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Abstract
Background Intrahepatic lipid accumulation (IHL), a hallmark of metabolic disorders, is closely associated with de 
novo lipogenesis (DNL). Notably, fructose feeding increased the DNL. Lifestyle modifications resulting from dietary 
changes and increased physical activity/exercise can decrease the IHL content. We examined the effects of vitamin D3 
supplementation (VDS), high-intensity interval training (HIIT), and their combination on the transcription factors and 
enzymes of the DNL pathway in male Sprague‒Dawley rats fed a high-fructose diet (HFrD).

Methods Forty male rats were assigned to 5 groups (n = 8): CS (the control group had a standard diet); CF (the 
control group had HFrD (10% (w/v) fructose solution in tap water)); and FT (HFrD + HIIT: 10 bouts of 4 min of high-
intensity running, corresponding to 85–90% of the maximal speed with 2 min active rest periods of 50% maximal 
speed, 5 days per week); FD (HFrD + intervention of intraperitoneal injection of 10000 IU/kg/week VDS); FTD 
(HFrD + HIIT + VDS) that were maintained for 12 weeks. ELISA, the GOD-POD assay, folch, western blotting, and oil 
red O staining were used to determine insulin, fasting blood glucose (FBG), hepatic triglyceride (TG) and cholesterol 
levels; SREBP1c, ChREBP-β, ACC1, FASN, p-ACC1, AMPK, p-AMPK, and PKA protein expression; and IHL content, 
respectively.

Results Both HIIT and VDS led to significant increases in the levels of PKA, AMPK, p-AMPK, and p-ACC1, as well as 
significant decreases in the levels of SREBP1c, ChREBP-β, ACC1, FASN, insulin, FBG, liver TG, liver cholesterol, and IHL. 
HIIT exhibited superior efficacy over VDS in reducing ChREBP-β, ACC1, insulin, FBG, liver TG and cholesterol, as well 
as increasing p-ACC1 and PKA. Notably, the combined intervention of HIIT and VDS yielded the most substantial 
improvements across all the parameters.

Conclusions HFrD causes IHL accumulation and the onset of diabetes, whereas VDS and HIIT, along with their 
combined effects, prevent the consequences of HFrD.
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Background
Intrahepatic lipid (IHL) accumulation results from an 
imbalance between lipid acquisition and elimination [1]. 
This lipid accumulation in hepatocytes is a key factor in 
the development of nonalcoholic fatty liver disease [2]. 
IHL is a significant aspect of the constellation of meta-
bolic abnormalities linked to central obesity and insulin 
resistance [3]. Elevated IHL levels have been linked to 
impaired hepatic glucose metabolism [4] and are inde-
pendently correlated with type II diabetes [5], compo-
nents of metabolic syndrome, and atherosclerosis [6]. 
Additionally, IHL accumulation may directly contribute 
to the development of dyslipidemia associated with obe-
sity [7].

IHL is positively associated with de novo lipogene-
sis (DNL) [8], which is the process of synthesizing fatty 
acid chains from acetyl-CoA subunits produced dur-
ing glycolysis [9]. On the other hand, fructose acts as 
both a substrate and an inducer of hepatic DNL [10] 
and elevates the protein levels of all DNL enzymes dur-
ing its conversion of fructose into triglycerides [11]. In 
hepatocytes, fructose bypasses the rate-controlling step 
of glucose metabolism and is converted into glyceralde-
hyde-3-phosphate [10]. Additionally, fructose promotes 
lipogenesis even in the context of insulin resistance, as 
it does not require insulin for its metabolism. It directly 
activates sterol regulatory-element binding protein 1c 
(SREBP1c), a key transcriptional regulator of DNL [11], 
and enhances the upregulation of carbohydrate-respon-
sive element-binding protein (ChREBP), which governs 
the expression of lipogenic genes [12]. ChREBP-β expres-
sion in the liver is correlated with hepatic insulin resis-
tance and IHL [13].

Lifestyle modifications have been shown to reduce the 
IHL content [14]. Moreover, nutritional interventions can 
correct the imbalances in lipid storage, disposal, and par-
titioning that contribute to liver fat accumulation [15]. 
Dietary supplements can also aid in improving hepatic 
lipid homeostasis [16]. Notably, vitamin D3 may inhibit 
SREBP1c, thereby controlling DNL in hepatocytes and 
directly suppressing the activity of two major enzymes 
of DNL, acetyl-CoA carboxylase (ACC1), and fatty acid 
synthase (FASN), leading to reduced synthesis of free 
fatty acids [17]. Furthermore, engaging in exercise train-
ing alone has demonstrated effectiveness in lowering IHL 
levels [18]. Specifically, high-intensity interval training 
(HIIT) is more effective in preventing liver lipid accumu-
lation by restoring the mRNA levels of genes involved in 
hepatic lipogenesis, such as SREBP1, ACC1 and FASN 
[19].

On the basis of this research background, it was 
hypothesized that a high-fructose diet (HFrD) increases 
hepatic de novo lipogenesis and leads to fat accumula-
tion in the liver, whereas vitamin D3 supplementation 

(VDS) and HIIT may prevent hepatic fat accumulation. 
Previous studies have investigated the effects of HIIT [19] 
and VDS [20] on de novo lipogenesis markers in rodents 
fed high-fat and standard diets. Additionally, the thera-
peutic effect of HIIT [21] on DNL markers in diabetic 
rats (induced by HFrD) has been examined. It is crucial 
to assess the preventive effects of VDS and HIIT, as well 
as their combined impact on DNL markers in healthy 
rats fed a high-fructose diet. Accordingly, the following 
research questions were addressed in the present study:

1. Does engaging in HIIT and taking VDS while 
simultaneously consuming a HFrD help mitigate the 
adverse effects of fructose?

2. Which training and supplement interventions are 
more effective in impacting DNL markers?

3. Can the combination of VDS and HIIT yield superior 
results in preventing IHL compared with the 
individual effects of each?

Methods
Animals
Forty male Sprague‒Dawley rats, each 7 weeks old and 
weighing between 200 and 250 g, were obtained from the 
Pasteur Institute Animal Care Center in Karaj, Iran. These 
rats were then relocated to the University of Guilan’s Fac-
ulty of Physical Education and Sports Sciences. Upon 
arrival, they were randomly assigned to groups of four 
per cage and kept on a 12-hour light/dark cycle in a low-
stress and controlled environment (in air-conditioned 
rooms, 24 ± 2 °C, 50% humidity, and low noise). The rats 
were fed a standard diet (3.77  kcal/g, 21.23% protein, 
11.95% fat, 66.82% carbohydrate). The formulations fol-
lowed the AIN-93  M recommendations for macro- and 
micronutrients [22]. The diet was produced by the Pro-
duction and Research Complex Pasteur Institute of Iran. 
After one week of acclimatization, the animals were ran-
domly (simple random sampling) allocated into 5 groups 
(n = 8/group): a control group with a standard diet (CS), 
a control group with HFrD (CF), HFrD + HIIT (FT), 
HFrD + VDS (FD), and HFrD + HIIT + VDS (FTD). The 
rats in the CS group were provided plain water, whereas 
those in the fructose-fed groups received a 10% (w/v) 
fructose solution in their water, which was prepared 
fresh daily for 12 weeks. The rodent diet was isocaloric 
and contained high levels of fructose. All animals had 
unrestricted access to their respective drinks and food 
throughout the study period.

Vitamin D3 supplementation
An intraperitoneal (IP) injection of 10,000 international 
units per kilogram (IU/kg) of VDS was administered to 
the FD and FTD groups of rodents [23]. The entire dose 
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was given all at once on a specific day each week for 12 
weeks. The easy-to-master IP technique is quick and 
minimally stressful for animals [24]. VDS was manufac-
tured by Aburaihan Pharmaceutical Company, Iran.

Exercise performance test
The maximum running speed of the rats was assessed via 
a five-line rodent treadmill (DSI-580; Danesh Salar Ira-
nian Company, Tehran, Iran). The rats were first placed 
on the treadmill, set to a 0° incline, and given a 5-min 
warm-up at a speed of 6  m/min. The speed was subse-
quently increased by 2 m/min every 2 min until the rats 
reached exhaustion [25]. Exhaustion was defined as the 
point when the rats stayed on the shockers, which are 
meant to encourage running, for more than 10 s instead 
of continuing to run on the treadmill [26]. Running speed 
serves as a metric to adjust training intensity throughout 
the training program [27]. Performance tests were con-
ducted at the start and end of the program for all groups. 
Additionally, for the training groups, these tests were also 
performed after 5 weeks of training to readjust the train-
ing intensity [25].

Exercise training protocol
The HIIT protocol consisted of 10 intervals of 4  min 
each at a high intensity, running at 85–90% of maximum 
speed, interspersed with 2-minute active rest periods at 
50% of maximum speed. Over the 10-week period, the 
interval pace was progressively increased and maintained 
for the final two weeks. Each session included 5  min of 
low-intensity running (45–50% of maximum speed) for 
warm-up and cool-down. The rats underwent a 12-week 
training program involving treadmill running 5 days a 
week [28].

Anthropometric determinations
At the conclusion of the experiment, body length, mea-
sured from the nose to the anus, was assessed in anes-
thetized rats. Body weight (BW) was recorded weekly 
throughout the study period. Waist circumference is 
measured via the midline. These measurements were 
utilized to calculate the following anthropometric 
parameters:

1. The Lee index is calculated as the cube root of body 
weight (in grams) divided by nose-to-anus length (in 
centimeters) [29].

2. The specific rate of body mass gain (in grams per 
kilogram) is expressed as dM/M dt, where dM 
represents the gain in body weight during the time 
interval dt = t2–t1 and where M is the rat’s body 
weight at time t1 [30].

Nutritional determinations
Daily food and liquid intake, determined as the differ-
ence between the amount provided and the remaining 
quantity after 24 h, were measured consistently at 09:00 
to 10:00  h. From these measurements and considering 
caloric intake, the following nutritional parameters were 
computed [31]:

1. Energy intake (kJ/day): Calculated by multiplying the 
mean food consumption by the amount of dietary 
metabolizable energy.

2. Feed efficiency (%): This metric represents the 
percentage of energy intake (Kcal) utilized for body 
weight gain, calculated as the product of mean body 
weight gain (in grams) and 100, divided by the energy 
intake (Kcal).

Although the diets were uniform in energy macronutri-
ent content and density, the total daily energy consump-
tion was determined by summing the energy density of 
the diet and that of the high-fructose beverage.

Tissue and blood sample collection
The animals were subjected to a 12-h fast and then anes-
thetized with an intraperitoneal injection of ketamine 
(60 mg/kg) and xylazine (6 mg/kg) 48 h after their final 
training session to eliminate any immediate exercise 
effects. They were subsequently euthanized. Blood was 
drawn from the inferior vena cava, left to settle, and then 
centrifuged at 3,000×g for 15 min at 4 °C to separate the 
serum, which was stored at − 80 °C for later biochemical 
tests. Liver samples were dissected at the same time and 
weighed, and the right lobes were fixed in 10% formalin 
for histological studies. Additional liver tissue was rapidly 
frozen in liquid nitrogen and stored at − 80 °C for future 
biochemical analyses. The relative weight, which is the 
ratio of the weight of the organ to the body weight, was 
also calculated.

Biochemical analysis
Fasting blood glucose (FBG) levels were determined via 
a commercially available colorimetric diagnostic kit (Pars 
Azmun Kit, Alborz, Iran) based on the GOD-POD (glu-
cose oxidase-peroxidase) method, following the provided 
instructions. Serum insulin levels were quantified via a 
rat ELISA kit (American Laboratory Products Co., New 
Hampshire, USA, Cat # 80-INSRTH-E01, E10).

Insulin resistance and pancreatic β-cell function
We utilized homeostasis model assessment to evalu-
ate insulin resistance (HOMA-IR), which is recognized 
as a straightforward, cost-effective, and reliable sur-
rogate marker of insulin resistance [32]. Additionally, 
we employed the HOMA of β-cell function (HOMA-β) 
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index, which is considered a reliable measure of β-cell 
function [33]. These indices were calculated via the fol-
lowing formulas:

1. HOMA-IR = (Fasting insulin µU/ml) × (Fasting 
glucose mmol/l)/22.5

2. HOMA- β = (20 × fasting insulin µU/ml) / (fasting 
glucose mmol/l – 3.5)

Hepatic triglyceride and cholesterol analysis
The hepatic lipids were extracted according to the 
method described by Folch et al. [34]. The hepatic triglyc-
eride (TG) and cholesterol contents were quantified via 
commercial colorimetric assay kits (Pars azmun, Alborz, 
Iran). The results are presented as mg triglyceride or cho-
lesterol per gram of liver.

Western blotting analysis
Liver tissues were processed via RIPA lysis buffer sup-
plemented with PMSF to extract proteins. The mixture 
was subsequently centrifuged at 13,523 × g for 30  min 
at 4  °C, after which the supernatant was collected, and 
the protein content was measured via the BCA assay. To 
denature the proteins, the samples were combined with 
5X loading buffer and boiled for 10 min. The denatured 
proteins were then separated on a 12% SDS‒PAGE gel, 
which was run first at 70 V for 30 min and then at 120 V 
for 90  min. The separated proteins were transferred to 
PVDF membranes via a wet transfer method (270 mA for 
90  min). The membranes were blocked with a 5% non-
fat milk mixture for 2 h at room temperature, followed by 
an overnight incubation at 4 °C with primary antibodies 
(diluted 1:300) against sterol regulatory element binding 
protein 1c (SREBP1c) (2A4) (sc-13551), carbohydrate-
responsive element-binding protein (ChREBPβ) (G-12) 
(sc-515922), acetyl-CoA carboxylase (ACCά) (D-5) (sc-
137104), fatty acid synthase (FASN) (G-11) (sc-48357), 
phospho-acetyl-CoA carboxylase (p-ACCα) (F-2) (sc-
271965), and protein kinase A (PKA) [20] (sc-136231), 
which were manufactured by Santa Cruz Biotechnology, 
Shanghai, China. AMP-activated protein kinase (AMPK) 
(ab131512) and phosphorylated AMPK (p-AMPK) 
(ab23875) were purchased from Abcam (Cambridge, 
UK). After three 10-minute washes with TBST buffer, 
the membranes were incubated with HRP-conjugated 
secondary antibodies (diluted 1:1,000) for 1  h at room 
temperature. The membranes were then washed three 
times for 10 min each and treated with a 1:1 mixture of 
BeyoECL Plus A and B solutions according to the ECL kit 
instructions. Finally, the PVDF membranes were visual-
ized via an Invitrogen iBright Imaging System (FL1000, 
Thermo Fisher Scientific) [35].

Histological analysis
Liver samples were initially fixed in 4% paraformalde-
hyde, embedded in paraffin, and sectioned into 6-µm 
thick slices. These sections were deparaffinized in xylene 
followed by rehydration. After rinsing with PBS, the tis-
sue sections were stained with oil red O for 30 min and 
subsequently counterstained with hematoxylin for 1 min 
to assess lipid droplet formation in liver tissues [36]. The 
sections were also stained with hematoxylin and eosin 
(H&E) for examination of any structural abnormalities 
[37]. The stained sections were mounted and visualized 
via a fluorescence microscope (BX50, Olympus-Ger-
many, AXIOM).

Data analysis
All the data are presented as the means ± standard devia-
tions. One-way analysis of variance (ANOVA) was con-
ducted, followed by Tukey’s post hoc test, and SPSS 
(version 23.0, IBM Corporation, Armonk, NY, USA) was 
used for analysis. The normality of the data was evaluated 
with the Shapiro‒Wilk test, whereas the homogeneity of 
variance was assessed via the Levene test.

Results
Anthropometric determinations
The anthropometric indices of the five groups of rats (CS, 
CF, FT, FD and FTD) are presented in Table 1. The col-
lected data revealed no significant differences in terms of 
body length, initial or final BW, body weight gain, waist 
circumference, or the Lee index among the groups. The 
consumption of fructose led to a significant increase in 
the liver and relative weight of the rats in the CF group 
compared with those in the CS group (P < 0.05). In con-
trast, the liver and relative weights in the intervention 
groups were similar to those in the CS group (P > 0.05). 
The results further revealed that the specific rate of body 
mass gain was significantly greater in the FT group than 
in the CS group (P < 0.05).

Nutritional determinations
As shown in Table  2, food consumption significantly 
decreased in fructose-fed rats compared with that in 
the CS group (P < 0.05). The results revealed no signifi-
cant difference in water/fructose solution consumption 
between the fructose-fed rats and the rats fed a standard 
diet (P > 0.05). Compared with those in the CS group, a 
significant reduction in energy intake in the CF and FTD 
groups and a significant increase in feed efficiency in the 
FTD group were observed (P < 0.05).

Exercise performance test
Table 3 shows the changes in exercise performance dur-
ing the two stages (baseline and final (after 12 weeks)) 
in the CS, CF and FD groups of rats and three stages 
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Table 1 Anthropometric indices in five groups of rats (CS, CF, FT, FD and FTD)
Parameters Groups

CS CF FT FD FTD
Body length (cm) 24.1 ± 0.83 24.25 ± 0.88 24.12 ± 0.83 24.50 ± 1.19 23.75 ± 1.83
Initial body weight (g) 256.62 ± 20.49 238.62 ± 6.27 237.37 ± 21.38 244.25 ± 11.28 254.87 ± 21.16
Final body weight (g) 348 ± 39.73 352.37 ± 16.10 361.75 ± 38.69 348.62 ± 43.24 370.75 ± 44.62
Body weight gain (g/day) 91.37 ± 34.30 113.75 ± 11.17 124.37 ± 21.11 104.0 ± 41.85 117.12 ± 25.42
Specific rate of body mass gain (g/kg) 0.35 ± 0.14 0.47 ± 0.03 0.52 ± 0.07 a 0.42 ± 0.17 0.45 ± 0.08
Waist circumference (cm) 17.50 ± 0.92 18.87 ± 1.12 17.50 ± 0.92 18.12 ± 1.45 17.37 ± 1.06
Lee index 0.29 ± 0.01 0.29 ± 0.13 0.29 ± 0.11 0.28 ± 0.01 0.30 ± 0.26
Liver weight (g) 8.67 ± 0.39 b 12.31 ± 1.92 10.28 ± 0.95 b 10.28 ± 1.33 b 10.06 ± 0.88b

Relative weight (g/100 g body weight) 2.52 ± 0.36 b 3.49 ± 0.56 2.86 ± 0.30 b 2.95 ± 0.22 b 2.72 ± 0.31 b

The values are the means ± standard deviations

Means with different superscripts differ significantly, P < 0.05 (n = 8 per group)

CS: control group with standard diet; CF: control group with HFrD; FT: HFrD + HIIT; FD: HFrD + VDS; FTD: HFrD + HIIT + VDS
a: significant difference from CS, b: significant difference from CF

Table 2 Nutritional indices in five groups of rats (CS, CF, FT, FD and FTD)
Parameters Groups

CS CF FT FD FTD
Food consumption (g/day/rat) 22.37 ± 1.73 14.12 ± 1.60 a 15.28 ± 2.13 a 14.34 ± 1.73 a 14.57 ± 2.33 a

Water/fructose solution consumption (ml/day/rat) 47.07 ± 7.78 48.04 ± 6.73 48.70 ± 5.45 49.66 ± 4.08 44.12 ± 5.24
Energy intake* (kcal/day/rat) 84.33 ± 6.55 72.47 ± 6.25 a 77.09 ± 9.16 73.95 ± 7.02 72.59 ± 10.00 a

Feed efficiency (%) 109.40 ± 43.40 157.76 ± 18.85 161.33 ± 20.91 139.60 ± 47.78 164.49 ± 41.65 a

The values are the means ± standard deviations

Means with different superscripts differ significantly, P < 0.05 (n = 8 per group)

CS: control group with standard diet; CF: control group with HFrD; FT: HFrD + HIIT; FD: HFrD + VDS; FTD: HFrD + HIIT + VDS

* Energy intake from food and fructose solution
a: significant difference from CS

Table 3 Exercise performance during the two stages (baseline and final (after 12 weeks)) in the CS, CF and FD groups of rats and three 
stages (baseline, middle and final) in the FD and FTD groups of rats
Parameters Time Groups

CS CF FT FD FTD
Maximal Speed (m.min− 1) Pre 21.50 ± 2.07 22.0 ± 2.39 22.50 ± 2.07 21.50 ± 2.32 22.25 ± 2.71

Mid - - 38.25 ± 4.46 b - 38 ± 4 b

Post 20.50 ± 3.33 a 21.25 ± 1.48 a 41.62 ± 4.20 b 21.50 ± 1.77 a 48 ± 3.66 b

Running Time (min) Pre 15.50 ± 2.07 16 ± 2.39 16.50 ± 2.07 15.50 ± 2.32 16.25 ± 2.71
Mid - - 32.25 ± 4.46 b - 32 ± 4 b

Post 14.50 ± 3.33 a 15.25 ± 1.48 a 35.50 ± 4.10 b 15.50 ± 1.77 a 35.50 ± 3.66 b

Running Distance (m) Pre 231 ± 50.58 244 ± 58.35 255 ± 51.12 232 ± 56.93 250.50 ± 66.75
Mid - - 758.50 ± 169.35 b - 747 ± 156.17 b

Post 212 ± 81.33 a 244.50 ± 34.89 a 890 ± 182.59 b 231 ± 42.26 a 888.50 ± 158.36 b

The values are the means ± standard deviations

Means with different superscripts differ significantly, P < 0.05 (n = 8 per group)

CS: control group with standard diet; CF: control group with HFrD; FT: HFrD + HIIT; FD: HFrD + VDS; FTD: HFrD + HIIT + VDS
a: significant difference from FT and FTD
b: significant difference compared with Pretime
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(baseline, middle and final) in the training groups. Twelve 
weeks of HIIT led to significant increases in maximal 
speed, running time and running distance (P < 0.05).

Biochemical analysis, insulin resistance and pancreatic 
β-cell function
Compared with those in the CS group, there was a sig-
nificant increase in FBG and a significant decrease in the 
HOMA-β index in fructose-fed rats. We also observed 
a significant increase in serum insulin levels and insu-
lin resistance (HOMA-IR) in the CF, FT and FD groups 
compared with those in the CS group. Compared with 
the CF group, both the VDS and HIIT groups pre-
sented significant reductions in FBG, insulin levels and 
resistance. HIIT was significantly more effective than 
VDS in reducing FBG and insulin levels and resistance. 
Moreover, the combined effect of VDS and HIIT had a 
greater impact on decreasing FBG and insulin levels than 
the individual effects did. Another result of the research 
was a significant increase in the HOMA-β index in the 
FT and FTD groups compared with that in the CF group 
(P < 0.05), without any significant difference between 
them (P > 0.05) (Fig. 1).

Hepatic triglyceride and cholesterol analysis
As shown in Fig.  2, rats in the CF, FT and FD groups 
had significantly greater TG and cholesterol levels in the 
liver than those in the CS group did in response to 12 
weeks of HFrD. In contrast, VDS and HIIT were able to 
decrease TG and cholesterol levels compared with those 
in the CF group, with the difference being that HIIT was 
more effective than VDS was (P < 0.05). The results fur-
ther revealed that, as a result of the interaction effect of 
VDS and HIIT, there was no significant difference in TG 
or cholesterol levels between the CS and FTD groups of 
rats (P > 0.05).

Liver de novo lipogenesis markers
Compared with those in the CS group, a significant 
increase in the levels of DNL transcription factors, 
including SREBP1c and ChREBP-β, as well as a significant 
decrease in the levels of AMPK, p-AMPK, and PKA, was 
observed in the CF, FT, and FD groups. No significant 
difference in the ratio of p-AMPK to AMPK was detected 
among the research groups. VDS and HIIT led to a sig-
nificant reduction in the protein levels of SREBP1C and 
ChREBP-β and a significant increase in the protein lev-
els of PKA, AMPK, and p-AMPK compared with those 
in the CF group (P < 0.05). There was no significant dif-
ference between VDS and HIIT in terms of their effects 
on changes in SREBP1C, AMPK, and p-AMPK levels 
(P > 0.05). However, HIIT was significantly more effective 
than VDS in altering the levels of ChREBP-β and PKA 
(P < 0.05). Additionally, the levels of all proteins in the 

FTD group were close to those observed in the CS group, 
with no significant differences between them (P > 0.05) 
(Fig. 3).

Figure  4 shows a significant increase in ACC1 levels 
and a significant decrease in p-ACC levels (in the CF, FT, 
and FD groups of rats), as well as a significant increase in 
FASN levels (in fructose-fed rats), after 12 weeks of fruc-
tose feeding compared with those in the CS group. HIIT 
and VDS resulted in a significant reduction in ACC1 and 
FASN levels as well as a significant increase in p-ACC 
levels compared with those in the CF group. HIIT was 
significantly more effective than VDS in altering ACC1 
and p-ACC1 levels (P < 0.05). However, there was no sig-
nificant difference between them in reducing FASN lev-
els. Additionally, no significant difference in ACC1 or 
p-ACC1 levels was observed between the CS and FTD 
groups (P > 0.05).

Histological analysis
As shown in Fig.  2, rats in the CF, FT and FD groups 
presented significantly greater lipid accumulation in the 
liver than did those in the CS group in response to 12 
weeks of HFrD. In contrast, VDS and HIIT were able to 
decrease liver lipid deposition in the rats compared with 
the CF group, with the difference being that HIIT was 
more effective than VDS was (P < 0.05). The results fur-
ther revealed that, as a result of the interaction effect of 
VDS and HIIT, there was no significant difference in IHL 
between the CS and FTD groups of rats (P > 0.05). The 
results obtained from H&E staining revealed normal liver 
structure in both the CS and FTD groups. However, liver 
sections from the CF group rats presented a loss of liver 
structure, whereas those from the FD and FT groups pre-
sented improvements in hepatic structure (Fig. 5).

Discussion
With respect to the first research question mentioned 
in the introduction, 12 weeks of fructose consumption 
significantly increased the expression of DNL transcrip-
tion factors and enzymes and IHL accumulation inde-
pendent of BW, waist circumference and the Lee index. 
In contrast, VDS and HIIT were able to help mitigate 
the adverse effects of fructose. Despite reduced food 
consumption and energy intake in the FTD group, body 
weight gain was greater than that in the FD group, raising 
questions about the metabolic effects of HIIT. Therefore, 
examining this issue requires further research.

Fructose is more lipogenic than glucose [9]. Fructose-
activated ChREBP and peroxisome proliferator-activated 
receptor gamma (PPARγ) coactivator-1β (PGC-1β) are 
believed to act as transcriptional coactivators for SREBP-
1c, leading to increased expression of enzymes essential 
for DNL [38]. This process limits fatty acid β-oxidation by 
producing malonyl coenzyme A, which inhibits carnitine 
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palmitoyltransferase-1 (CPT-1), preventing fatty acyl 
derivatives from entering the mitochondrial matrix for 
β-oxidation [39]. Additionally, fructose has been shown 
to lower the levels of mitochondrial fatty acid oxidative 
enzymes by downregulating PPARα [40]. This preference 
for lipogenesis over fatty acid oxidation may contribute 
to insulin resistance via mechanisms involving diacylg-
lycerol accumulation and protein kinase C epsilon type 
ϵ (PKCϵ) activation [41]. Furthermore, insulin and glu-
cose activate SREBP-1c and ChREBP, respectively, which 

transcriptionally activate genes involved in DNL [42]. 
Insulin further promotes the transcription of genes nec-
essary for fatty acid synthesis [43], thereby establishing a 
positive feedback loop where insulin resistance enhances 
hepatic DNL and where hepatic DNL exacerbates insu-
lin resistance [44]. Continuous hepatic glucose produc-
tion and release in the fed state, despite reduced insulin 
sensitivity, is thought to result in chronic hyperglycemia 
and hyperinsulinemia, impairing muscle insulin sensi-
tivity and promoting the development of type 2 diabetes 

Fig. 1 Changes in glucose, insulin, and insulin resistance (HOMA-IR) and the HOMA of β-cell function in five groups of rats. CS: control group with stan-
dard diet; CF: control group with HFrD; FT: HFrD + HIIT; FD: HFrD + VDS; FTD: HFrD + HIIT + VDS. The values are the means ± standard deviations. Means with 
different superscripts differ significantly, P < 0.05. *: significant difference compared with CS. †: significant difference from CF. Y: significant difference from 
FD. Y: significant difference from FTD
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mellitus [45]. In our study, after 12 weeks of fructose con-
sumption, the FBG in the CF group was > 13.8 mmol/L, 
which indicated the incidence of type 2 diabetes in the 
rats [46]. In this regard, in the CF group, compared with 
those in the CS group, the levels of insulin, hepatic TG 
and cholesterol, HOMA-IR, and IHL increased, and the 
HOMA-β decreased, which could be considered a con-
firmation of the adverse effects of fructose consumption.

In relation to the second research question, HIIT is 
more effective than VDS in inhibiting hepatic DNL 
markers.

There are several mechanisms involved in decreasing 
the expression of genes involved in the DNL pathway 
via HIIT: 1. AMPK: HIIT activates AMPK in skeletal 
muscle, liver, and adipose tissue [26], leading to reduced 
expression of lipogenic genes, decreased fatty acid syn-
thesis, and decreased hepatic fat content [47]. Exercise 

Fig. 2 Liver analysis: (A) Oil red O staining is shown in red, indicating the lipid deposition area, and hematoxylin staining in blue indicates the cell nucleus 
of lipids in the livers of the rats. CS: control group with standard diet; CF: control group with HFrD; FT: HFrD + HIIT; FD: HFrD + VDS; FTD: HFrD + HIIT + VDS. 
(B) The percentage of Oil Red O-stained area. (C) TG and cholesterol levels in the liver. The values are the means ± standard deviations. Means with different 
superscripts differ significantly, P < 0.05. The percentage of intrahepatic lipids was measured via ImageJ software. *: significant difference compared with 
CS. †: significant difference from CF. Y: significant difference from FD and FT. Y: significant difference from FT
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Fig. 3 (A) Western blot analysis of SREBP1C, ChREBP-β, PKA, AMPK, p-AMPK, and β-actin protein expression. (B, C, D, E, F, and G) Box and whisker plots 
of SREBP1C, ChREBP-β, PKA, AMPK, and p-AMPK relative to β-actin and p-AMPK/AMPK. CS: control group with standard diet; CF: control group with 
HFrD; FT: HFrD + HIIT; FD: HFrD + VDS; FTD: HFrD + HIIT + VDS. The middle line in the box represents the median, the upper and lower areas of the center 
box indicate the 75th and 25th percentiles, respectively, and the vertical bars indicate the standard deviation. Means with different superscripts differ 
significantly, P < 0.05. *: significant difference compared with CS. †: significant difference from CF. Y: significant difference from FD and FT. Ƴ: significant 
difference from FT

 



Page 10 of 14Shokri et al. Lipids in Health and Disease          (2024) 23:362 

influences the activation of G protein-coupled receptors 
(GPCRs). This activation leads to the production of the 
second messenger, 3’,5’-adenosine monophosphate (cyclic 
AMP or cAMP), through the cyclization of ATP by ade-
nylyl cyclase. Once cAMP is produced, it activates PKA 
[48], which in turn stimulates the phosphorylation (acti-
vation) of AMPK [49]. AMPK shifts liver lipid metabo-
lism away from fatty acid synthesis by phosphorylating 
and thereby inhibiting key enzymes such as ACC, FASN, 
SREBP-1 [50], , and ChREBP [51], ultimately reducing 
the expression of these lipogenic enzymes. In addition to 
phosphorylating AMPK, protein kinase A directly phos-
phorylates SREBP1c and suppresses its transcriptional 
activity [52]. Furthermore, PKA directly phosphorylates 
liver X receptor alpha (LXRalpha), a dominant activator 
of SREBP-1c [53] and ChREBP [54] expression. The tar-
get genes of SREBP-1 include ACC1 and FASN. There-
fore, PKA activation attenuates SREBP-1c and ChREBP 
activity and SREBP-1-mediated lipogenesis [55]. In this 
study, after 12 weeks of HIIT, no significant difference 

was observed in the p-AMPK/AMPK ratio, but there 
was a significant increase in the expression levels of PKA, 
AMPK, and p-AMPK. 2. PPAR-gamma (PPARγ): While 
PPARγ normally promotes DNL and lipid droplet depo-
sition in hepatocytes [56], HIIT significantly inhibits 
PPARγ gene expression in the liver [46, 57]. 3. miR-122: 
This microRNA, the most abundant in hepatocytes, has 
an antilipogenic role by suppressing the expression of lip-
ogenic genes such as SREBP-1c. HIIT has been shown to 
increase miR-122 expression in rats [21]. 4. Insulin sensi-
tivity: HIIT improves insulin sensitivity, reduces FBG lev-
els, and decreases insulin resistance [26]. As shown in the 
present study, after 12 weeks of HIIT, the levels of FBG, 
insulin, HOMA-IR, TG and cholesterol and the IHL con-
tent decreased, which may be evidence of reduced activ-
ity in the DNL pathway as a result of HIIT.

HIIT enhances fatty acid oxidation in the liver. ACC 
is crucial for regulating this process, as it catalyzes the 
conversion of acetyl-CoA to malonyl-CoA [58]. When 
AMPK phosphorylates ACC, it inhibits its activity, 

Fig. 4 (A) Western blot analysis of the protein expression of ACC1, FASN, p-ACC1, and β-actin. (B, C, and D) Box and whisker plots of ACC1, FASN, and 
p-ACC1 relative to β-actin. CS: control group with standard diet; CF: control group with HFrD; FT: HFrD + HIIT; FD: HFrD + VDS; FTD: HFrD + HIIT + VDS. The 
middle line in the box represents the median, the upper and lower areas of the center box indicate the 75th and 25th percentiles, respectively, and the 
vertical bars indicate standard errors. Means with different superscripts differ significantly, P < 0.05. *: significant difference compared with CS. †: significant 
difference from CF. Y: significant difference from FD and FT. Ƴ: significant difference from FT
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leading to reduced intracellular malonyl-CoA levels. 
This reduction alleviates the inhibition of CPT1, result-
ing in increased fatty acid oxidation [59]. In this context, 
the present study revealed that 12 weeks of HIIT led to 
a decrease in ACC1 levels but an increase in p-ACC1 
levels. The key factors for fatty acid oxidation are 
CPT1α, PPARα, and acyl-CoA oxidase 1 (ACOX1). HIIT 
increases the expression of these genes in the livers of 
mice [60]. Furthermore, exercise studies in rodents have 
demonstrated improvements in mitochondrial respira-
tion and elevated levels of cytochrome C, suggesting that 
exercise not only enhances β-oxidation but also increases 
downstream oxidative phosphorylation [50].

Recent studies have indicated an inverse relation-
ship between liver lipid levels and vitamin D3 status, 
showing that as the liver lipid content increases, vita-
min D3 levels significantly decrease [61]. A cross-sec-
tional study involving 6,567 healthy Korean men by 
Rhee et al. revealed that participants with higher serum 
25-hydroxyvitamin D3 (25(OH)D3) levels had a signifi-
cantly lower risk of developing nonalcoholic fatty liver 
disease than those with lower 25(OH)D3 levels, regard-
less of obesity or metabolic syndrome [62]. In Maia-Ceci-
liano’s study, the mice were divided into different groups, 
with high-dose (10,000 IU/kg) and low-dose (1,000 IU/
kg) vitamin D3 and no vitamin D3 supplementation. 
Research has shown that FASN and SREBP1c are sig-
nificantly reduced by VD3 at a dose of 10,000 IU/kg [23]. 
In another animal study, the administration of low-dose 
(1 µg/kg), middle-dose (2.5 µg/kg) and high-dose (5 µg/

kg) 1,25-dihydroxyvitamin D3, a biologically active form 
of vitamin D (1,25(OH)2D3), attenuated hepatic steato-
sis in a dose-dependent manner and downregulated the 
mRNA expression of SREBP-1c and its target genes, ACC 
and FAS [63]. In another investigation, diabetic mice 
treated with vitamin D3 (at doses of 300 ng/kg or 600 ng/
kg). As a result, low-dose treatment significantly reduced 
levels of FAS and SREBP1c. High-dose treatment led to 
a marked reduction in both FAS levels and triglyceride 
content [64]. Thus, investigating whether the effect of 
vitamin D3 on liver fat is dose dependent requires further 
studies.

In association with the mechanisms involved in the 
protective effect of vitamin D against HFrD through a 
reduction in the protein levels of the DNL pathway, the 
following findings have been suggested: (1) Enhance-
ment of the AMPK pathway: Vitamin D activates PKA 
[65] and AMPK, which are involved in the attenuation 
of lipogenic gene expression [66]. In this study, after 12 
weeks of vitamin D3 consumption, no significant differ-
ence was observed in the p-AMPK/AMPK ratio, but 
the protein expression of PKA, AMPK, and p-AMPK 
increased. (2) Inhibition of PPARγ expression: Vitamin D 
inhibits PPARγ expression at the molecular level through 
a vitamin D receptor (VDR)-dependent mechanism [67]. 
(3) Regulation of Insig proteins: Insulin-induced gene-1 
(Insig-1) and its homolog Insig-2, which encode endo-
plasmic reticulum proteins that block the proteolytic 
activation of SREBP, thereby reducing insulin-stimulated 
lipogenesis. 1,25-(OH)2D3 may upregulate Insig-2 [68]. 

Fig. 5 Liver analysis: H&E staining of the livers of the rats. CS: control group with standard diet; CF: control group with HFrD; FT: HFrD + HIIT; FD: HFrD + VDS; 
FTD: HFrD + HIIT + VDS
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(4) Improvement in glucose tolerance and insulin resis-
tance: Vitamin D positively impacts glucose tolerance 
and insulin resistance by increasing insulin sensitivity 
[69] and stimulating the expression of insulin receptors, 
thus improving insulin responsiveness for glucose trans-
port [68]. The present study also revealed a decrease in 
the levels of FBG, insulin, HOMA-IR, hepatic TG and 
cholesterol, and IHL content, which indicates a reduction 
in DNL pathway activity due to the consumption of VDS.

In response to the third question of the study, the com-
bined effect of the two interventions was more effective 
than their individual effects in reducing IHL induced by 
HFrD through the DNL pathway. Considering the inde-
pendent mechanisms of VDS and HIIT in reducing the 
expression of the proteins involved in the DNL pathway, 
the combination of these two interventions may have a 
greater effect on decreasing the levels of these proteins, 
as demonstrated in our study.

Study strengths and limitations
This research is the first to explore the effects of HIIT, 
vitamin D3 supplementation, and their combination on 
preventing hepatic fat accumulation due to fructose con-
sumption. The findings offer valuable insights into how 
these interventions can help prevent diseases associated 
with increased liver fat. Furthermore, the results have 
practical applications. Nonetheless, the study has some 
limitations, including the absence of individual assess-
ments of maximum speed in rats during the exercise 
performance test and the failure to analyze all proteins 
involved in the hepatic de novo lipogenesis pathway.

Conclusions
Overall, HFrD leads to increased IHL content and dia-
betes in rats, whereas VDS and HIIT likely prevent the 
increase in IHL accumulation and the onset of diabetes, 
probably by reducing the levels of transcription factors 
and enzymes involved in the DNL pathway. The com-
bined effect of these two interventions is more effective.

Abbreviations
HIIT High  Intensity interval training
FBG  Fasting blood glucose
IHL  Intrahepatic lipid accumulation
DNL  De Novo Lipogenesis
VDS  Vitamin D< Subscript>3</Subscript> supplementation
HFrD  High-fructose diet
SREBP1c  Sterol regulatory-element binding protein 1c
ChREBP  Carbohydrate-Responsive Element-Binding Protein
ACC1  Acetyl-CoA carboxylase
FASN  Fatty acid synthase
p-ACC  Phospho-acetyl-CoA carboxylase
AMPK  AMP-activated protein kinase
p-AMPK  Phosphorylated AMPK
PKA  Protein kinase A
IP  Intraperitoneal Injection
BW  Body weight
GOD-POD  Glucose oxidase-peroxidase
HOMA-β  HOMA of β-cell function

ANOVA  One-way Analysis of Variance
PGC-1β  Peroxisome proliferator-activated receptor gamma 

coactivator-1β
CPT-1  Carnitine palmitoyltransferase-1
PKCϵ  Protein kinase C epsilon type
PPARγ  PPAR-gamma
VDR  Vitamin D Receptor
Insig-1  Insulin-induced gene-1
GPCRs  G protein-coupled receptors
cAMP  3’, 5’-Adenosine monophosphate
25(OH)D3  25-hydroxyvitamin D3
ACOX1  Acyl-CoA oxidase 1
LXRalpha  Liver X receptor alpha

Acknowledgements
Not applicable.

Author contributions
The study was conceived, developed and designed by HM, BS and JM. The 
experiments were performed and data was collected and subsequently 
analysed and interpreted by HM and BS. Manuscript preparation was 
undertaken by HM and BS. All authors approved the final version of the article.

Funding
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The Guilan University of Medical Sciences Ethical Committee approved 
all the procedures pertaining to the animals, with approval ID IR.GUILAN.
REC.1402.024.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 September 2024 / Accepted: 24 October 2024

References
1. Brouwers B, Hesselink MK, Schrauwen P, Schrauwen-Hinderling VB. Effects 

of exercise training on intrahepatic lipid content in humans. Diabetologia. 
2016;59(10):2068-79. doi: 10.1007/s00125-016-4037-x. Epub 2016 Jul 8. PMID: 
27393135; PMCID: PMC5016557.

2. Xie F, Xu HF, Zhang J. Dysregulated hepatic lipid metabolism and gut 
microbiota associated with early-stage NAFLD in ASPP2-deficiency mice. 
Front Immunol. 2022;13:974872. https:/ /doi.or g/10.33 89/fi mmu.2022.974872. 
PMID: 36466835; PMCID: PMC9716097.

3. Finucane FM, Sharp SJ, Hatunic M, et al. Intrahepatic lipid content and insulin 
resistance are more strongly Associated with impaired NEFA suppression 
after oral glucose loading than with fasting NEFA levels in healthy older 
individuals. Int J Endocrinol. 2013;2013:870487.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 1 5 5 / 2 0 1 3 / 
8 7 0 4 8 7     . Epub 2013 May 2. PMID: 23737780; PMCID: PMC3659510.

4. Tamura Y, Tanaka Y, Sato F, et al. Effects of diet and exercise on muscle and 
liver intracellular lipid contents and insulin sensitivity in type 2 diabetic 
patients. J Clin Endocrinol Metab. 2005;90(6):3191–6.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 2 1 0 / 
j c . 2 0 0 4 - 1 9 5 9     . Epub 2005 Mar 15. PMID: 15769987.

5. Thomas EL, Hamilton G, Patel N, et al. Hepatic triglyceride content and its 
relation to body adiposity: a magnetic resonance imaging and proton mag-
netic resonance spectroscopy study. Gut. 2005;54(1):122–7.  h t t  p s : /  / d o  i .  o r g / 1 
0 . 1 1 3 6 / g u t . 2 0 0 3 . 0 3 6 5 6 6     . PMID: 15591516; PMCID: PMC1774370.

https://doi.org/10.3389/fimmu.2022.974872
https://doi.org/10.1155/2013/870487
https://doi.org/10.1155/2013/870487
https://doi.org/10.1210/jc.2004-1959
https://doi.org/10.1210/jc.2004-1959
https://doi.org/10.1136/gut.2003.036566
https://doi.org/10.1136/gut.2003.036566


Page 13 of 14Shokri et al. Lipids in Health and Disease          (2024) 23:362 

6. Zhang H, Ma Z, Pan L, et al. Hepatic fat content is a determinant of metabolic 
phenotypes and increased carotid intima-media thickness in obese adults. 
Sci Rep. 2016;6:21894. https:/ /doi.or g/10.10 38/s rep21894. PMID: 26902311; 
PMCID: PMC4763213.

7. Fabbrini E, Magkos F, Mohammed BS, et al. Intrahepatic fat, not visceral fat, 
is linked with metabolic complications of obesity. Proc Natl Acad Sci U S A. 
2009;106(36):15430–5. https:/ /doi.or g/10.10 73/p nas.0904944106. Epub 2009 
Aug 24. PMID: 19706383; PMCID: PMC2741268.

8. Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. Increased de novo 
lipogenesis is a distinct characteristic of individuals with nonalcoholic fatty 
liver disease. Gastroenterology. 2014;146(3):726–35.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 5 3 / j . 
g a s t r o . 2 0 1 3 . 1 1 . 0 4 9     . Epub 2013 Dec 4. PMID: 24316260; PMCID: PMC6276362.

9. Sanders FW, Griffin JL. De novo lipogenesis in the liver in health and disease: 
more than just a shunting yard for glucose. Biol Rev Camb Philos Soc. 
2016;91(2):452–68. https:/ /doi.or g/10.11 11/b rv.12178. Epub 2015 Mar 4. 
PMID: 25740151; PMCID: PMC4832395.

10. He L, Babar S, Redel GM. Fructose Intake: Metabolism and Role in diseases. 
IntechOpen. 2021. https:/ /doi.or g/10.57 72/i ntechopen.95754

11. Softic S, Cohen DE, Kahn CR. Role of Dietary Fructose and Hepatic De Novo 
Lipogenesis in Fatty Liver Disease. Dig Dis Sci. 2016;61(5):1282-93. doi: 
10.1007/s10620-016-4054-0. Epub 2016 Feb 8. PMID: 26856717; PMCID: 
PMC4838515.

12. Kim MS, Krawczyk SA, Doridot L et al. ChREBP regulates fructose-induced 
glucose production independently of insulin signaling. J Clin Invest. 
2016;126(11):4372–4386. doi: 10.1172/JCI81993. Epub 2016 Sep 26. PMID: 
27669460; PMCID: PMC5096918.

13. Zhang P, Kumar A, Katz LS, Li L, Paulynice M, Herman MA, Scott DK. Induction 
of the ChREBPβ Isoform is essential for glucose-stimulated β-Cell prolifera-
tion. Diabetes. 2015;64(12):4158–70. https:/ /doi.or g/10.23 37/d b15-0239. 
Epub 2015 Sep 17. PMID: 26384380; PMCID: PMC4657577.

14. Fernández T, Viñuela M, Vidal C, Barrera F. Lifestyle changes in patients with 
non-alcoholic fatty liver disease: a systematic review and meta-analysis. PLoS 
ONE. 2022;17(2):e0263931. https:/ /doi.or g/10.13 71/j ournal.pone.0263931. 
PMID: 35176096; PMCID: PMC8853532.

15. Costabile G, Della Pepa G, Salamone D, et al. Reduction of De Novo 
Lipogenesis mediates Beneficial effects of Isoenergetic diets on fatty liver: 
mechanistic insights from the MEDEA Randomized Clinical Trial. Nutrients. 
2022;14(10):2178. https:/ /doi.or g/10.33 90/n u14102178. PMID: 35631319; 
PMCID: PMC9143579.

16. Kilchoer B, Vils A, Minder B, Muka T, Glisic M, Bally L. Efficacy of Dietary supple-
ments to Reduce Liver Fat. Nutrients. 2020;12(8):2302.  h t t  p s : /  / d o  i .  o r g / 1 0 . 3 3 9 0 
/ n u 1 2 0 8 2 3 0 2     . PMID: 32751906; PMCID: PMC7469018.

17. Sarkar S. Molecular crosstalk between vitamin D and non-alcoholic fatty 
liver disease. Explor Res Hypothesis Med Published Online: 2024 March 25; 
9(1):55–70 https:/ /doi.or g/10.14 218/ ERHM.2023.00019

18. Brouwers B, Schrauwen-Hinderling VB, Jelenik T, et al. Exercise training 
reduces intrahepatic lipid content in people with and people without 
nonalcoholic fatty liver. Am J Physiol Endocrinol Metab. 2018;314(2):E165–73. 
https:/ /doi.or g/10.11 52/a jpendo.00266.2017. Epub 2017 Nov 7. PMID: 
29118014.

19. Wang N, Liu Y, Ma Y, Wen D. High-intensity interval versus moderate-intensity 
continuous training: Superior metabolic benefits in diet-induced obesity 
mice. Life Sci. 2017;191:122–31. Epub 2017 Aug 24. PMID: 28843495.

20. Kang EJ, Lee JE, An SM, Lee JH, Kwon HS, Kim BC, Kim SJ, Kim JM, Hwang DY, 
Jung YJ, Yang SY, Kim SC, An BS. The effects of vitamin D3 on lipogenesis in 
the liver and adipose tissue of pregnant rats. Int J Mol Med. 2015;36(4):1151–
8. https:/ /doi.or g/10.38 92/i jmm.2015.2300. Epub 2015 Jul 31. PMID: 
26239543.

21. Kalaki-Jouybari F, Shanaki M, Delfan M, Gorgani-Firouzjae S, Khakdan S. 
High-intensity interval training (HIIT) alleviated NAFLD feature via miR-122 
induction in liver of high-fat high-fructose diet induced diabetic rats. Arch 
Physiol Biochem. 2020;126(3):242–9. Epub 2018 Oct 13. PMID: 30318957.

22. Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 purified diets for laboratory 
rodents: final report of the American Institute of Nutrition ad hoc writ-
ing committee on the reformulation of the AIN-76A rodent diet. J Nutr. 
1993;123(11):1939-51. https:/ /doi.or g/10.10 93/j n/123.11.1939. PMID: 
8229312.

23. Maia-Ceciliano TC, Dutra RR, Aguila MB, Mandarim-De-Lacerda CA. The 
deficiency and the supplementation of vitamin D and liver: lessons of chronic 
fructose-rich diet in mice. J Steroid Biochem Mol Biol. 2019;192:105399. 
https:/ /doi.or g/10.10 16/j .jsbmb.2019.105399

24. Al Shoyaib A, Archie SR, Karamyan VT. Intraperitoneal Route of Drug 
Administration: should it be used in Experimental Animal studies? Pharm Res. 
2019;37(1):12. https:/ /doi.or g/10.10 07/s 11095-019-2745-x. PMID: 31873819; 
PMCID: PMC7412579.

25. Chavanelle V, Boisseau N, Otero YF, et al. Effects of high-intensity inter-
val training and moderate-intensity continuous training on glycaemic 
control and skeletal muscle mitochondrial function in db/db mice. Sci Rep. 
2017;7(1):204. https:/ /doi.or g/10.10 38/s 41598-017-00276-8. PMID: 28303003; 
PMCID: PMC5427962.

26. Marcinko K, Sikkema SR, Samaan MC, Kemp BE, Fullerton MD, Steinberg GR. 
High intensity interval training improves liver and adipose tissue insulin 
sensitivity. Mol Metab. 2015;4(12):903–15.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . m o l m e t . 2 
0 1 5 . 0 9 . 0 0 6     . PMID: 26909307; PMCID: PMC4731736.

27. Høydal MA, Wisløff U, Kemi OJ, Ellingsen O. Running speed and maximal 
oxygen uptake in rats and mice: practical implications for exercise training. 
Eur J Cardiovasc Prev Rehabil. 2007;14(6):753 – 60.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 9 7 / H J 
R . 0 b 0 1 3 e 3 2 8 1 e a c e f 1     . PMID: 18043295.

28. Hafstad AD, Lund J, Hadler-Olsen E, Höper AC, Larsen TS, Aasum E. High- and 
moderate-intensity training normalizes ventricular function and mechanoen-
ergetics in mice with diet-induced obesity. Diabetes. 2013;62(7):2287–94. 
https:/ /doi.or g/10.23 37/d b12-1580. Epub 2013 Mar 14. PMID: 23493573; 
PMCID: PMC3712042.

29. Bernardis LL. Prediction of carcass fat, water and lean body mass from 
Lee’s nutritive ratio in rats with hypothalamic obesity. Experientia. 
1970;26(7):789 – 90. https:/ /doi.or g/10.10 07/B F02232553. PMID: 4914444.

30. Novelli EL, Diniz YS, Galhardi CM et al. Anthropometrical parameters and 
markers of obesity in rats. Lab Anim. 2007;41(1):111-9.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 2 5 8 
/ 0 0 2 3 6 7 7 0 7 7 7 9 3 9 9 5 1 8     . PMID: 17234057.

31. Diniz YS, Faine LA, Galhardi CM et al. Monosodium glutamate in standard 
and high-fiber diets: metabolic syndrome and oxidative stress in rats. Nutri-
tion. 2005;21(6):749 – 55. https:/ /doi.or g/10.10 16/j .nut.2004.10.013. PMID: 
15925301.

32. Kahraman C, Yaman H. Hyperbaric oxygen therapy affects insulin sensitivity/
resistance by increasing adiponectin, resistin, and plasminogen activator 
inhibitor-I in rats. Turk J Med Sci. 2021;51(3):1572–8.  h t t  p s : /  / d o  i .  o r g / 1 0 . 3 9 0 6 / s 
a g - 2 0 1 1 - 7 6     . PMID: 33705641; PMCID: PMC8283499.

33. Song Y, Manson JE, Tinker L, et al. Insulin sensitivity and insulin secretion 
determined by homeostasis model assessment and risk of diabetes in a 
multiethnic cohort of women: the women’s Health Initiative Observational 
Study. Diabetes Care. 2007;30(7):1747–52. https:/ /doi.or g/10.23 37/d c07-0358. 
Epub 2007 Apr 27. PMID: 17468352; PMCID: PMC1952235.

34. Folch J, Lees M, Sloane Stanley GH. A simple method for the isola-
tion and purification of total lipides from animal tissues. J Biol Chem. 
1957;226(1):497–509.

35. Jia Q, Cao H, Shen D, et al. Quercetin protects against atherosclerosis by regu-
lating the expression of PCSK9, CD36, PPARγ, LXRα and ABCA1. Int J Mol Med. 
2019;44(3):893–902. https:/ /doi.or g/10.38 92/i jmm.2019.4263. Epub 2019 Jul 
3. PMID: 31524223; PMCID: PMC6658003.

36. Long JK, Dai W, Zheng YW, Zhao SP. miR-122 promotes hepatic lipogenesis 
via inhibiting the LKB1/AMPK pathway by targeting Sirt1 in non-alcoholic 
fatty liver disease. Mol Med. 2019;25(1):26.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 1 8 6 / s 1 0 0 2 0 - 0 1 
9 - 0 0 8 5 - 2     . PMID: 31195981; PMCID: PMC6567918.

37. Afsar T, Razak S, Almajwal A. Effect of Acacia Hydaspica R. Parker extract on 
lipid peroxidation, antioxidant status, liver function test and histopathology 
in doxorubicin treated rats. Lipids Health Dis. 2019;18(1):126.  h t t  p s : /  / d o  i .  o r g / 1 
0 . 1 1 8 6 / s 1 2 9 4 4 - 0 1 9 - 1 0 5 1 - 2     . PMID: 31142345; PMCID: PMC6542101.

38. Nagai Y, Yonemitsu S, Erion DM, et al. The role of peroxisome proliferator-acti-
vated receptor gamma coactivator-1 beta in the pathogenesis of fructose-
induced insulin resistance. Cell Metab. 2009;9(3):252–64.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 
1 6 / j . c m e t . 2 0 0 9 . 0 1 . 0 1 1     . PMID: 19254570; PMCID: PMC3131094.

39. Topping DL, Mayes PA. The immediate effects of insulin and fructose on the 
metabolism of the perfused liver. Changes in lipoprotein secretion, fatty 
acid oxidation and esterification, lipogenesis and carbohydrate metabolism. 
Biochem J. 1972;126(2):295–311. https:/ /doi.or g/10.10 42/b j1260295. PMID: 
5071176; PMCID: PMC1178380.

40. Dekker MJ, Su Q, Baker C, Rutledge AC, Adeli K. Fructose: a highly lipogenic 
nutrient implicated in insulin resistance, hepatic steatosis, and the metabolic 
syndrome. Am J Physiol Endocrinol Metab. 2010;299(5):E685–94.  h t t  p s : /  / d o  i .  o 
r g / 1 0 . 1 1 5 2 / a j p e n d o . 0 0 2 8 3 . 2 0 1 0     . Epub 2010 Sep 7. PMID: 20823452.

41. Lim JS, Mietus-Snyder M, Valente A, Schwarz JM, Lustig RH. The role of 
fructose in the pathogenesis of NAFLD and the metabolic syndrome. Nat Rev 

https://doi.org/10.1038/srep21894
https://doi.org/10.1073/pnas.0904944106
https://doi.org/10.1053/j.gastro.2013.11.049
https://doi.org/10.1053/j.gastro.2013.11.049
https://doi.org/10.1111/brv.12178
https://doi.org/10.5772/intechopen.95754
https://doi.org/10.2337/db15-0239
https://doi.org/10.1371/journal.pone.0263931
https://doi.org/10.3390/nu14102178
https://doi.org/10.3390/nu12082302
https://doi.org/10.3390/nu12082302
https://doi.org/10.14218/ERHM.2023.00019
https://doi.org/10.1152/ajpendo.00266.2017
https://doi.org/10.3892/ijmm.2015.2300
https://doi.org/10.1093/jn/123.11
https://doi.org/10.1016/j.jsbmb.2019.105399
https://doi.org/10.1007/s11095-019-2745-x
https://doi.org/10.1038/s41598-017-00276-8
https://doi.org/10.1016/j.molmet.2015.09.006
https://doi.org/10.1016/j.molmet.2015.09.006
https://doi.org/10.1097/HJR.0b013e3281eacef1
https://doi.org/10.1097/HJR.0b013e3281eacef1
https://doi.org/10.2337/db12-1580
https://doi.org/10.1007/BF02232553
https://doi.org/10.1258/002367707779399518
https://doi.org/10.1258/002367707779399518
https://doi.org/10.1016/j.nut.2004.10.013
https://doi.org/10.3906/sag-2011-76
https://doi.org/10.3906/sag-2011-76
https://doi.org/10.2337/dc07-0358
https://doi.org/10.3892/ijmm.2019.4263
https://doi.org/10.1186/s10020-019-0085-2
https://doi.org/10.1186/s10020-019-0085-2
https://doi.org/10.1186/s12944-019-1051-2
https://doi.org/10.1186/s12944-019-1051-2
https://doi.org/10.1016/j.cmet.2009.01.011
https://doi.org/10.1016/j.cmet.2009.01.011
https://doi.org/10.1042/bj1260295
https://doi.org/10.1152/ajpendo.00283.2010
https://doi.org/10.1152/ajpendo.00283.2010


Page 14 of 14Shokri et al. Lipids in Health and Disease          (2024) 23:362 

Gastroenterol Hepatol. 2010;7(5):251–64.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 3 8 / n r g a s t r o . 2 0 
1 0 . 4 1     . Epub 2010 Apr 6. PMID: 20368739.

42. Iizuka K, Horikawa Y. ChREBP: a glucose-activated transcription fac-
tor involved in the development of metabolic syndrome. Endocr J. 
2008;55(4):617–24. https:/ /doi.or g/10.15 07/e ndocrj.k07e-110

43. Bremer AA, Mietus-Snyder M, Lustig RH. Toward a unifying hypothesis of 
metabolic syndrome. Pediatrics. 2012;129(3):557–70.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 5 4 2 / 
p e d s . 2 0 1 1 - 2 9 1 2     . Epub 2012 Feb 20. PMID: 22351884; PMCID: PMC3289531.

44. Smith GI, Shankaran M, Yoshino M, et al. Insulin resistance drives hepatic 
de novo lipogenesis in nonalcoholic fatty liver disease. J Clin Invest. 
2020;130(3):1453–60. https:/ /doi.or g/10.11 72/J CI134165. PMID: 31805015; 
PMCID: PMC7269561.

45. Geidl-Flueck B, Gerber PA. Insights into the Hexose Liver metabolism-glucose 
versus fructose. Nutrients. 2017;9(9):1026.  h t t  p s : /  / d o  i .  o r g / 1 0 . 3 3 9 0 / n u 9 0 9 1 0 2 6     
. PMID: 28926951; PMCID: PMC5622786.

46. Wang Y, Guo Y, Xu Y, et al. HIIT ameliorates inflammation and lipid metabolism 
by regulating macrophage polarization and Mitochondrial Dynamics in the 
liver of type 2 diabetes Mellitus mice. Metabolites. 2022;13(1):14.  h t t  p s : /  / d o  i .  o 
r g / 1 0 . 3 3 9 0 / m e t a b o 1 3 0 1 0 0 1 4     . PMID: 36676939; PMCID: PMC9862084.

47. Han Y, Hu Z, Cui A, et al. Post-translational regulation of lipogenesis via 
AMPK-dependent phosphorylation of insulin-induced gene. Nat Com-
mun. 2019;10(1):623. https:/ /doi.or g/10.10 38/s 41467-019-08585-4. PMID: 
30733434; PMCID: PMC6367348.

48. Patra C, Foster K, Corley JE, Dimri M, Brady MF. (2023). Biochemistry, cAMP. In 
StatPearls. StatPearls Publishing.

49. Medina E, Oberheu K, Polusani S, et al. PKA/AMPK signaling in relation to 
adiponectin’s antiproliferative effect on multiple myeloma cells. Leukemia. 
2014;28:2080–9. https:/ /doi.or g/10.10 38/l eu.2014.112

50. van der Windt DJ, Sud V, Zhang H, Tsung A, Huang H. The effects of Physical 
Exercise on fatty liver disease. Gene Expr. 2018;18(2):89–101.  h t t  p s : /  / d o  i .  o r g 
/ 1 0 . 3 7 2 7 / 1 0 5 2 2 1 6 1 7 X 1 5 1 2 4 8 4 4 2 6 6 4 0 8     . Epub 2017 Dec 6. PMID: 29212576; 
PMCID: PMC5954622.

51. Kawaguchi T, Osatomi K, Yamashita H, Kabashima T, Uyeda K. Mechanism 
for fatty acid sparing effect on glucose-induced transcription: regulation of 
carbohydrate-responsive element-binding protein by AMP-activated protein 
kinase. J Biol Chem. 2002;277:3829–35.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 7 4 / j b c . M 1 0 7 8 9 5 2 
0 0       

52. Su F, Koeberle A. Regulation and targeting of SREBP-1 in hepatocellular 
carcinoma. Cancer Metastasis Rev. 2024;43(2):673–708.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 0 
7 / s 1 0 5 5 5 - 0 2 3 - 1 0 1 5 6 - 5       

53. Yamamoto T, Shimano H, Inoue N, Nakagawa Y, Matsuzaka T, Takahashi A, 
Yahagi N, Sone H, Suzuki H, Toyoshima H, Yamada N. Protein kinase a sup-
presses sterol regulatory element-binding protein-1 C expression via phos-
phorylation of liver X receptor in the liver. J Biol Chem. 2007;282(16):11687–
95. https:/ /doi.or g/10.10 74/j bc.M611911200

54. Berlanga A, Guiu-Jurado E, Porras JA, Auguet T. Molecular pathways in non-
alcoholic fatty liver disease. Clin Exp Gastroenterol. 2014;7:221–39.  h t t  p s : /  / d o  i 
.  o r g / 1 0 . 2 1 4 7 / C E G . S 6 2 8 3 1       

55. Dong Q, Giorgianni F, Deng X, Beranova-Giorgianni S, Bridges D, Park EA, 
Raghow R, Elam MB. Phosphorylation of sterol regulatory element binding 
protein-1a by protein kinase A (PKA) regulates transcriptional activity. Bio-
chem Biophys Res Commun. 2014;449(4):449–54.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . b 
b r c . 2 0 1 4 . 0 5 . 0 4 6       

56. Souza-Mello V. Peroxisome proliferator-activated receptors as targets to treat 
non-alcoholic fatty liver disease. World J Hepatol. 2015;7(8):1012–9.  h t t  p s : /  / d 
o  i .  o r g / 1 0 . 4 2 5 4 / w j h . v 7 . i 8 . 1 0 1 2     . PMID: 26052390; PMCID: PMC4450178.

57. Motta VF, Aguila MB, Mandarim-DE-Lacerda CA. High-intensity interval 
training (swimming) significantly improves the adverse metabolism 

and comorbidities in diet-induced obese mice. J Sports Med Phys Fit. 
2016;56(5):655–63. PMID: 27285355.

58. Zordoky BN, Nagendran J, Pulinilkunnil T, Kienesberger PC, Masson G, Waller 
TJ, Kemp BE, Steinberg GR, Dyck JR. AMPK-dependent inhibitory phosphory-
lation of ACC is not essential for maintaining myocardial fatty acid oxidation. 
Circul Res. 2014;115(5):518–24.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 1 6 1 / C I R C R E S A H A . 1 1 5 . 3 0 4 
5 3 8       

59. Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, Park O, Luo Z, Lefai E, Shyy 
JY, Gao B, Wierzbicki M, Verbeuren TJ, Shaw RJ, Cohen RA, Zang M. AMPK 
phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis 
and atherosclerosis in diet-induced insulin-resistant mice. Cell Metab. 
2011;13(4):376–88. PMID: 21459323; PMCID: PMC3086578.

60. Wang Y, Guo Y, Xu Y, Wang W, Zhuang S, Wang R, Xiao W. HIIT ameliorates 
inflammation and lipid metabolism by regulating macrophage polarization 
and Mitochondrial Dynamics in the liver of type 2 diabetes Mellitus mice. 
Metabolites. 2022;13(1):14. https:/ /doi.or g/10.33 90/m etabo13010014. PMID: 
36676939; PMCID: PMC9862084.

61. Kasapoglu B, Turkay C, Yalcin KS, Carlioglu A, Sozen M, Koktener A. Low vita-
min D levels are associated with increased risk for fatty liver disease among 
non-obese adults. Clin Med (Lond). 2013;13(6):576–9.  h t t  p s : /  / d o  i .  o r g / 1 0 . 7 8 6 1 
/ c l i n m e d i c i n e . 1 3 - 6 - 5 7 6     . PMID: 24298105; PMCID: PMC5873660.

62. Rhee EJ, Kim MK, Park SE, et al. High serum vitamin D levels reduce the risk 
for nonalcoholic fatty liver disease in healthy men independent of metabolic 
syndrome. Endocr J. 2013;60:743–52.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 5 0 7 / e n d o c r j . E J 1 2 - 0 3 
8 7     . [PubMed] [CrossRef ] [CrossRef ] [Google Scholar] [Ref list].

63. Yin Y, Yu Z, Xia M, et al. Vitamin D attenuates high fat diet-induced 
hepatic steatosis in rats by modulating lipid metabolism. Eur J Clin Invest. 
2012;42:1189–96. https:/ /doi.or g/10.11 11/j .1365-2362.2012.02706.x. 
[PubMed] [CrossRef ] [CrossRef ] [Google Scholar] [Ref list].

64. Lim H, Lee H, Lim Y. Effect of vitamin D3 supplementation on hepatic lipid 
dysregulation associated with autophagy regulatory AMPK/Akt-mTOR 
signaling in type 2 diabetic mice. Experimental Biology Med (Maywood N J). 
2021;246(10):1139–47. https:/ /doi.or g/10.11 77/1 535370220987524

65. Gao N, Raduka A, Rezaee F. Vitamin D3 protects against respiratory syncytial 
virus-induced barrier dysfunction in airway epithelial cells via PKA signaling 
pathway. Eur J Cell Biol. 2023;102(3):151336.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . e j c b . 2 0 
2 3 . 1 5 1 3 3 6     . Epub 2023 Jun 22. PMID: 37354621; PMCID: PMC10773979.

66. Wu M, Lu L, Guo K, Lu J, Chen H. Vitamin D protects against high glucose-
induced pancreatic β-cell dysfunction via AMPK-NLRP3 inflammasome 
pathway. Mol Cell Endocrinol. 2022;547:111596.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . m c 
e . 2 0 2 2 . 1 1 1 5 9 6     . Epub 2022 Feb 17. PMID: 35183675.

67. Wood RJ. Vitamin D and adipogenesis: new molecular insights. Nutr Rev. 
2008;66(1):40–6. https:/ /doi.or g/10.11 11/j .1753-4887.2007.00004.x

68. Sung CC, Liao MT, Lu KC, Wu CC. Role of vitamin D in insulin resistance. J 
Biomed Biotechnol. 2012;2012:634195. https:/ /doi.or g/10.11 55/2 012/634195. 
Epub 2012 Sep 3. PMID: 22988423; PMCID: PMC3440067.

69. Barchetta I, Cimini FA, Cavallo MG. Vitamin D and metabolic dysfunc-
tion-Associated fatty liver Disease (MAFLD): an update. Nutrients. 
2020;12(11):3302. https:/ /doi.or g/10.33 90/n u12113302. PMID: 33126575; 
PMCID: PMC7693133.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://doi.org/10.1038/nrgastro.2010.41
https://doi.org/10.1038/nrgastro.2010.41
https://doi.org/10.1507/endocrj.k07e-110
https://doi.org/10.1542/peds.2011-2912
https://doi.org/10.1542/peds.2011-2912
https://doi.org/10.1172/JCI134165
https://doi.org/10.3390/nu9091026
https://doi.org/10.3390/metabo13010014
https://doi.org/10.3390/metabo13010014
https://doi.org/10.1038/s41467-019-08585-4
https://doi.org/10.1038/leu.2014.112
https://doi.org/10.3727/105221617X15124844266408
https://doi.org/10.3727/105221617X15124844266408
https://doi.org/10.1074/jbc.M107895200
https://doi.org/10.1074/jbc.M107895200
https://doi.org/10.1007/s10555-023-10156-5
https://doi.org/10.1007/s10555-023-10156-5
https://doi.org/10.1074/jbc.M611911200
https://doi.org/10.2147/CEG.S62831
https://doi.org/10.2147/CEG.S62831
https://doi.org/10.1016/j.bbrc.2014.05.046
https://doi.org/10.1016/j.bbrc.2014.05.046
https://doi.org/10.4254/wjh.v7.i8.1012
https://doi.org/10.4254/wjh.v7.i8.1012
https://doi.org/10.1161/CIRCRESAHA.115.304538
https://doi.org/10.1161/CIRCRESAHA.115.304538
https://doi.org/10.3390/metabo13010014
https://doi.org/10.7861/clinmedicine.13-6-576
https://doi.org/10.7861/clinmedicine.13-6-576
https://doi.org/10.1507/endocrj.EJ12-0387
https://doi.org/10.1507/endocrj.EJ12-0387
https://doi.org/10.1111/j.1365-2362.2012.02706.x
https://doi.org/10.1177/1535370220987524
https://doi.org/10.1016/j.ejcb.2023.151336
https://doi.org/10.1016/j.ejcb.2023.151336
https://doi.org/10.1016/j.mce.2022.111596
https://doi.org/10.1016/j.mce.2022.111596
https://doi.org/10.1111/j.1753-4887.2007.00004.x
https://doi.org/10.1155/2012/634195
https://doi.org/10.3390/nu12113302

	Amelioration of fructose-induced hepatic lipid accumulation by vitamin D3 supplementation and high-intensity interval training in male Sprague‒Dawley rats
	Abstract
	Background
	Methods
	Animals
	Vitamin D3 supplementation
	Exercise performance test
	Exercise training protocol
	Anthropometric determinations
	Nutritional determinations
	Tissue and blood sample collection
	Biochemical analysis
	Insulin resistance and pancreatic β-cell function
	Hepatic triglyceride and cholesterol analysis
	Western blotting analysis
	Histological analysis
	Data analysis

	Results


