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Abstract 

Background  The prevalence of metabolic associated fatty liver disease (MAFLD) is high. However, there are few stud-
ies on the effects of time-restricted feeding (TRF) and caloric restriction (CR) in MAFLD.

Objectives  To investigate the efficacy and mechanism of 4 h TRF and 60% CR in MAFLD.

Methods  Twelve male Sprague–Dawley rats were randomly assigned to the Normal group (normal diet, 10 kcal% 
fat), while the remaining 38 rats were assigned to the MAFLD group (high-fat diet, 60 kcal% fat). 10 weeks later, 
the MAFLD group was randomly divided into the 4 h TRF, 60% CR, 4 h TRF + 60% CR, and Model groups; all rats were 
then given normal diet. After 4 weeks, weight, blood lipid, and other indicators were detected.

Results  After the high-fat diet was discontinued, the liver lipid levels in the rat with MAFLD significantly reduced, 
while the body weight was not significantly changed. The rats in the Model group were heavier than those 
in the other four groups (p < 0.01). The triglyceride levels were higher in the TRF + CR group compared with the Model 
group (p < 0.01). Compared with the Model group, 110 metabolites were decreased in the TRF + CR group, and 83 
metabolites were elevated in liver. Kyoto Encyclopedia of Genes and Genomes revealed that the mechanism involved 
the proliferator–activated receptor alpha signaling pathway, metabolic pathway, and so on. We observed differences 
in silent information regulator transcript 1 (SIRT1) mRNA levels in all five groups (p = 0.003).

Conclusions  4 h TRF and 60% CR significantly reduced body weight and liver lipid in rats with MAFLD. 4 h TRF can 
improve MAFLD, and there is no need to excessively restrict food intake.
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Introduction
Living standards have greatly improved with increased 
global productivity, but excessive nutritional intake has 
become increasingly prevalent [1]. In the past 10 years in 
China, the prevalence of nonalcoholic fatty liver disease 
(NAFLD) has risen markedly, from 18 to 29.2% [2], while 
the global prevalence is 25.2% and often higher in some 
certain regions [3]. NAFLD is now known as metabolic 
associated fatty liver disease (MAFLD). Currently, there 
is a lack of specific treatments for MAFLD, and manage-
ment largely focus on diet control and increased physi-
cal activity. Caloric restriction (CR) needs to calculate 
the calories contained in food, which presents challenges 
and limits its application in daily life. Counting calories 
is hard, but eating fewer calories can be even harder. In 
addition to CR, intermittent fasting (IF) is an ancient diet 
therapy that requires no or very little caloric intake for a 
certain period, typically lasting more than 12  h, to pre-
vent disease by alternating between a normal eating state 
and a fasting state[4]. The IF protocols include alternate-
day fasting, time-restricted feeding (TRF), and 5:2 fast-
ing. Studies by others have reported that IF help prevent 
obesity, type 2 diabetes, and other metabolic diseases [5, 
6]. Thus, IF may be a promising strategy for improving 
MAFLD. Although some studies have analyzed the effect 
of CR on MAFLD, there are few studies related to TRF 
and MAFLD, in particular, studies comparing the effects 
of TRF and CR are lacking [7].

Therefore, in this study, we analyzed the efficacy of 
TRF and CR in MAFLD, and also combined these strat-
egies to simultaneously observe the effects of restricted 
eating time and food intake. This provides both a clini-
cal and theoretical reference point for MAFLD preven-
tion and treatment. Finally, based on the results of liver 
metabolomics, we studied the peroxisome prolifera-
tor-activated receptor alpha (PPARα) and silent infor-
mation regulator(SIRT1) genes related to the PPAR 
signaling pathway to clarify the relevant mechanisms in 
this study[8, 9].

Materials and methods
Animals and the study protocol
Fifty specific-pathogen-free male Sprague–Dawley rats 
were raised at the Animal Center of Xi’an Jiaotong Uni-
versity (license No. SYXK (Shaanxi) 2020–005). The liv-
ing conditions included a day-to-night ratio of 12:12  h, 
a temperature of 22  °C, and free access to water. After 
1 week of adaptive feeding and using a random number 
table method, 12 animals were assigned to the Normal 
group and given an ordinary diet (the carbohydrate, pro-
tein, and fat energy accounted for 65%, 25%, and 10%, 
respectively. Xi’an Jiaotong University, Xi’an, China). 
The remaining 38 animals (MAFLD group) were fed a 

high-fat diet (the carbohydrate, protein, and fat energy 
accounted for 20%, 20%, and 60%, respectively. SYSE 
BIO, Changzhou, China). The high-fat diet was pur-
chased from Changzhou SYSE BIO (China); At 10 weeks, 
two rats were randomly selected from the MAFLD 
group, and livers were removed for hematoxylin and 
eosin (HE) staining to ensure MAFLD in rats induced by 
a high-fat diet for 10 weeks [10]. Then, the remaining 36 
rats were randomly divided into four groups of nine ani-
mals/group: the 4 h TRF group (feeding at 18:00–22:00), 
the 60% CR group (Normal group rats with the standard-
food intake/unit body weight calculated as 60%), the 4 h 
TRF + 60% CR group (feeding at 18:00–22:00 and a 40% 
calorie intake reduction), and the Model group (free eat-
ing).During the intervention period from weeks 11 to 14, 
body weight was measured weekly, and food intake was 
assessed daily in the four groups. Our study was approved 
by the Biomedical Ethics Committee of Xi’an Jiaotong 
University Health Science Center (XJTUAE2023-1434).

Serum biochemical indicators
At the end of 14 weeks, after fasting overnight for 12 h, 
the rats were anesthetized via intraperitoneal injection 
of 1% pentobarbital sodium (50  mg/kg). Then, 4  mL of 
blood was collected from the heart, left for 1 h at room 
temperature, and centrifuged for 10  min at 3500  rpm, 
after which the serum was separated. Fasting blood glu-
cose (FBG), total cholesterol (TC), triglyceride (TG), 
low-density lipoprotein (LDL), high-density lipoprotein 
(HDL), alanine aminotransferase (ALT), and aspartate 
aminotransferase (AST) levels were measured using an 
automatic biochemical analyzer (Beckman Coulter, CA, 
USA). The body fat ratio was defined as (epididymis 
fat + perirenal fat)/weight × 100%.

Pathological histology
For HE staining, approximately 5  mm of liver tissue 
was fixed in 4% paraformaldehyde, dehydrated, par-
affin-embedded, sliced, and stained with HE. Oil red 
staining, approximately 5  mm liver tissue was fixed 
in 4% paraformaldehyde, dehydrated, optimal cutting 
temperature compound (OCT, Sakura, Tokyo, Japan) 
embedded, sectioned, stained, glycerin gelatin tablet 
(Servicebio, Wuhan, China) sealed. Pathological changes 
across groups were observed via microscopy (Nikon, 
Tokyo, Japan). ImageJ software (v1.8.0; National Insti-
tutes of Health, Bethesda, USA) was used to calculate the 
area occupied by fat droplets, which represented the liver 
fat content.

Metabolomics
Liver tissue was homogenized in a grinder (30 Hz; Leica 
Biosystems, Shanghai, China) for 20 s. A 400 μL solution 
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(methanol: water = 7:3, V/V) containing an internal 
standard was added to 20  mg of ground tissue and 
shaken at 1500 rpm for 5 min. After being placed on ice 
for 15 min, the tissue was centrifuged at 12,000 rpm for 
10 min (4 °C). Then, 300 μL of the supernatant was incu-
bated at − 20 °C for 30 min and centrifuged at 12,000 rpm 
for 3  min (4  °C), after which 200  μL of the sample was 
processed using liquid chromatography with electro-
spray ionization tandem mass spectrometry (SCIEX, CA, 
USA). Principal component analysis (PCA), orthogonal 
partial least squares discriminant analysis (OPLS-DA), 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database was used to annotate and display the differential 
metabolites and analyze the related metabolic pathways 
[11].

Real‑time polymerase chain reaction (RT‑PCR)
Total RNA of liver tissue was extracted using a Total 
RNA Extraction Kit I, and the RNA concentrations were 
determined via spectrophotometry (NanoDrop, Thermo 
Fisher Scientific, Waltham, MA, USA). Total RNA was 
transcribed to cDNA using PrimeScript RT Master Mix 
(TaKaRa, Shiga, Japan) and TB Green Premix Ex Taq II 
kits (TaKaRa, Shiga, Japan). ABI StepOne Plus (Thermo, 
CA, USA) was used to determine the relative abun-
dance of the mRNAs. All procedures were conducted in 
accordance with the manufacturer’s instructions. Gene 
expression was quantified using the 2−△△Ct method. 
The following primers were used: PPARα(Augct, Beijing, 
China); the upstream primer TCT​GAA​CAT​TGG​CGT​
TCG​CAG; the downstream primer CTC​GTG​TGC​CCT​
CCC​TCA​AG; the SIRT1 (Augct) upstream primer GGC​
AGA​CAA​TTT​AAT​GGG​GTGA; the downstream primer 
ATC​TGG​GAG​ATC​CGG​GAA​GT; the GAPDH (Augct) 
upstream primer TAC​CCA​CGG​CAA​GTT​CAA​CG; and 
the downstream primer CAC​CAG​CAT​CAC​CCC​ATT​

TG. GAPDH was used as internal reference gene to cal-
culate the relative expression of target gene.

Statistical analyses
Normal data are expressed as the mean ± standard devia-
tion. One-way analysis of variance was initially used, after 
which Fisher’s least significant difference (LSD) test or 
Tamhane T2 test was used to determine statistical signifi-
cance. Skewness data were described by quartile spacing 
and compared using the Kruskal‒Wallis test. IBM SPSS 
23.0 statistical software (SPSS, Inc., Armonk, NY, USA) 
was used for the statistical analyses. GraphPad Prism 
8.0 software (San Diego, CA, USA) was used to generate 
graphs. A p < 0.05 indicated statistical significance.

Results
The effects of 4 h TRF and 60% CR on body weight 
and body fat in MAFLD rats
On the 10th weekend, two rats in the MAFLD group 
were randomly selected and HE staining of liver tissues 
showed that hepatocytes were swollen, with many lipid 
droplets of various sizes present in hepatocytes. In addi-
tion, some nuclei were compressed and displaced (Fig. 1). 
The body weight of the rats in the Normal group and the 
MAFLD group increased gradually. By the end of week 
10, the body weight of the rats in the Normal and the 
MAFLD group were 393.8 ± 35.8  g and 470.4 ± 53.4  g, 
respectively. This difference was statistically significant 
(p < 0.001; Fig.  2a), indicating successful construction of 
the MAFLD model.

At the end of 14  weeks, the body weight of the Nor-
mal, TRF, CR, TRF + CR, and Model groups were 
419.1 ± 41.0 g, 418.0 ± 36.0 g, 413.3 ± 53.6 g, 388.6 ± 45.8 g 
and 477.9 ± 37.9 g, respectively. The differences were sta-
tistically significant (P = 0.002). Body weight was lower in 
the Normal, TRF, CR, and TRF + CR groups than in the 

Fig. 1  Establishment of MAFLD rat model. At the end of 10 weeks, HE liver tissue staining confirmed successful MAFLD model construction 
(400 × magnification)
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Model group (p < 0.01; Fig.  2b). The visceral fat weight 
and body fat ratios were significantly different among the 
Normal, TRF, CR, TRF + CR, and Model groups (p < 0.05; 
Fig.  2c–d). The visceral fat weight and body fat ratio in 
the Normal group were the lowest in the five groups, 
but there were significantly differences than that in the 
Model (p < 0.01, p < 0.05; Fig. 2c–d).

The effects of 4 h TRF on food intake in MAFLD rats
In the first week of treatment, the food intake in the Nor-
mal, CR, and Model groups was relatively stable, while 
the food intake in the TRF and TRF + CR groups was rel-
atively low during the first two days of TRF (Fig. 3a). The 
food intake on the third day significantly increased.

In weeks 11–14, the food intake in the Normal group 
was stable (Fig.  3b). The food intake in the TRF group 
was low in the first week and then increased, and it was 
low in the TRF + CR group in the first week and was basi-
cally stable by the second week. The food intake in the 

Model group gradually increased and stabilized in week 
3.

The average food intake levels in the Normal, TRF, 
CR, TRF + CR, and Model groups were 24.9 ± 1.5  g, 
17.7 ± 5.0  g, 16.9 ± 1.4  g, 13.2 ± 2.9  g, and 24.0 ± 2.6  g, 
respectively, with significantly differences observed dur-
ing weeks 11–14 (p < 0.001). No statistically significant 
differences were observed between the Normal group 
and Model group, or between CR group and TRF group 
(p > 0.05), but statistically significant differences in aver-
age daily food intake were observed among the other 
groups (p < 0.01). Compared with the Normal group, 4 h 
TRF reduced about 29% of daily food intake.

Effects of 4 h TRF and 60% CR on biochemical indices
There were no significant differences in serum ALT, 
AST, FBG, TC, HDL, and LDL levels between the groups 
(p > 0.05; Fig. 4).

Fig. 2  Body weight and body fat parameters in MAFLD rats. a Body weight (g) at weeks 1–10; b weight (g) at 11–14 weeks; c perirenal fat 
and epididymal fat weight (g); d body fat ratios (%). The data are presented as the mean ± standard deviation or percentile spacing. Compared 
with the Model group, *p < 0.05, ** p < 0.01. Normal, rats fed a normal diet ad libitum; TRF, feeding at 18:00–22:00; CR, a 40% calorie intake reduction; 
TRF + CR, feeding at 18:00–22:00 and a 40% calorie intake reduction; Model, free eating
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TG levels were significantly different among the five 
groups (p < 0.05), and its levels in the TRF + CR group 
were significantly higher than those in the Model 
group (p < 0.01), and there were no significant differ-
ences among the other groups (p > 0.05; Fig. 4e).

Pathology of liver tissue and adipose tissue
After adjusting the diet structure, replacing the 
high-fat diet with an ordinary diet (10% low-fat diet, 
11–14 weeks), the structure of the liver cord was normal 
and radially arranged, the morphology of the hepatocytes 

Fig. 3  Average daily food intake of MAFLD rats. a Daily average food intake (g) in rats for days 1–7. b Average food intake from week 11–14 (g). 
Average daily food intake = total food intake in each group/number of rats per group. Normal, rats fed a normal diet ad libitum; TRF, feeding 
at 18:00–22:00; CR, a 40% calorie intake reduction; TRF + CR, feeding at 18:00–22:00 and a 40% calorie intake reduction; Model, free eating

Fig. 4  Serum biochemical indices of MAFLD rats. At the end of 14 weeks, Serum biochemical indices including ALT (a), AST (b), FBG (c), TC (d), TG 
(e), HDL (f) and LDL (g), which were measured using an automatic biochemical analyzer. Results were presented as the mean ± standard deviation 
or percentile spacing. Compared with the Model group, *p < 0.05, **p < 0.01. Normal, rats fed a normal diet ad libitum; TRF, feeding at 18:00–22:00; 
CR, a 40% calorie intake reduction; TRF + CR, feeding at 18:00–22:00 and a 40% calorie reduction; Model, free eating
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was not abnormal, and no obvious lipid droplets were 
observed in the Normal group. The results for the TRF, 
the CR and the TRF + CR groups were similar to those 
for the Normal group (Fig. 5a–e). However, the rat hepat-
ocytes in the Model group still contained a small amount 
of lipid droplets (Fig. 5f–j). Oil red O staining of liver tis-
sue was quantified by ImageJ software and the liver fat 
levels in the other four groups were lower than those in 
the Model group (p < 0.05; Fig. 6). The liver fat content in 
the TRF + CR group was lower than that in the Normal 
and Model groups (p < 0.05; Fig. 6).

In addition, we also observed the adipocytes were 
arranged neatly and evenly in the Normal, TRF, CR, and 
TRF + CR groups, while the adipocytes were different in 
size, larger in volume, and more disordered in the Model 
group (Fig. 5k–o).

Liver metabolomics
To explore the mechanism through which TRF and CR 
improve MAFLD, liver metabolomics was conducted 
in our study. An orthogonal partial least squares dis-
criminant analysis (OPLS-DA) score chart and model 
verification results confirmed the validity of our model. 
Our extensive and targeted metabolomics detected 
1290 metabolites. Compared with those in the Nor-
mal group, 367 metabolites, including 12(S)-hydroxy- 
(5Z,8Z,10E,14Z)-eicosatetraenoic acid, arachidonic 
acid, and glucuronic acid, were elevated in the Model 
group, while 105 metabolites, including adenosine 
diphosphate and uracil-diphosphate glucose, were 

decreased (Fig. 7). Compared with those in the Model 
group, 110 metabolites, such as ( ±) 12(S)-hydroxy-
(5Z,8Z,10E,14Z)-eicosatetraenoic acid, were decreased 
in the TRF + CR group, and 83 metabolites, such as 
LysoPC (14:0/0:0) which was a lysophospholipid and 

Fig. 5  Pathological findings in MAFLD rats. Rat liver tissue was stained with HE (400 × magnification), liver oil red O (400 × magnification) 
and perirenal fat (200 × magnification). Scale bar = 50/100 μm. Normal, rats fed a normal diet ad libitum; TRF, feeding at 18:00–22:00; CR, a 40% 
calorie intake reduction; TRF + CR, feeding at 18:00–22:00 and a 40% calorie intake reduction; Model, free eating

Fig. 6  Semi-quantitative oil red O staining results in liver tissue. The 
data are represented as the mean ± standard deviation. Compared 
with the Model group, *p < 0.05 and ***p < 0.001. Normal, rats fed 
a normal diet ad libitum; TRF, feeding at 18:00–22:00; CR, a 40% calorie 
intake reduction; TRF + CR, feeding at 18:00–22:00 and a 40% calorie 
intake reduction; Model, free eating
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PC (12:0/12:0) which was phosphatidylcholine, were 
elevated (Fig. 7).

According to the original relative content of differ-
entially abundant metabolites, a heatmap was drawn to 
observe the change in the relative content of metabolites 
(Fig. 8a–b), and a Venn diagram was generated to show 
the relationship between the different metabolites of each 
group (Fig.  8c). The heat maps of one of the rats in the 
Model group were similar to those of the Normal group, 
but the remaining three were significantly different, 
which may be caused by differences in the population.

KEGG pathway enrichment analysis of the differ-
ent metabolites in the different groups was performed 
to determine the mechanism related to lipid clear-
ance in the liver. The main pathways identified in the 
comparison of the Normal group and the Model group 
included PPAR signaling, adenosine 5’-monophosphate 
(AMP)- activated protein kinase (AMPK) signaling and 
so on (Fig. 9a). We observed that the related mechanisms 
involved arachidonic acid metabolism, the digestion and 
absorption of carbohydrates, and so on, when compared 
with those in the Model and TRF + CR groups (Fig. 9b).

The effects of 4 h TRF and 60% CR on liver lipid metabolism 
genes
Based on the KEGG pathway enrichment results, 
we investigated the PPARα and SIRT1 genes, which 
are related to the PPAR signaling pathway, to further 
explored liver lipid metabolism-related mechanisms. The 
PPARα mRNA levels were increased in the CR, Model 

groups and there was no significant difference among the 
five groups (Fig.  10). The SIRT1 mRNA levels were dif-
ferent among the five groups (P = 0.003; Fig.  10). Com-
pared with those in the Normal group, the SIRT1 mRNA 
levels were significantly higher in the other four groups, 
but only the CR and Model groups were significantly dif-
ferent (p < 0.05; Fig. 10). Therefore, the PPARα and SIRT1 
mRNA levels in the TRF + CR group were lower than 
those in the TRF, CR, and Model groups, but the differ-
ences were not statistically significant (p > 0.05).

Discussion
MAFLD can be completely reversed by early treatment, 
but without timely intervention, it may progress to hepa-
titis, cirrhosis and liver cancer [12, 13]. However, there 
is a dearth of specific therapeutics available for treat-
ing MAFLD [14]. Currently, first-line treatments for 
MAFLD mainly focus on improving lifestyles by adjust-
ing diets and increasing exercise levels [15, 16]. There are 
many studies on CR improving MAFLD, but for most 
people, counting calories in food is challenging [17]. 
Counting calories is hard, but reducing caloric intake 
is even harder. In recent years, more and more scholars 
have begun to pay attention to TRF, which may improve 
MAFLD [18].

TRF may reduce weight and ameliorate metabolic 
disorders, and may be used to improve MAFLD, but its 
specific role and mechanism of action are still unclear. 
A previous basic experiment showed that 8  h TRF 
reduced food intake and reversed high-fat diet-induced 

Fig. 7  Metabolomics map. Volcanic map showing differentially abundant metabolites. Each dot in the volcanic map represents a metabolite, 
while the green, red, and gray dots represent decreased, elevated, and nonsignificant metabolites, respectively. The horizontal coordinate 
represents the inverse value of the multiple differences in the relative content of metabolites in the liver of rats in the different groups (log2FC). 
Normal, rats fed a normal diet ad libitum; TRF, feeding at 18:00–22:00; CR, a 40% calorie intake reduction; TRF + CR, feeding at 18:00–22:00 and a 40% 
calorie intake reduction; Model, free eating



Page 8 of 12Deng et al. Nutrition & Metabolism           (2025) 22:14 

hyperglycemia and insulin resistance in a high-fat diet-
induced obese mouse [19]. Other studies reported that 
TRF improved obesity and prevented liver steatosis in 
young adolescent obese mice [20]. Our previous study 
suggested that TRF improve MAFLD via reducing food 
intake by 13% and improving the expression of genes in 
the PPARα/FAS pathway [21]. A survey of dietary and 
demographic data from adult subjects showed that the 
10 h TRF was negatively correlated with overweight/obe-
sity and dyslipidemia, while 8 h TRF was associated with 
only overweight/obesity but not type 2 diabetes mellitus 

[22], different eating times may have different effects. In 
addition, specific time for restricted feeding and circa-
dian rhythm are also important [23].

Therefore, we simulated improvements in diet struc-
ture and further restricted eating time, the therapeutic 
effects of 4  h TRF and 60% CR on MAFLD were ana-
lyzed for the first time, and 4 h TRF + 60% CR treatments 
were combined to observe their therapeutic effects. Body 
weight did not significantly change, but liver lipid con-
tent decreased after the consumption of an ordinary diet 
in high-fat diet induced-MAFLD rats. However, both 

Fig. 8  Heatmap and Venn diagram. a, b Cluster heatmap showing differentially abundant metabolites. The horizontal and vertical axes are 
the sample name and differentially abundant metabolite information, respectively. Red and green indicate high and low contents, respectively; 
c Venn diagram showing differentially abundant metabolites. Each circle in the figure represents a group, numbers with no overlap represent 
the number of unique differentially abundant metabolites, and numbers with overlap represent the number of shared differentially abundant 
metabolites. Normal, rats fed a normal diet ad libitum; TRF, feeding at 18:00–22:00; CR, a 40% calorie intake reduction; TRF + CR, feeding at 18:00–
22:00 and a 40% calorie intake reduction; Model, free eating
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4 h TRF and 60% CR significantly reduced body weight 
and liver lipid content without significantly increase 
serum TG levels. Then, the body weight reductions in 
the TRF + CR group were more obvious and this com-
bined treatment significantly increased the serum TG 
concentration, possibly through excessive weight loss 
and fat decomposition. In addition, the rat hepatocytes in 
the Model group still contained a small amount of lipid 
droplets and the liver fat levels that was used by oil red O 
staining in the other four groups were lower than those 
in the Model group. These results revealed that the liver 
fat levels were decreased by 4 h TRF and 60% CR. At the 
same time, we found that 4 h TRF limited approximately 

29% of the average daily food intake. In conclusion, we 
investigated that both 4 h TRF and 60% CR can alleviate 
MAFLD rats by reducing body weight, food intake, and 
liver fat content. While 4 h TRF was similar but superior 
to CR, it was superior in restricting both eating times 
and caloric intake. Importantly, we do not recommend 
the combination treatment of 4  h TRF and CR on 60% 
MAFLD, this can lead to excessive fat breakdown and 
elevated serum triglyceride levels.

Previous studies have confirmed that PPARα, SIRT1 
and other molecules are closely related to lipid metabo-
lism [24, 25]. PPARα is a member of the nuclear recep-
tor superfamily and excessive fat intake can reduce the 

Fig. 9  KEGG pathway enrichment analysis. KEGG pathway enrichment based on the results of differentially abundant metabolites in liver tissue. The 
abscissa represents the Rich factor corresponding to each pathway, the ordinate represents the pathway name, and the color of the dots indicates 
the P value: the redder the point is, the more significant the enrichment. The size of the dot represents the number of enriched differentially 
abundant metabolites. Normal, rats fed a normal diet ad libitum; TRF, feeding at 18:00–22:00; CR, a 40% calorie intake reduction; TRF + CR, feeding 
at 18:00–22:00 and a 40% calorie intake reduction; Model, free eating
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expression of PPARα to form MAFLD. PPARα upregula-
tion promotes β-oxidation of free fatty acid, reduces TG 
and fat production in the liver, and improves MAFLD 
[26, 27]. SIRT1 is one of the most important and widely 
studied members of sirtuins and is considered to play 
an important role in metabolic regulation, longev-
ity and so on [28]. SIRT1 improves MAFLD by prolif-
erator-activated receptor gamma coactivator-1 alpha 
(PGC-1α) deacetylation. In this study, KEGG analysis 
indicated that lipid clearance in the liver involved PPAR 
signaling, AMPK signaling, metabolic pathways and so 
on. Based on KEGG enrichment data, PPAR signaling 
pathway-related genes PPARα and SIRT1 were exam-
ined to characterize the underlying mechanisms. We 
found that the SIRT1 and PPARα mRNA levels in the 
other four groups were increased when compared with 
those in the Normal group, but there was no significant 
difference between some groups. The PPARα and SIRT1 
mRNA levels in the TRF + CR group were lower than 
those in the TRF, CR, and Model groups, but the differ-
ences were not statistically significant. This observation 
may be related to differences in liver lipid content in 
rats at different time points or the limited sample size 
in our study. While out findings confirmed the benefits 
of 4 h TRF, other studies suggested that these benefits 
may be limited. For example, a Chinese study reported 
that 8 h TRF was no more effective for weight loss than 
a CR regimen and no significant differences in weight 

change [23], different eating times may have different 
effects, and more research is needed to compare them.

In this study, the effects of 4 h TRF and 60% CR on 
MAFLD rats were compared for the first time, and 
TRF and CR were combined to observe the effects of 
limiting food intake and eating time at the same time. 
We also discussed the potential mechanisms under-
lying these effects. Finally, some valuable results are 
obtained, after the high-fat diet was discontinued, the 
lipid of the liver in the rat with MAFLD significantly 
reduced, the weight was not significantly changed. We 
observed that the 4 h TRF, 60% CR, and 4 h TRF + 60% 
CR regimens significantly reduced the body weight and 
liver lipid content of MAFLD rats. However, the 4  h 
TRF + 60% CR approach led to excessive weight loss 
and fat decomposition, significantly increased serum 
TG levels. 4  h TRF improved MAFLD without exces-
sive food intake restriction, thereby providing a new 
strategy and basis for the clinical transformation of 
MAFLD using TRF approaches.

Although these findings are valuable, this was an ani-
mal study in which the rats were forced to limit the 
amount of food intake or eating times for therapeu-
tic purposes. However, in real life, how people comply 
with these interventions still needs to be further stud-
ied through clinical trials, which is a focus of our ongo-
ing research. Additionally, further studies are required to 
compare the effects of TRF and CR in rats on a high-fat 

Fig. 10  Gene expression related to liver lipid metabolism. At the end of 14 weeks, all rats were humanely sacrificed, and liver tissue was extracted. 
PPARα and SIRT1 mRNA levels were determined via real-time PCR. The data are represented by the percentile spacing. Comparisons were made 
to the Normal group, *p < 0.05, ** p < 0.01. Normal, rats fed a normal diet ad libitum; TRF, feeding at 18:00–22:00; CR, a 40% calorie intake reduction; 
TRF + CR, feeding at 18:00–22:00 and a 40% calorie intake reduction; Model, free eating
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diet, and to better understand the mechanism of lipid 
clearance after the high-fat diet is discontinued.
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