivo, LA can be reduced to dihydro LA (DH-LA) by 
dihydrolipoamide dehydrogenase  [28]. Dithiol rings are 

present in both the oxidized state (LA) and the reduced 
state (DH-LA), endowing both forms with powerful nat-
ural antioxidant properties. LA, which are both hydro-
philic and hydrophobic  [29], readily traverse biological 
membranes, thereby effectively penetrating all cellular 
compartments. Notably, LA, while remaining relatively 
stable in its solid state, undergoes polymerization when 
subjected to temperatures exceeding its melting point 
(47.5 °C) or when dissolved in a neutral solution under 
the presence of light  [30].

Biological function
Oxidation mechanism of lipoic acid
LA is a natural cofactor with antioxidant capacity, and 
scavenges reactive oxygen species (ROS) and chelates 
metal ions  [31]. In mitochondria, LA is a vital cofactor 
for several enzymes (the oxoglutarate dehydrogenase 
complex [OGDC], pyruvate dehydrogenase complex 
[PDHC], branched-chain α-ketoacid dehydrogenase 
complex [BCKDC]) that contribute to aerobic metab-
olism and nucleic acid synthesis  [32, 33]. LA main-
tains the cellular antioxidant state indirectly through 
activating the NRF2 pathway, and the NRF2 pathway 
governs the expression of antioxidant genes (such as 
γ-glutamylcysteine synthetase (γ-GCL), NAD(P)H 
quinone oxidoreductase 1 (NQO-1), and superoxide 

Fig. 2  Source and biological function of lipoic acid



Page 4 of 20Liu et al. Nutrition & Metabolism           (2025) 22:56 

dismutase (SOD)) for enhancing the cell’s antioxidant 
capacity and anti-inflammatory response  [34, 35].

Additionally, free LA can provide the following biologi-
cal effects. LA (DH-LA) can directly scavenge ROS and 
reactive nitrogen species (RNS), thereby reducing oxi-
dative damage  [36]. It is worth noting that LA has both 
antioxidant and prooxidant capacities, where the exact 
effect depends mainly on the cellular redox status and 
physiological status  [37]. Excessive use of antioxidants 
is harmful to the organism in both physiological and 
pathological states and may produce prooxidant effects. 
Specifically, it has been shown that 100 mg LA/kg body 
weight/day for 2  weeks i.p. [38], which is equivalent to 
5–10 LA g/day in humans, increases oxidative damage in 
aged rats. Therefore, the prooxidant effect of LA cannot 
be ignored in the subsequent studies.

Regulation of other signalling pathways
LA can inhibit the production of proinflammatory 
nuclear factor-kappa B (NF-κB)  [39] and stimulate the 
translocation of glucose transporter 4 (GLUT4), thereby 
improving insulin sensitivity  [40, 41]. Cell proliferation 
and apoptosis can also be controlled by LA via activating 
extracellular regulated protein kinase 1/2 (ERK 1/2)  [42], 
protein kinase C δ (PKCδ)  [43], and mitogen-activated 
protein kinase (MAPK)  [44]. LA can activate AMP-acti-
vated protein kinase (AMPK)  [45] to promote the pro-
duction of new mitochondria. These biological functions 
give LA therapeutic potential in body organs  [45–50].

Absorption and metabolism
Pharmacokinetic studies have shown that LA (50–600 
mg p.o.) is completely absorbed within 30–60 min (half-
life: 30 min), which leads to the attainment of the high-
est concentration of LA in the bloodstream  [51]. The 
human body absorbs around 20–40% of an oral dosage of 
LA  [52]. Food intake reduces the bioavailability of LA. 
Compared with fasting, the peak and total plasma con-
centrations of LA decrease by about 30 and 20%, respec-
tively, when LA is ingested during a meal. Therefore, 
humans need to consume LA 30 min before or 2 h after 
eating  [24]. Furthermore, research has demonstrated 
that the acidic pH of the stomach is conducive to the 
absorption of ALA via the stomach. Consequently, ALA 
supplements are advisable to be consumed on an empty 
stomach to capitalize on the acidic stomach pH. Addi-
tionally, taking it on an empty stomach can also mitigate 
the competition with other nutrients for absorption  [53]. 
Severe kidney impairment and food intake can influence 
the pharmacokinetic parameters of ALA  [54, 55]. In 
addition, Due to its rapid metabolism, LA in tissues exists 
in limited quantities  [56]. The bioavailability of LA is 

approximately 30% (20–38%), primarily due to the first-
pass effect in the liver  [18].

Adverse reactions and pharmaceutical safety
One study showed that 2400 mg LA/day, p.o., for 2 weeks 
did not result in any adverse effects compared with pla-
cebo  [57]. Similarly, 600 mg LA/day, i.v., for 3  weeks 
showed no adverse effects  [58], and 1800 mg LA/day, 
p.o., for 6  months was also safe  [59]. While LA is safe 
in these doses (2400 mg/day, p.o., for 2 weeks. 1800 mg/
day, p.o., for 6 months. 600 mg/day, i.v., for 3 weeks), it is 
important to note that certain populations, such as preg-
nant women  [60], aged individuals  [61], and children  
[62], may experience a higher likelihood of side effects.

The most common adverse effect of LA is anaphylaxis 
(e.g., hives  [63] and delayed hypersensitivity  [64]). It has 
also been shown that 100 mg LA/kg body weight/day, 
i.p., for 2 weeks  [38], which is equivalent to 5–10 g LA/
day in humans—increases oxidative damage in elderly 
rats. Considering the efficacy and safety of LA in disease 
treatment and health maintenance, it is important to pay 
special attention to the possible adverse reactions during 
its application.

The clinical application of alpha‑lipoic acid in metabolic 
dysfunction‑associated steatotic liver disease
Metabolic Dysfunction-associated Steatotic Liver Dis-
ease is a chronic liver disease characterized by excessive 
fat accumulation in the liver, insulin resistance, oxidative 
stress and inflammatory responses, which can progress 
to non-alcoholic steatohepatitis, fibrosis, cirrhosis and 
even hepatocellular carcinoma.

Six articles were found regarding ALA use in patients 
with a diagnosis of MASLD. Some of these studies evalu-
ated the benefits of ALA in the management of MASLD 
symptoms and of metabolic side effects related to the 
disease(Table 1).

Lipoic acid and hepatic fat
The mechanism of LA on NAFLD under different causes, 
The specific mechanism is given in Fig. 3.

Effects of lipoic acid on hepatic fat accumulation in rats fed 
normal diets
Anomalous metabolism and fat accumulation have been 
indicated by the noticeable rise in quantity and size of 
hepatic dense bodies that house lipofuscin deposits, con-
sisting of a considerable amount of fat, in aged rats fed 
a regular diet  [72]. Reduced mitochondrial number and 
their increased deformation may damage the normal oxi-
dative decomposition of fat, thereby increasing hepatic 
fat content. Characteristic features of metabolic dysfunc-
tion (insulin resistance, diabetes mellitus type 2 [T2DM], 
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and hyperlipidemia) appearing in young subjects are also 
tightly associated with fatty liver, besides fatness  [73]. 
Therefore, ascertaining and reducing fat accumulation 
in healthy subjects as early as possible may be a very 
important way to prevent the occurrence of fatty liver. 
Several studies on the influence of LA on hepatic lipid 
accumulation have been conducted in young, adult, and 
aged animals fed normal diets with 4–10% fat content. 
Many studies have shown that LA treatment ameliorates 
plasma triglycerides (TG), oxidative stress, and hepatic 
fat accumulation (Table 2) in young and aged animals fed 
normal diets. The mechanism of LA-induced decrease 
in hepatic fatty contents may be related to inhibited fat 
synthesis or increased lipid oxidative degradation in the 
livers by reducing oxidative stress or regulating some 
signaling molecules increased expression of miR-3548.

There have been inconsistent results in these studies 
about the effects of LA on fat metabolism in the liver in 
different ages and dietary fat contents. First, LA treat-
ment (0.2 and 0.25% in diet) decreases hepatic fat syn-
thesis in rats fed a diet with 4.6–12.5% fat and increases 
lipid oxidative degradation in the liver. Second, LA (1–5 
g/kg) in diet inhibits hepatic fat synthesis in rats fed a 
10% fat diet, and as the dosage increases, the effect also 
improves. Therefore, a higher dose of LA may be needed 
to achieve better effects (either by inhibiting fat synthe-
sis or increasing fat oxidation) in attenuating fatty liver in 
animals fed a high-fat diet. Notably, LA supplementation 

can also alter circadian rhythms. Lower doses of LA 
are even adverse for hepatic fat metabolism in normal 
diet with 4% fat content. For example, in mice fed a 4% 
fat diet, short-term (4 weeks) or long-term (74 weeks) 
treatment with LA (20 mg/kg body weight) produced no 
improvement in systemic hypertriglyceridemia (HTG) 
and hepatic fat contents, and even significantly increased 
cholesterol content in rat livers despite enhanced mRNA 
expression of lipid oxidation–related genes (fibroblast 
growth factor-21 [Fgf21], peroxisome proliferators–acti-
vated receptor alpha[pparα], acyl coenzyme A oxidase 
[acox1], carnitine palmitoyl transferase 1a and 2 [cpt1a 
and cpt2], recombinant retinoid X receptor a [rxra]), 
and ATP-binding cassette transporter A1 [abca1]). The 
long-term (74 weeks) treatment also induced lipogen-
esis (increased expression of fatty acid synthase [FAS]), 
in contrast to decreased FAS expression in rat livers 
after the short-term treatment. However, the difference 
between the short-term and long-term treatments may 
rather be caused by the aging of the tested mice than by 
the long-term treatment. Increased fat synthesis based 
on enhanced glycolytic activity (pklr1, sterol regula-
tory element-binding protein-1 [SREBP1c], fas, and liver 
X receptor a [lxra]) in aged mice partly accounted for 
hepatic steatosis (increased leukocytic infiltration) and 
necrosis (increased plasma aspartate aminotransferase 
[AST] activity), compared with reduced srebp1c and 
fas mRNA levels in young mice. The lower doses of LA 

Fig. 3  Mechanisms of LA on MASLD caused by different causes
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may be the key factor that led to these results. In con-
trast, another study has shown that higher doses of LA 
(100 mg/kg body weight) for different durations (7 and 
14 days) can produce better effects in improving the fat 
contents in the liver, and even the effects of aging, which 
depresses the effect of LA on improving fatty liver, can be 
easily abolished by adding LA.

In addition, the content of polyunsaturated fatty acids 
(PUFAs) in the diet is another key factor affecting hepatic 
fat metabolism. Although PUFAs play important physio-
logical roles in promoting growth and development, high 
PUFA intake can cause fat accumulation, fatty acid oxi-
dation, lipid peroxidation, and even severe injury in the 
liver  [82]. An increased proportion of PUFAs in normal 
diet also induces oxidative stress (increased malondialde-
hyde [MDA]), reduces cellular defense against oxidative 
stress (metallothionein) in the liver, and promotes oxida-
tive degradation of DNA (elevated 8-hydroxy-2’-deoxy-
guanosine levels serum) in a content-dependent manner 
despite increased fat oxidation and decreased fat synthe-
sis  [80]. Therefore, the content of PUFAs in normal diet 

influences the effect of LA on attenuating fatty accumula-
tion in the liver. A previous study has shown that despite 
reducing lipid oxidation, LA supplementation decreases 
hepatic fat content and the activity and mRNA expres-
sion levels of lipogenic enzymes (acetyl-CoA carboxylase 
α [ACCα], FAS, ATP-citrate lyase [ACLY], and PK) in the 
livers of rats fed a diet with 10% fat content, in which fish 
oil was replaced by vegetable oil to different proportions 
(20% and 100%), and another study (sesamin and LA) 
found the same. Meanwhile, LA treatment significantly 
inhibited oxidative stress (increased activity of γ-glutamyl 
cysteine synthase [γ-GCS] and glutathione [GSH] levels. 
decreased MDA) and oxidative degradation of DNA in 
the liver. In contrast to n-6 PUFAs, n-3 PUFAs in nor-
mal diet earlier induce lipid peroxidation when reducing 
hepatic lipid accumulation. Two studies (about fish oil 
and sesamin) have shown that LA treatment can signifi-
cantly inhibit oxidative stress in the livers of rats and fish 
fed diets with n-3 PUFAs content, although hepatic lipid 
contents are not affected. Moreover, LA treatment pre-
vents the inhibition of connective tissue hyperplasia in 

Table 2  Effects of lipoic acid on hepatic fat accumulation in rats fed normal diets

In vivo studies

Species Fat in diets Treatments Hepatic effects and mechanisms Refs

C57BL6/J 4.2% α-LA (20 mg/kg BW) for 4 WKS
or 74 WKS (p.o.)

↑rxra and lxra mRNA expression
↑β-oxidation(fgf21↑, pparα↑, and its target 
genes↑:acox1, cpt1a, and cpt2). ↑Glycolytic activity. 
↓lipogenesis in short-term(fas↓, SREBP1c mRNA↓), 
but↑lipogenesis in long-term

 [74]

SD 12.5% α-LA (0.2%) for 5 WKS (p.o.) ↓TGs ↓Fat synthesis (↓fatty acid-binding protein 1 
(FABP1) and ↓FASN (miR-3548↑));
↑fat degradation (↑hormone-sensitive lipase 
(p-HSL))

 [75]

6-week-old Wistar 4.6% α-LA (0.25%) for 8 WKS (p.o.) ↓Energy efficiency, ↓TGs
↓Fat synthesis (modulating mitochondrial function: 
electron transport chain (ETC) complexes↓, oxida-
tive phosphorylation (OP)↓, ATP↓). ↑fat degradation 
(↑β-oxiation genes: Cpt1a, Acadl and sirtuin(Sirt3)). 
deacetylating Forkhead box protein O 3a (FOXO3 A)

 [76]

SD 10% LA (1, 2.5, 5 g/kg) for 21 ds(p.o.) ↓TGs, ↓concentration of cholesterol
↓Fat synthesis and some mRNA levels(FAS↓,glucose 
6-phosphate dehydrogenase (G6PD)↓,malic 
enzyme(ME) ↓,PK↓,spot 14↓, ADPN↓,stearoyl-CoA 
desaturase 1(SCD1)↓,△5 and △6 desaturases)

 [77]

Young (3 ms) and old 
(24 ms) male Fischer 
344

4% LA (0.2%) for 2 WKS (p.o.) Altering circadian rhythm
↓Transcripts of lipid synthesis genes (Acacβ↓, Fasn↓)

 [78]

Wistar 5% LA (100 mg/kg*BW/d) for 7 and 14 ds(i.p.) Inhibiting lipid peroxidation [79]

SD 10% α-LA (2.5 g/kg); fish oil (0, 20, 100 g/kg) for 21 
ds(p.o.)

↓Lipogenesis
↓lipogenic enzymes and mRNA levels, ↓fish oil-
mediated oxidative stress

 [80]

SD 10% sesamin 0, 2 g/kg and α-LA 0, 2.5 g/kg in diet for 22 
ds(p.o.)

↓TG, ↓lipogenic enzymes and mRNA levels, attenu-
ating sesamin-mediated oxidative stress (fatty acid 
oxidation enzymes activity↓, carnitine concentra-
tion↓)

 [81]
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mouse liver injuries caused by the normal diet adminis-
tration with high n-3 PUFAs content for 8 weeks. There-
fore, LA can be used to ameliorate lipid accumulation in 
the liver even in normal diet with high PUFA contents 
(especially n-3 PUFAs).

Lipoic acid attenuates hepatic fat accumulation 
in gene‑mutant obesity rats fed normal diets
Recently, some studies have shown that gene mutation 
is another factor that induces obesity and fatty liver. For 
example, mutations in the thyroid hormone receptor 
beta (THRb) gene [83], the rs17618244 G > A β-Klotho 
(KLB) variant [84], germline hedgehog pathway [85], 
and polymerase I and transcript release factor [86], can 
also induce the occurrence of fatty liver. Hence, investi-
gation of the possible effects of LA on the development 
of fatty liver due to genetic mutations would expand the 
range of LA utilization to such cases. So far, two types of 
gene-mutation animal models, including OLETF rats (the 
deficiency of cholecystokinin receptor 1) and Zucker rats 
(GmiCrl-fa/fa), have been used as models of fatty liver 
to verify the protective effects of LA. A latest study has 
shown that the overexpression of the LA synthase gene 
(Lias) significantly attenuated oxidative stress (Tfam) and 
histological steatosis in the livers of db/dbC57BL/6 mice 
fed a normal diet  [87]. Lipid metabolism was improved, 

including decreased SREBP1 and FAS and increased 
PRKaa2 and Cpt1a mRNA levels.

The improved liver mitochondrial ultrastructure and 
function (increased levels of PGC-1α protein and Ucp2 
mRNA) and inflammatory response (lower levels of IL-1β 
and TNFα) also contribute to the reduction of MASLD 
progression by LA. This suggests that exogenous LA sup-
plementation may attenuate hepatic steatosis in gene-
mutation animals.

Several studies (Table  3) have shown that LA sig-
nificantly reduces body fat mass, hepatic clearance of 
TG-rich lipoproteins, and lipid droplets through upregu-
lating the expression levels of hepatic lipolytic enzymes 
(ATGL, acyl-CoA thioesterase [Acot1], Acot2, Acsf2, and 
Crat) and downregulating the expression levels of liver 
lipogenic enzymes (patatin-like phospholipase domain 
protein [Pnpla3], Pnpla5, Elovl6, Acly, sn-glycerol-
3-phosphate acyltransferase 1 [Gpat], Aacs, FASN, ACC, 
and SCD-1). The involved signaling pathways include 
increased pAMPK, SIRT1, fibroblast growth factor-21, 
and decreased ChREBP. LA can also decrease hepatic 
damage in the process of steatosis by inhibiting inflam-
mation (by reducing the expression of high-mobility 
group protein box-1 [HMGB-1], Toll-like receptor-4 
[TLR-4], vascular cell adhesion molecule-1 [VCAM-
1], and COX-2). Except for the beneficial effects in the 
model animals fed normal diets, LA treatment with the 

Table 3  Lipoic acid attenuates hepatic fat accumulation in gene-mutant obesity rats fed normal diets

In vitro studies

Cell lines Gene mutations Treatments Hepatic effects and mechanisms Refs

Zucker/McA-
RH7777 (hepatic 
tumor cell)

GmiCrl-fa/fa in normal diet LA 200 g/kg*bw* day for 2 WKS (p.o.) ↓Secretion of VLDL and improving HTG. 
↑CREBH, Insig-1 and Insig-2a, SREBP-1c pre-
cursor to nuclear SREBP-1c, ↓liver lipogenic 
gene (FASN, ACC and SCD-1); ↓(VLDL)-associ-
ated apolipoproteins, apoB100 and apoE

[89]

Species Gene mutations Treatments Hepatic effects and mechanisms Refs

OLETF Lacking cholecystokinin receptor 1 LA (200 mg/kg*day) for 16 WKS (p.o.) ↓Steatosis (↓ SREBP-1c, ↓ACC, ↑ GLUT-4); ↓oxi-
dative stress (antioxidant enzymes: ↑heme 
oxygenase-1 (HO-1), ↑Cu/Zn-SOD); ↓immune 
(↓TLR-4, ↓HMGB1); ↓inflammation(↓VCAM-1, 
↓COX-2)

[90]

Obese Zucker GmiCrl-fa/fa in normal diet LA (200 g/kg*bw*day) for 5 WKS (p.o.) ↓TGs
↓liver lipogenic gene mRNA levels 
(GPAT1)↓,DGAT2↓), ↓TG secretion, ↑clearance 
of TG-containing lipoproteins

[91]

Zucker GmiCrl-fa/fa in normal diet LA (200 g/kg*bw*day) for 2 WKS (p.o.) ↓Lipogenic genes (Pnpla3, Pnpla5, Elovl6, 
Acly, Gpam, and Aacs); ↑FA metabolism 
(Acot1, Acot2, Acsf2, and Crat)

[92]

Zucker GmiCrl-fa/fa in normal diet LA (200 g/kg*bw* day) for 2 WKS (p.o.) Correcting HTG
↑ Fgf21; ↓lipogenic gene: Acly, Acaca, 
Fasn, Gpam, Pnpla3; ↓ ACC1/2, FASN 
and 5’-AMPKα;stimulating PPARα target 
genes Cpt1b and Acot1

[93]
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same dose significantly attenuated hepatic TG accumu-
lation (via increasing ACC and decreasing FAS) in gene-
mutant obesity animals fed an HFD (40% energy from fat) 
and high-cholesterol diet [88]. However, LA increased 
hepatic cholesterol and reduced LDL receptor protein 
conversion regulatory factors compared with the model 
group despite reduced mRNA expression of hepatic cho-
lesterol synthesis enzyme (HMG-CoAr) and blood levels 
of cholesterol and LDL. This is because LA treatment 
cannot effectively inhibit cholesterol absorption (lower 
cholesterol content in the feces) in the intestines com-
pared with higher cholesterol content in the feces after 
other functional components (e.g., phytosterols treat-
ment). Although LA can reduce hepatic fatty accumula-
tion and SAT/PUFA ratios to a great extent, the effects 
of LA on reducing liver steatosis in gene-mutant obesity 
may be influenced by the high levels of cholesterol or 
TG present in the diet. Therefore, it should be noticed in 
future clinical studies.

Effect of lipoic acid on liver fat accumulation in rats 
with abnormal diet
The effects of LA on hepatic fat accumulations in rats fed HFD
HFD is an important factor that causes fatty liver. HFD 
can metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) by increasing the uptake of free fatty acids 
by hepatocytes, disrupting the balance between de novo 
synthesis and oxidative degradation of fatty acids, lead-
ing to excessive deposition of triglycerides (TG) in hepat-
ocytes. Although weight loss can improve fatty liver, 
weight loss is prone to rebound, and some people with 
normal weight but high liver fat cannot improve fatty 
liver through weight loss. In such cases, LA can reduce 
liver fat without losing weight.

The effect of LA on hepatic lipid accumulation in ani-
mals fed an HFD has been investigated. Most studies 
(Table  4) have shown that LA treatment can improve 
plasma TG, liver fat accumulation, and weight gain in 
animals fed an HFD, ultimately producing liver-protec-
tive effects. The mechanisms by which LA reduces liver 
fat content in HFD animals may be related to suppressing 
oxidative stress and lipid peroxidation, improving mito-
chondrial dysfunction, inhibiting insulin resistance, and 
regulating some related factors or genes (such as ROS-
scavenging enzyme genes) to inhibit excessive fat synthe-
sis in the liver.

In rats with HFD, liver fat accumulation can be pre-
vented by the regulation of mitochondrial dysfunction 
through the mechanisms adopted by LA. In an ani-
mal study, male Wistar rats were subjected to HFD and 
administered 0.25 g LA/100 g body weight. This dosage 
showed the potential to trigger an elevation in the num-
ber of mitochondria and upregulation in the expression 

of the Ucp2 gene, which has a crucial role in regulating 
the mitochondrial processes associated with energy bal-
ance to prevent excessive weight gain. Another study in 
rats on the same HFD plus 0.25 g LA/100 g body weight 
demonstrated that SIRT1 and SIRT3 enhanced LA’s anti-
oxidant defense by deacetylating Foxo3a and PGC1β, 
thereby reducing oxidative damage of mitochondrial 
DNA, restoring oxidative balance, and resisting oxidative 
stress.

Numerous studies have provided evidence that LA 
can reverse the advancement and course of MASLD in 
individuals with insulin resistance to HFD. LA (100 or 
200 mg/kg) can act by preventing the activation of the 
SIRT1/liver kinase B1 (LKB1) AMPK pathway and the 
translocation of SREBP1 into the nucleus and FOXO1) 
into the cytoplasm. LA additionally enhances nuclear 
NF-E2-related factor 2 (Nrf2) and downstream targets 
by activating the SIRT1 pathway. LA increases adipose 
triacylglycerol lipase (ATGL) and decreases FAS, thereby 
reducing TG levels. This phenomenon has a hepatopro-
tective effect. LA can also decrease metabolic disorders 
and insulin resistance, maintain blood glucose homeosta-
sis, and avert MASLD in HFD C57BL/6 J rats. The preva-
lence of fatty liver disease is high among individuals who 
are obese and have insulin resistance. The expression of 
SREBP-1c, a critical factor in liver steatosis, is influenced 
by several factors such as insulin, AMPK, LXRs, and spe-
cific protein 1 (SP1). ALA supplementation suppresses 
SP1 and LXR in C57BL/6 mice that are fed an HFD or 
given LXR agonists. ALA can also increase the phospho-
rylation of AMPK and SREBP-1 C in the liver. LA can 
regulate the specific genes (β-oxidation and ROS-scav-
enging enzymes), thereby leading to a reduction in liver 
fat accumulation among HFD rats.

In young rats, a diet rich in n-6 PUFAs can induce fatty 
liver, inflammation, and even liver fibrosis, and LA can 
influence these effects. In rats fed 10% oxidized rape-
seed oil, supplementation with α-LA inhibits the increase 
of antioxidant enzyme activity and lipid peroxidation 
caused by oxidized oil. In hepatocytes, MASLD is asso-
ciated with palmitic acid (PA). The supplementation of 
LA can effectively decrease caspase 3 activation triggered 
by PA while simultaneously curbing lipid accumulation. 
This is achieved by mitigating PA uptake, promoting fatty 
acid oxidation, and encouraging lipid phagocytosis, all of 
which work in synergy to impede fat apoptosis. In addi-
tion, it has been noted that α-LA heightens the prolifera-
tion capability of hepatocytes following PA stimulation 
(Table 3).

Notably, as shown in a study of Zucker rats, not only 
does LA hinder hepatic fat accumulation, but it also 
increases fatty acid consumption in muscles. In summary, 
LA protects from hepatic fat deposition and damage 
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caused by HFD in MASLD through various ways, and 
can also prevent obesity and hypercholesterolemia.

Effects of lipoic acid on hepatic fat accumulation in rats fed 
high fructose diets
High-carbohydrate diets are effectively converted to 
specific FAS in the liver via upregulation and activa-
tion of lipogenic enzymes, most notably FAS and ACC, 
corresponding to higher plasma TG and total FA con-
centrations but lower hepatic TG and total FAs  [107]. 
Fructose-rich diet is more closely associated with 

higher plasma and liver TG levels than glucose-rich 
diet  [108]. As fructose is abundant in fruits, vegetables, 
prepared foods, and drinks, it often triggers fatty liver. 
The mechanism mainly relies on stimulating lipid syn-
thesis and accumulation, rather than on direct conver-
sion of fructose to fatty acids  [109]. Situations with an 
excess uptake of lipids by the liver require an adaptive 
increase in mitochondrial oxidative capacity. Under 
these conditions, mitochondrial dysfunction will com-
promise metabolic performance in association with 
increased reactive oxygen species (ROS) generation. 

Table 4  The effects of LA on hepatic fat accumulations in rats fed HFD

In vivo studies

Species Fat in diets Treatments Hepatic effects and mechanisms Refs

SD HFD α-LA (20,40 mg/kg*d) for 12 WKS (i.g.) Improving MASLD. ↓oxidative stress and lipid peroxidation  [94]

SD HFD LA (0.25%,0.5%) (p.o.) ↓TGs; improving liver lipids  [95]

Albino HFD LA (50 μg/kg*bw/d) for 10 WKS (i.g.) 
(LA alone or combined with Co-Q)

↑Fat oxidation(↑activity of lipoprotein lipase(LPL))  [96]

Wistar HFD LA (0.25%) for 8 WKS (p.o.) ↓Fatty liver
Regulating lipogenesis and mitochondrial β-oxidation genes 
(mitochondrial copy number and in Ucp2 gene expression ↑) 
and improving insulin sensitivity; Modulating mitochondrial func-
tion (ETC↓, ATP↓)

 [97]

Wistar HFD LA (0.25%) for 8 WKS (p.o.) Preventing TG and oxidative damage. Antioxidant: ↓H2O2; ↑mito-
chondrial antioxidant defenses(mtDNA oxidative damage↓, mito-
chondrial copy number↑); ↑superoxide dismutase (SOD2) and GPx 
activities, ↑GSH: oxidized glutathione (GSSG) ratio, ↑UCP2 mRNA lev-
els; ↓The acetylation levels of Foxo3a and PGC1β through the stimu-
lation of SIRT3 and SIRT1

 [98]

C57BL/6 J HFD LA (100, 200 mg/kg) in for 24 WKS (p.o.) ↓TGs. ↑Lipid metabolism(↑SIRT1, ↑ AMPK, ATGL↑); ↓ Fas abundance; 
↑Oxidation resistance Nrf2↑(via the SIRT1 pathway)

 [99]

C57BL/6 J HFD LA (100, 200 mg/kg/d) for 24 WKS (p.o.) Alleviating HFD-induced MASLD. ↑lipid metabolism(PKB/Akt 
and GSK3β phosphorylation↑, and nuclear carbohydrate response 
element binding protein (ChREBP)↑)

 [100]

SD; C57BL/6 HFD LA (0.5%) for 3 ds(p.o.); LA (100 mg/kg) 
in saline(i.p.); LA (0.5%) for 7 ds(p.o.)

↓Steatosis and SREBP-1c expression (AMPK phosphorylation↑); 
↓ DNA binding activity and transcriptional activity of both Sp1 
and LXR

 [101]

C57BL/6 HFD LA (0.1%) for 6 WKS (p.o.) ↓Lipid peroxidation
↑β-oxidation and free radical scavenger enzymes genes, ↓choles-
terol synthesis genes

 [102]

Wistar albino n-6 PUFA rich diet After 4 WKS diet, LA (35 mg/kg) (i.p.) Preventing degenerative effects of PUFA (fatty liver, inflammation, 
and apoptosis)
↑GSH,↓TUNEL and caspase-3 positive cells

 [103]

Wistar HFD (PA) LA (0.25%) for 56 ds (p.o.) ↓PA-mediated lipid accumulation and preventing adipocyte 
apoptosis
Resisting oxidative stress (early nuclear translocation of Nrf2, PA 
uptake↓, FA oxidation↑, lipophagy↑, hepatocytes proliferation↑, 
mitochondrial apoptosis↓)

 [104]

Wistar HFD LA (10 mg/kg b.m.) for12 WKS (p.o.) Counteracting the increased activity of antioxidant enzymes 
and lipid peroxidation caused by oxidized rapeseed oil. ↓SOD, ↓glu-
tathione peroxidase (GSH-Px), ↓glutathione reductase (GR), ↓G6PD; 
counteracting the production of oxygen radicals and MDA

 [105]

Zucker HFD LA (0.25%) for 30 ds (p.o.) ↓Fat accumulation. ↓Lipogenic response(hepatic Acac and Fas↓); 
↑hepatic fat oxidation (CPT1 A↑); ↑VLDL export(hepatic diacylglyc-
erol acyltransferase (DGAT)↑ and microsomal triglyceride transfer 
protein(MTP)↑)

 [106]
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Therefore, high fructose intake is an important factor 
for fatty liver.

Several studies have shown that LA pretreatment can 
attenuate fatty deposition in animal livers with high-
fructose diets to varying degrees (Table 5). LA pretreat-
ment (35 mg/kg for 20 days, or 4 g/kg body weight for 30 
days) before the occurrence of fatty liver can impede lipid 
accumulation in the liver both in higher (60% in diet) and 
in lower (10% in drinking water) fructose intake. How-
ever, LA treatment after the development of fructose-
induced fatty liver can only restore normal hepatic lipid 
contents in rats fed a lower-fructose diet. Therefore, ear-
lier pretreatment is important for attenuating fatty liver 
to impede the effects of high fructose intake. Notably, 
in an experiment with a high-fructose (60%, 8  weeks) 
diet, although the use of LA did not reduce TG levels, 
LA reversed mild portal endotoxemia–induced inflam-
mation. In a previous study, researchers established a 
HepG2 cells model containing glucose (30 mM) and 
palmitic acid (0.1 mM). The findings demonstrated that 
treatment with α-LA stimulated the expression of ATGL 
via the AMPK/FOXO1 signaling pathway, resulting in a 
decrease in liver fat accumulation.

Therefore, LA can reduce liver fat accumulation caused 
by high-fructose diet and it is more effective when given 
before the development of fatty liver.

Effects of lipoic acid on hepatic fat accumulation in rats fed 
methionine‑and choline‑deficient diet
It has been shown that the diet of MCD can lead to the 
accumulation of intrahepatic fat, the mechanism is 
mainly due to the lack of choline in the diet caused by the 
body lecithin synthesis. Methionine is Essential amino 
acid for the synthesis of carrier proteins, and a lack of 
methionine leads to a reduction in Low-density lipopro-
tein synthesis and therefore the inability to transport TG 
out of the liver, leading to the accumulation of fatty liver  
[115] and steatohepatitis with similar histopathological 
features to human NASH  [116–118]. Without being lim-
ited to normal diet, hypercaloric contents (high fat and 
high fructose) in an MCD diet more easily cause meta-
bolic changes characteristic of obesity, which may pro-
mote the occurrence of hepatic steatosis.

Several studies have shown that LA supplementation 
significantly decreases hepatic lipid accumulation and 
function in a normal MCD diet and a hypercaloric MCD 
diet (Table 6). LA can decrease liver injuries in MCD rats 
through decreasing oxidative stress (by increasing SOD, 
GSH, glutathione peroxidase [GPx], and paraoxonase-1, 
and decreasing TBARS and 4-HNE) and inflammatory 
reactions. The effect of LA on attenuating fatty liver 
occurs earlier in animals fed a normal MCD diet than in 
those fed a hypercaloric MCD diet.

As shown in a study with MCD plus LA (61 mg/kg 
body weight/day), ALA inhibits obesity but increases oxi-
dative stress and liver lipid accumulation in Wistar rats. 
In precancer models induced by MCD, LA aggravates 
liver damage and promotes the formation of precancer 
lesions. Therefore, LA may be used as a liver-protective 
substance in hepatic fatty accumulation caused by MCD, 
but it needs to be used with caution.

Effects of lipoic acid on hepatic fat accumulation 
in diabetic rats
MASLD occurs in 70%–90% of cases with T2DM or IR  
[126]. ALA can improve metabolic disorders, hypergly-
cemia, and liver inflammation  [127, 128]. Previous stud-
ies have shown that HFD-fed animals with T2DM show 
significant liver steatosis and decreased liver extract 
fraction. In contrast, α-LA improved hyperinsulinemia 
and the higher levels of free fatty acids of the T2DM rats  
[129], increases antioxidant defense through Nrf2, and 
reduces inflammation in T2DM (decreases TNF-α and 
Inhibit the expression of NLRP3 and downstream inflam-
matory factors IL-18 and IL-1β) to prevent liver steato-
sis and relieve HFD-induced liver lipid accumulation in 
T2DM rats (Table  7). NAM and streptozotocin (STZ)-
induced T2DM also leads to hepatic damage, including 
disrupted antioxidant status, aberrant intrahepatic lipid 
accumulation, and inflammation. In a previous study, 
oral administration of LA has been shown to simultane-
ously activate SIRT1 and AMPK to decrease lipids, and 
another study has shown that LA can target the liver sul-
fane sulfur/hydrogen sulfide signaling pathway to prevent 
liver damage caused by diabetes.

Effects of lipoic acid on patients with alcoholic fatty liver 
disease and nonalcoholic fatty liver disease in clinical trials
First, as a common liver manifestation, AFLD can further 
develop into alcoholic hepatitis and cirrhosis. In addition 
to making the diagnosis according to the clinical symp-
toms (fever, jaundice, hepatomegaly, and other complica-
tions, such as hepatic encephalopathy, variceal bleeding, 
and ascites accumulation) for patients with acute alco-
holic hepatitis, AFLD is usually discovered in health 
examinations for chronic alcoholic hepatitis. At present, 
controlling alcohol consumption is the best measure to 
impede the development of AFLD. As absolute absti-
nence is difficult to achieve, applying hepatoprotective 
agents is necessary. According to a prior clinical investi-
gation  [134] 300 mg LA/day for 6 months given to indi-
viduals with precirrhotic alcohol-induced liver damage 
does not markedly influence the subsequent progression 
of alcohol-related liver disease. Still, treatment with LA 
improves aspartate transaminase, serum gamma gluta-
myl transpeptidase, and histological scores of the liver 
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to a certain degree. The result may be due to long-term 
alcohol consumption (over 15 years in these subjects). 
The accumulating precirrhotic liver lesions (fatty infil-
tration, alcoholic hepatitis, and fibrosis) may be respon-
sible for the weak effects of 6-month LA administration. 
However, Kravchuk et al. found that LA supplementation 
(600 mg/day) in combined therapy with herbal medicine 
for 28 days greatly decreased the severity of fatty hepato-
cytic dystrophy and fibrotic development in patients with 
alcoholic hepatitis. There are direct preventive effects 
of LA in the early stage of AFLD development. There-
fore, the clinical effects of LA should be examined in the 

early stage of AFLD, or a higher dose of LA should be 
considered.

According to one study, the supplementation of 
LA (600 mg/d, IV (1–7 days). p. o. (8–28 days)) in the 
combined therapy for AH decreased the severity of 
fatty hepatocytic dystrophy, hepatic inflammatory, and 
necrotic changes. Moreover, no fibrotic changes were 
observed in the liver  [135]. Nevertheless, despite the 
administration of a higher dose of LA for a prolonged 
period (1200 mg/day for 12 weeks), the intensity of liver 
steatosis in obese patients with MASLD was not sig-
nificantly enhanced. Only the serum indexes, including 

Table 6  Effects of lipoic acid on hepatic fat accumulation in rats fed methionine-and choline-deficient diet

In vitro studies

Cell lines Models Treatment Hepatic effects and mechanisms Refs

HepG 2 cells MCD incubating (FFA, carnitine and carnitine complexes) Preventing lipotoxicity. ↑Mitochondrial β-oxidation, 
↓oxidative stress

[119]

Species Models Treatment Hepatic effects and mechanisms Refs

C57BL/6 MCD LA (100 mg/kg *day) for 2 WKS (i.p.) Ameliorating lipid peroxidation and nitrosative stress 
(↑SOD, ↑GSH); ↑palmitic, stearic, arachidonic, and DHA

[120]

C57BL/6 MCD LA (0.5% wt/wt) for 4 WKS (p.o.) ↓lipid accumulation, inflammation, TBARS, 4-HNE, 
and plasma ALT and AST (↓CYP2E, ↓ER stress, ↓MAPK, 
↓NF-κB)

[121]

Wistar high-calorie 
choline-deficient 
diet (HCCDD)

LA (75 mg/kg bw) for 8 WKS (p.o.) ↓Leptin, ↑ghrelin [122]

Wistar HCCDD LA (61 mg/kg* day bw) for 8 WKS ↓TG
↑The activity of GSH-Px, paraoxonase-1(PON1), antioxi-
dant; ↓liver transaminase activity

[123]

Wistar HCCDD LA (75 mg/kg*day bw), for 8 WKS (p.o.) ↓Apoptosis, anti-inflammatory (↓IL-17 A(interleukin), 
↓IL-1α, ↑IL-10)

[124]

Fischer pre-neoplastic 
lesions gener-
ated by a model 
of HCCDD

LA (0.2%) for 6/10 WKS (p.o.) ↑Fat accumulation, lipid peroxidation, hepatocyte 
death, expressions of tumor necrosis factor-α(TFN-α), 
cytochrome 2E1, COX-2; ↑c-Jun N-terminal kinase (JNK), 
signal transducer and activator transcription 3(Stat3), 
and hepatocyte proliferation

[125]

Table 7  Effects of lipoic acid on hepatic fat accumulation in diabetic rats

In vivo studies

Species Models Treatments Hepatic effects and mechanisms Refs

Goto-Kakizaki T2DM with HFD 3 ds/week LA (50 mg/kg, BW) in soybean oil 
for 3 months(i.p.)

Ameliorating cholesterol, TG, steatosis. ↓TNF-
α, ↓oxidative stress(nuclear Nrf2 activity↑)

 [130]

Wistar HFD/STZ-induced T2DM LA (50, 100, 200 mg/kg BW) for 13 WKS (p.o.) ↓TGs. ↓NLRP3 inflammasome activation 
(↓NLRP3, ↓caspase-1, ↓IL-1β); ↓synthesis 
(SREBP-1c); ↑oxidation (CPT)

 [131]

STZ/NA- induced 
diabetes mouse fed 
HFD

HFD LA (200 mg/kg) (p.o.) ↓fat. ↑SIRT1(NAD +/NADH ratio↑); ↑AMPK 
and ACC(palmitate β-oxidation↑). ↑ATGL 
and ↓FAS protein

 [132]

SD standard chow
NAM + STZ-induced T2DM

LA (60 mg/kg/day) for 6 WKS (p.o.) ↓lipid accumulation ↑hepatic sulfane sulfur/
hydrogen sulfide pathway (↑CGL (cystathio-
nine γ-lyase), ↑3MST (3-mecaptopyruvate 
sulfotransferase))

 [133]
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levels of insulin, insulin resistance, adiponectin, leptin, 
and IL-6, showed improvement  [67, 68].

LA combination therapy has great clinical signifi-
cance for liver disease. A previous study has shown that 
the combination of LA (400 mg/day) with UDCA (300 
mg/day) for 12 months was safe. It decreased AST, ALT, 
and GGT, and increased MASLD fibrosis and AST/
ALT ratio. This effect was particularly prominent in 
individuals following low-caloric diets  [136]. Based on 
triple antioxidant therapy, the formula (silymarin plus 
organic selenium and LA) improved chronic liver dis-
ease  [137].

Several clinical products and new diets contain-
ing LA are currently available. For example, a previ-
ous study was conducted to enhance dietary therapy 
for individuals diagnosed with NASH by optimiz-
ing therapeutic nutrition through the use of SP (SP-1, 
SP-2) formulations and technology. These SP formula-
tions, characterized by a specific chemical composition, 
were intended to improve the dietary interventions for 
NASH patients  [138]. The food for special dietary use 
is safe for patients with NASH, and it can reduce fat, 
and even achieve weight loss and other health effects  
[139].

Mechanism of lipoic acid in the treatment 
of metabolic dysfunction‑associated steatotic liver 
disease
In preclinical studies, LA has been shown to improve 
nonalcoholic fatty liver disease by modulating a variety 
of molecular pathways. The specific mechanism of lipoic 
acid treatment for non-alcoholic fatty liver disease are 
presented in (Fig. 4).

Effects of LA on initial fatty degeneration
LA regulates hepatic lipid metabolism by activating the 
AMPK pathway. Specifically, activated AMPK suppresses 
ACC activity to curb fatty acid synthesis [140]. In addi-
tion, LA up-regulates CPT-1 expression, promoting fatty 
acid β-oxidation and reducing hepatic lipid accumulation 
to alleviate steatosis. Moreover, LA may enhance fatty 
acid oxidation by modulating the PPARα pathway, as 
activated PPARα induces the expression of genes related 
to fatty acid oxidation [74].

Insulin resistance is a key driver of steatosis. LA can 
enhance insulin sensitivity by improving the insulin sign-
aling pathway. It may achieve this by reducing oxidative 
stress and inflammation, thereby optimizing intracellular 
insulin signaling and down-regulating genes involved in 

Fig. 4  Mechanism of action of LA in MASLD
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hepatic lipid synthesis [141], such as FASN. Additionally, 
LA may increase the efficiency of insulin signaling by reg-
ulating the expression and phosphorylation of IRS, sub-
sequently decreasing hepatic lipid synthesis and storage.

In terms of carbohydrate metabolism, LA participates 
in glycolysis and the citric acid cycle, enhancing energy 
metabolism while reducing gluconeogenesis and lipid 
synthesis in the liver [142]. For example, it can regu-
late pyruvate dehydrogenase (PDH) activity, promot-
ing the conversion of pyruvate into the citric acid cycle 
and increasing energy production. Regarding fatty acid 
metabolism, besides promoting β-oxidation, lipoic acid 
can inhibit fatty acid synthesis by regulating key enzymes 
like FASN, lowering hepatic fatty acid levels and reducing 
lipid accumulation.

Effects of LA on MASH (inflammation and oxidative stress)
LA directly scavenges free radicals like O₂⁻ and ·OH, 
mitigating ROS/RNS-induced oxidative stress. It also 
enhances the body’s antioxidation defense by boosting 
the activity of antioxidant enzymes SOD, GSH-Px, and 
CAT, reducing levels of lipid peroxidation products MDA 
and 4-HNE to protect hepatocytes and alleviate inflam-
mation  [143]. Moreover, it activates the Nrf2 pathway, 
inducing the expression of antioxidant and detoxifica-
tion enzymes to reinforce cellular antioxidant capacity. 
In addition, both ASLD and MASLD are characterized by 
altered gut permeability that permits bacterial transloca-
tion. In this context, classical results have shown that LA 
is endowed with antioxidant properties that are protec-
tive in the spleen against the deleterious actions of Gram-
negative bacterial endotoxin [144]. Other important data 
showed that LA eliminated the adverse effects of dime-
thyl nitrosamine on the spleen of mice by antioxidant 
[145]. These findings are consistent with the primary 
role of the spleen in the development and progression of 
MASLD [146].

LA exerts anti—inflammatory effects through mul-
tiple pathways. It inhibits NF-κB pathway activation, 
reducing the production of pro-inflammatory cytokines 
such as IL-1β, IL-6, and TNF-α [130, 131]. By inhibiting 
IKK activity, it prevents IκB degradation, NF-κB nuclear 
translocation, and pro-inflammatory gene expression. 
Additionally, it modulates inflammasome activation, 
such as suppressing NLRP3 inflammasome assembly, 
to reduce inflammatory cytokine release and alleviate 
hepatic inflammation. It also regulates MAPK pathways 
like p38 MAPK and JNK to inhibit inflammation-related 
signaling.

Furthermore, LA modulates immune cell function. It 
suppresses macrophage activation and infiltration, reduc-
ing inflammatory mediator release and improving the 
liver’s immune microenvironment. By enhancing Tregs 

and inhibiting Th17 cell differentiation, it balances the 
immune response and mitigates hepatic inflammatory 
damage [147].

Effects of LA on fibrosis
HSC activation is pivotal in hepatic fibrosis development. 
LA can inhibit this process via multiple mechanisms. 
It suppresses the TGF-β/Smad pathway, reducing the 
expression of ECM-related genes like collagen I and III 
[148]. By inhibiting TβRI expression and phosphoryla-
tion, it blocks signal transmission, thus preventing HSC 
activation. LA also modulates the Wnt/β-catenin path-
way, inhibiting β-catenin nuclear translocation and its 
binding to downstream targets, which in turn inhibits 
HSC proliferation. Moreover, it promotes HSC apoptosis, 
reducing their number and ECM synthesis, thereby alle-
viating fibrosis.

The antioxidant and anti-inflammatory properties 
of thiamine help reduce fibrosis. By reducing ROS and 
pro-inflammatory cytokines, it inhibits oxidative stress 
and inflammation, indirectly preventing HSC activation. 
For example, it suppresses NF-κB pathway activation, 
decreasing the production of TNF-α and IL-1β, and in 
turn reducing HSC activation and ECM synthesis.

LA can restore the balance of ECM degradation and 
synthesis. It increases MMPs (e.g., MMP-2, MMP-9) 
activity and inhibits TIMPs (e.g., TIMP-1, TIMP-2) 
expression [149], promoting ECM degradation and 
reducing its accumulation. Furthermore, it modulates the 
ILK pathway to influence ECM assembly and cell–matrix 
interactions, further regulating ECM metabolism.

Effects of LA on cirrhosis and HCC
Currently, limited studies have examined the direct 
impact of LA on liver cirrhosis and HCC. However, based 
on its early-stage MASLD mechanisms, it may hold pre-
ventive and therapeutic potential for these conditions.

LA may slow cirrhosis progression by reducing hepatic 
inflammation, oxidative stress, and fibrosis. In early cir-
rhosis, it could improve liver structure and function, 
lowering cirrhosis risk. While its role in established cir-
rhosis is limited, it might serve as an adjuvant therapy to 
enhance patient outcomes.

LA may reduce HCC risk through its antioxidant and 
anti-inflammatory effects. It can also inhibit hepatocyte 
proliferation and transformation by modulating signal-
ing pathways and gene expression. For instance, it sup-
presses abnormal Wnt/β-catenin activation, reducing 
β-catenin binding to oncogenes like c-Myc and cyclin D1, 
and inhibiting tumor development [150]. Additionally, it 
enhances p53 tumor-suppressive functions and promotes 
hepatocyte apoptosis. However, conclusive clinical evi-
dence is still needed to confirm its efficacy against HCC.
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Strengths and limitations
In this article, we comprehensively summarized the effect 
of LA on lipid accumulation triggered by diverse factors 
and highlighted the potential of LA to prevent MASLD. 
However, it is important to acknowledge the limitations 
of this review. There is a possibility of overlooked con-
tributors (such as viral hepatitis) to fat accumulation, 
and the available data from clinical studies regarding the 
influence of LA on MASLD may be inadequate. The com-
bination of LA with other compounds may have more 
therapeutic potential than monotherapy. In this regard, 
the relationship between LA dose and its potential side 
effects, as well as the impact of different routes of admin-
istration on LA bioavailability, may be a future research 
topic.

Conclusions
In this study, LA was found to have an alleviating effect 
on MASLD and could be used for the prevention thereof. 
Notably, MASLD pathogenesis was conducted and the 
effects and mechanisms of LA on excessive liver fat accu-
mulation were determined based on the causes.

As such, the MASLD models reviewed in this paper 
could provide investigation and experimental bases for 
the subsequent clinical prevention of MASLD by LA. 
However, other models (such as viral hepatitis) not sum-
marized in this paper should be treated with caution.
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