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Introduction 

Iron is an important mineral that has roles in DNA 

synthesis, cellular proliferation, and cellular 

respiration1. Electrons transfer and oxygen delivery 

in oxidation-reduction reactions are facilitated by 

iron, which is essential in maintaining normal cell 

metabolism, also through the Fenton reaction, iron 

results in the generation of toxic reactive oxygen 

species (ROS)2. The induction of oxidative stress by 

iron in metabolic tissues is proposed to contribute to 

the development of metabolic abnormalities. Thus, 

controlling the balance between iron uptake, storage, 

and utilization is required to maintain iron 

homeostasis and ensure optimum functioning of 

metabolic processes3. 

The peptide hormone hepcidin is the main regulator 

of iron homeostasis, hepcidin controls the absorption 
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and transport of iron via ferroportin, (FPN-1) which 

is an iron exporter that regulates intestinal 

absorption, cellular uptake, and storage of iron in 

tissues. Furthermore, hepatocytes secrete hepcidin, 

and its synthesis is regulated by two major 

mechanisms: iron status and inflammatory stimuli 4. 

In addition to hepcidin, Nrf2 is another regulator of 

iron homeostasis, Nrf2 is a transcription factor that 

regulates the cellular defense against toxic and 

oxidative insults through the expression of genes 

involved in oxidative stress response and drug 

detoxification5. The increase in Nrf2 synthesis 

activates antioxidant defense signals. The regulation 

of intracellular iron levels, oxidative stress, and 

genes involved in iron homeostasis (ferritin heavy 

chain, ferritin light chain, transferrin, FPN-1, and 

HO-1) regulated by Nrf2, additionally, the Nrf2-

mediated mechanism regulates hepcidin synthesis 6,7. 

Excessive adiposity is associated with disturbances 

in iron homeostasis and development of metabolic 

syndrome with insulin resistance, elevation of serum 

glucose and triacylglycerol (TAGs). Adiposity 

stimulates the expression of the iron-regulatory 

hormone hepcidin, which can result in the 

deregulation of iron homeostasis 8,9. Adiposity leads 

to the release of inflammatory mediators, such as IL-

6 and tumor necrosis factor alpha (TNFα), which in 

turn stimulate CRP release. However, adiponectin 

secretion is reduced, and all these processes result in 

a proinflammatory environment 10. Adiposity is 

characterized by increased adhesion molecule levels 

along with increased cytokine production, leading to 

the stimulation of tissue-specific macrophage 

recruitment 11. 

The importance of vitamin D beyond its effects on 

calcium homeostasis has become more evident, and 

its functions in cell differentiation and proliferation, 

immune modulation, and the inflammatory response 
12. Moreover, it is known that vitamin D regulates 

biological functions in many tissues and organs 

through their receptors (VDRs), which are 

widespread in the body13. Clinical evidence indicates 

that an association between vitamin D deficiency and 

the prevalence of chronic morbid conditions exists. 

Additionally, vitamin D is a potent regulator of the 

hepcidin-ferroportin axis through the regulation of 

hepcidin expression 14. 

Vitamin D participates in cellular processes 

responsible for the homeostasis of glucose and lipid 

metabolism via the insulin signaling pathway. 

Moreover, disturbances in insulin signaling and 

inflammation are closely related, and vitamin D is 

reported to modulate both disorders. Vitamin D is 

reported to affect hepatic lipogenesis, 

gluconeogenesis, and ROS homeostasis 15,16. 

This study aims to investigate the relationship 

between iron homeostasis and vitamin D status on 

metabolic dilemmas including insulin resistance, 

steatohepatitis, inflammation, and lipogenesis 

induced by HF-HF diet in rats. 

Materials 

Experimental animals: 
 

Sixty adult male Sprague‒Dawley rats (8 weeks of 

age and weighing 120 ± 5 g) were used in this study, 

and the rats were obtained from the National 

Research Center, Doki, Egypt. The animals were 

acclimated for 1 week before the experiment. The 

rats were maintained under 12-h light/dark cycles, 

the temperature was maintained at 25 °C, and the 

humidity was between 60% and 70%. Additionally, 

rats were provided with water ad libitum. Moreover, 

all animal experiments were performed under a 

protocol approved by the local animal ethics 

committee of Ain Shams University (ASU-

SCI/BIOC/2022/11/2). 
 

Experimental design 

In the present study, sixty male albino rats were 

divided into 6 groups of 10 rats each. All 

international and local rules and regulations for 

handling animals throughout the experimental period 

(eight weeks) were followed. The experimental 

groups were divided as follows and shown in figure 

1: 

 Group 1: Negative control group; rats fed a 

balanced diet and orally administered distilled 

water twice per week. 

 Group 2: Positive control group, rats fed HFHF 

diet and orally administered distilled water twice 

per week. 

 Group 3: Rats fed a balanced diet and orally 

administered 1,25(OH)2D3 (12 μg/kg body 

weight, twice per week) 17. 

 Group 4: Rats fed a balanced diet and orally 

administered 1,25(OH)2D3 (24 μg/kg body 

weight, twice per week). 

https://doi.org/10.21123/bsj.2024.9626
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 Group 5: Rats fed HFHF diet and orally 

administered 1,25(OH)2 D3 (12 μg/kg body 

weight, twice per week) 17. 

 Group 6: Rats fed HFHF diet and orally 

administered 1,25(OH)2 D3 (24 μg/kg body 

weight, twice per week) 

All rats consumed a prepared diet (balanced or 

HFHF) and were administered Vit.D3 as described in 

the experimental design from week one of the 

experiment to week eight.  

 
Figure 1. Graphical abstract and experimental design. 

Sample collection: 

At the end of the experimental period (8 weeks), rats 

were fasted for 12 hours and anesthetized under 

sodium pentobarbital at 200 mg/kg b.wt and injected 

intraperitoneally. Blood samples were collected from 

the hepatic portal vein, left for 15 minutes at room 

temperature, and then centrifuged at 4000 rpm for 20 

minutes for serum separation. To inhibit glycolysis, 

samples were collected into tubes containing sodium 

fluoride. Then, part of the serum was immediately 

used for colorimetric determination of glucose 

levels. The remaining serum samples were kept at -

20 °C for further biochemical analysis. Furthermore, 

liver samples were removed and washed with ice-

cold saline solution and then weighed. The samples 

were stored at -80 °C for genetic and biochemical 

analysis, while liver samples used for microscopic 

examination were preserved in 10% formalin 

solution. 

 

Chemicals: 

Vitamin D3 or 1, 25-dihydroxyvitamin D3 (1,25 

(OH)2D3) (2800 IU/1 ml) was purchased from 

Minapharm, a pharmaceutical company in Egypt. 

Diet: 
 

The experimental diets used in this study were as 

follows: a standard balanced diet was prepared 

according to AIN-93(M) for maintenance 18. A high-

fat/high-fructose diet (HFHF), which consisted of 

45% fat and 30% fructose 19. The standard balanced 

diet and HFHF diet were prepared in the lab 

according to AIN-93(M) with a modification of fat 

and sugar in the case of the HFHF diet. Fine 

ingredients of corn starch, casein, sucrose, cellulose, 

L-cystine, choline chloride, Tetra-butyl 

hydroquinone, fructose, and the minerals used for the 

preparation of the mineral mixture were purchased 

from EL Gomhoria Company. Corn oil and fat were 

purchased from Arma Company and Eveco Egypt 

Company respectively. While for vitamin mixture 

preparation, nicotinic acid, calcium pantothenate, 

pyridoxine-hydrochloride, thiamin-hydrochloride, 

riboflavin, and folic acid were purchased from EL 

Gomhoria Company, while,  biotin as Biotin forte, 

vitaminB-12 as Deltavit B12, vitamin E, vitamin A 

as A-VITON, vitamin D3 as V-drop, and vitamin K 

were purchased from Unipharma, Delta,  Pharco, 

https://doi.org/10.21123/bsj.2024.9626
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Kahira, Minapharm, and Pharonia PH 

pharmaceutical companies, Egypt respectively. 

Composition of experimental diets; balanced diet 

and high-fat high fructose diet (HFHF) g/kg diet: 
Ingredient Balanced 

diet g/Kg 

HFHF 

g/Kg 
 

Corn starch  620.692 10.700 

Casein (85% protein) 140.000 140.000 

Sucrose 100.000 0.00 

Corn oil 40.000 0.00 

Fiber ( cellulose) 50.000 50.000 

Minerals mixture 35.000 35.000 

Vitamins mixture 10.000 10.000 

L.cystine 1.800 1.800 

Choline chloride  2.500 2.500 

Tetra-

butylhydroxyquinone 

0.008 0.008 

Fructose  0.00 300 

Fat  0.00 450 

Composition of vitamins mixture (AIN-93 M): 
Vitamin g/Kg mix 

 

Nicotinic acid    3.00 

Calcium pantothenate 1.60 

Pyridoxine-hydrochloride 0.70 

Thiamin-hydrochloride 0.60 

Riboflavin 0.60 

Folic acid 0.20 

D-Biotin 0.02 

VitaminB-12 (cyanocobalamin)  2.50 

Vitamin E 15.0 

Vitamin A (all-trans-retinyl 

palmitate) 

0.80 

Vitamin D3 (cholecalciferol) 0.25 

Vitamin K (phylloquinone) 0.075 

Powdered sucrose 974.65 

Composition of minerals mixture (AIN-93 M): 
Mineral g/Kg mix 

 

Calcium carbonate, anhydrous 357.00 

Potassium phosphate, monobasic 250.00 

Sodium chloride 74.00 

Potassium sulfate 46.60 

Potassium citrate, tri-potassium, 

monohydrate 

28.00 

Magnesium oxide 24.00 

Ferric citrate 6.06 

Zinc carbonate 1.65 

Manganous carbonate 0.63 

Cupric carbonate 0.30 

Potassium iodate 0.01 

Sodium selenate, anhydrous 0.0102 

Ammonium paramolybdate, 4 

hydrate 

0.00795 

Sodium meta-silicate, 9 hydrate 1.45 

Chromium potassium sulfate, 12 

hydrate 

0.275 

Boric acid 0.0815 

Sodium fluoride 0.0635 

Nickel carbonate 0.0318 

Lithium chloride 0.0174 

Ammonium vanadate 0.0066 

Powdered sucrose 209.80                              
 

 
 
 

Methods  

Biochemical analysis: 
 

Serum analysis 
 

Assessment of serum iron profile 
 

Serum iron levels and TIBC were determined by a 

colorimetric method 20 using a SPECTRUM kit (269 

002& 273 001-D), respectively, Germany. Serum 

transferrin was measured by the quantitative 

sandwich enzyme-linked immunosorbent assay 

(ELISA) technique 21 using KRISHGEN BioSystems 

kit (KBH1621), India. 

Assessment of serum Vit. D3 level 

Serum vitamin D3 level was measured according to 

the quantitative sandwich ELISA method 22 using a 

MyBioSource kit (MBS728692), USA. 

 

Assessment of serum adipokine levels 

Serum adiponectin and resistin levels were 

determined by the quantitative sandwich ELISA 

technique method 23 using a MyBioSource kit 

(MBS068220& MBS013451) respectively (USA). 

Assessment of serum inflammatory markers 

Serum IL-6, CRP, and MCP-1 levels were 

determined by the quantitative sandwich ELISA 

technique 22,23, using Biovision kits (R6000B), USA, 

for IL-6, Mybiosource kits (MBS2508830), USA, for 

CRP and Cusabio kits (R6000B), USA, for MCP-1. 

Assessment of serum oxidative biomarkers 

The serum MDA concentration was determined by a 

colorimetric method 24 using a Biodiagnostic kit, 

Egypt. Serum HO-1 level was measured according to 

https://doi.org/10.21123/bsj.2024.9626
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the quantitative sandwich ELISA technique 23 using 

an Elabscience kit (MBS764989) (USA). 

Assessment of serum lipid profile 

TAGs and TC were determined according to the 

enzymatic colorimetric method 25,26, respectively, 

using the Salucea kit, Netherlands. LDL-C and 

VLDL-C were calculated 27. Furthermore, the HDL-

C concentration was determined according to the 

enzymatic colorimetric method 28 using a 

SPECTRUM kit (266 001), Germany. 

Assessment of serum glucose, insulin, and 

HOMA-IR 

Serum glucose level was measured by the enzymatic 

colorimetric method 29 using a Diamond kit 

(Hannover, Germany). Moreover, serum insulin was 

measured by the quantitative sandwich ELISA 

technique 30 using a MyBioSource kit (MBS824729), 

USA. The HOMA-IR index was then calculated. 31 

 
 

Tissue analysis 
 

Preparation of liver tissue homogenate 

Liver tissue was perfused with phosphate-buffered 

saline at pH 7.4 containing 0.16 mg/ml heparin to 

remove any red blood cells and clots. Liver samples 

were homogenized in 5 ml cold buffer (50 mM 

potassium phosphate, pH 7.4, 1 mM EDTA, and 1 

ml/L Triton X-100) per gram tissue and then 

centrifuged at 4000 rpm for 15 min at 4 °C. Finally, 

the supernatant removed for assay and stored on ice. 

The homogenates are used to detect gene expression 

and liver iron concentration. 
 

Assessment of liver iron concentration 
 

The liver iron concentration was measured by the 

ferrozine chromogenic method (colorimetric assay) 
32 using a Metallogenics kit (FE31ME), Japan. 

Quantitative gene expression of hepcidin, FPN1, 

Nrf2, and VDR by real-time polymerase chain 

reaction (RT‒qPCR) 
 

Hepcidin, FPN1, Nrf2, and VDR were detected in 

liver tissue samples using a Qiagen tissue extraction 

kit (Qiagen, USA) and a high-capacity cDNA reverse 

transcription kit (Fermentas, USA). qPCR conducted 

a fluorescence reaction of molecules that increase 

proportionally with the increase in DNA 

amplification in a thermocycler. Moreover, the 

double-strand DNA binding dyes (SYBR Green) 

function as fluorescent chemistries. A specialized 

thermocycler with fluorescence detection modules is 

the key equipment for qPCR, which is used to 

monitor and record the fluorescence in real time as 

amplification occurs. Furthermore, the qPCR 

measurement involves RNA isolation, reverse 

transcription, qPCR assay development, qPCR 

experiment, and data analysis. The results were 

statistically analyzed using the 2−ΔΔCt method, with 

beta-actin as an internal reference (housekeeping 

gene). 

Table 1. Primer sequences. 
Gene Primer’s sequence 

Hepcidin Forward sequence  

Reverse sequence 

5'- CACAGCAGAACAGAAGGCATG -3′ 

5'- CTTCTGCTGTAAATGCTGT ‐3' 

FPN1 Forward sequence  

Reverse sequence 

5'- TTGCAGGAGTCATTGCTGCTA -3′ 

5'- TGGAGTTCTGCACACCATTGAT ‐3' 

Nrf2 

 

Forward sequence  

Reverse sequence 

5'- CCATGCCTTCTTCCACGAA -3′ 

5'- AGGGCCCATGGATTTCAGTT ‐3' 

VDR Forward sequence  

Reverse sequence 

5'- GATGCAGGGCTGTTTATGGG -3′ 

5'- GGCCTGCTTGCTGTTCTTAC ‐3' 

Beta-actin Forward sequence  

Reverse sequence 

5′- TGT CAC CAA CTG GGA CGA TA-3′ 

5′- AAC ACA GCC TGG ATG GCT AC-3' 

* Ferroportin, (FPN-1), nuclear factor erythroid 2-related factor 2 (Nrf2), vitamin D receptor (VDR)  

Histopathological analysis of liver tissue 
The liver was dissected and fixed in 10% formalin, 

and paraffin-embedded tissues were stained with 

hematoxylin and eosin (H&E) and examined under a 

light microscope (Nikon lab binocular with camera) 

at 400 X magnification33. 

Statistical analysis 

The statistical analysis of the results was performed 

using Statistical Package for Social Science (SPSS) 

software 16, USA. Data presented as the means ± 

SDs and analyzed statistically by one-way analysis 

of variance (ANOVA). The mean differences were 

significant when p < 0.05 34. 

https://doi.org/10.21123/bsj.2024.9626
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Results 

The results of the present study showed that the HF-

HF diet increased adiposity, leading to a decrease in 

adiponectin (anti-inflammatory cytokine) secretion 

and an increase in the secretion of resistin from 

adipose tissue as a response to the excessive 

accumulation of fat. This leads to the initiation of an 

inflammatory environment, especially in visceral fat. 

The HFHF diet induced the release of inflammatory 

mediators, such as IL-6, which in turn stimulated 

CRP and MCP-1 release due to excessive adiposity. 

The release of adipokines influenced by iron 

homeostasis, and iron homeostasis dysregulation 

decreases the expression of adiponectin. Decreased 

adiponectin is associated with glucose homeostasis 

disturbance and lipid profile aberrations. 

Effect of vitamin D administration on serum 

adiponectin, resistin, IL-6, CRP, and MCP1: 

From the current results in Table 2, the HFHF diet-

induced alterations in serum adipokines caused a 

significant decrease in adiponectin and a significant 

increase in resistin. Additionally, there was a 

significant elevation in serum IL-6, CRP, and MCP-

1 in the HFHF diet groups compared with the healthy 

control group. While Vit.D3 administration with HF-

HF diet significantly decreased this elevation 

compared to the positive control group. 

Effect of vitamin D administration on Nrf2 gene 

expression, serum MDA, and HO-1:  
The data presented in Table 2 showed a significant 

increase in MDA, a significant decrease in HO-1 

activity, and a significant down-regulation in Nrf2 

expression compared to the negative control group. 

While the results of these parameters were reversed 

after the administration of Vit.D3. 

Table 2. Effect of vitamin D administration on adiponectin, resistin, IL-6, CRP, MCP1, Nrf2, MDA, 

and HO-1 in the experimental groups. 
Parameters Groups 

Serum 

HO- 1 

(ng/ml) 

 

Serum 

MDA 

(nmol/l) 

 

Nfr2 

expression 

in liver 

tissue 

Serum 

MCP1 

(pg/ml) 

 

Serum 

CRP 

(ng/ml) 

 

Serum 

IL-6 

(pg/ml) 

 

Serum 

resistin 

(ng/ml) 

 

Serum 

adiponectin 

(ng/ml) 

8.92± 0.99 a 8.65± 

0.54 a 

1.00± 0.00 
a 

214.21± 1.18 
a 

17.46± 

1.54 a 

122.17± 

1.62 a 

3.08± 

0.27 a 

31.38± 1.36 
a 

Group1 

1.87± 0.23 b 19.36± 

0.69 b 

0.16± 0.01 

b 

429.26± 1.83 
b 

86.60± 

1.60b 

253.9± 

1.79 b 

15.31± 

1.51b 

9.21± 0.73 b Group 2 

9.14± 1.00 a 8.46± 

0.40 a 

2.10± 0.11 
c 

212.13± 1.82 
c 

13.58± 

0.61 c 

117.48± 

1.76 c 

2.78± 

0.32 a 

31.76± 1.43 
a 

Group 3 

9.41± 0.74 a 8.25± 

0.47 a 

2.62± 0.12 
d 

211.01± 1.20 
c 

12.45± 

0.83c 

111.62± 

1.77 d 

2.41± 

0.19 a 

32.49± 1.91 
a 

Group 4 

4.79± 0.65 c 16.74± 

0.38 c 

0.56± 0.01 
e 

283.61± 1.94 
d 

33.18± 

1.61 d 

175.17± 

1.46 e 

7.40± 

1.07 c 

17.93± 1.55 
c 

Group 5 

7.67± 0.55 d 15.51± 

0.66 d 

0.70± 0.01 f 250.38± 0.94 
e 

29.93± 

1.60 e 

151.15± 

1.65 f 

4.83± 

0.57 d 

22.89± 1.90 
d 

Group 6 

* Interleukin 6 (IL-6), C-reactive protein (CRP), monocyte chemoattractant protein-1 (MCP-1), nuclear factor erythroid 

2-related factor 2 (Nrf2), malondialdehyde (MDA), hemeoxygenase-1 (HO-1). 

*All values expressed as the mean ±SD, n=10. There is no significant difference between the means that have the same 

alphabetical superscripts in the same column, while different letters are significantly different at P < 0.05. 
 

Effect of vitamin D administration on hepcidin 

and ferroportin gene expression, serum iron, 

TIBC, transferrin, and liver iron levels: 

Table 3 demonstrates that the HFHF diet caused 

significant overexpression of the hepcidin gene and 

down-regulation of FPN1 compared to the healthy 

control group. While, in comparison to the positive 

control group, the expression of hepcidin was 

significantly down-regulated, and ferroportin 

expression was significantly up-regulated in the 

groups that were orally administered Vit. D3. 

Furthermore, the results showed a significant 

decrease in serum iron with a significant increase in 

liver iron, serum TIBC, and transferrin in the HFHF 

diet groups. While Vit. D3 administration reversed 

the effect of the HFHF diet on iron indices. 

Effect of vitamin D administration on VDR gene 

expression in liver tissue and serum Vit. D3 level: 
 

https://doi.org/10.21123/bsj.2024.9626
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The data presented in Table.3 showed a significant 

decrease in serum Vit. D3 level as well as significant 

down-regulation of VDR expression in the positive 

control group compared with the healthy control 

group. Whereas Vit. D3 administration significantly 

restored the serum, Vit. D3 level and significantly 

increased VDR expression compared to the rats fed 

the HF-HF diet. 

Table 3. Effect of vitamin D administration on hepcidin, ferroportin, serum iron, TIBC, transferrin, 

liver iron, VDR, and serum Vit. D3 in the experimental groups. 
Parameters Groups 

Serum 

vitamin D3 

(ng/ml) 

 

Vitamin D 

receptor 

expression 

in liver 

tissue 

Liver 

iron 

(µmol/mg 

tissue) 

Transferrin 

(mg/dl) 

Total 

iron 

binding 

capacity 

(µg/dl) 

Serum 

iron 

(µg/dL) 

 

Ferroportin 

expression 

in liver 

tissue 

Hepcidin 

expression 

in liver 

tissue 

 

41.49± 1.34 
a 

1.01± 0.00 
a 

2.22± 0.15 
a 

222.1± 0.99 
a 

283.2± 

1.31 a 

161.17± 

0.99 a 

5.95± 0.52 a 1.02± 0.00 
a 

Group1 

12.26± 1.78 
b 

0.22± 0.01 
b 

11.87± 

0.12b 

281.9± 1.59 
b 

 347.15± 

0.88b 

104.20± 

1.39 b 

1.02± 0.00b 5.57± 0.51 
b 

Group 

2 
42.78± 1.12 

a 

1.29± 0.12 
c 

2.14± 0.10 
a 

213.0± 1.63 
c 

 276.0± 

1.56 c 

161.43± 

0.97 a 

6.04± 0.30 a 1.02± 0.01 
a 

Group 

3 
48.37± 1.45 

c 

1.78± 0.09 
d 

2.02± 0.27 
a 

209.9± 1.91 
d 

 269.1± 

1.66 d 

165.95± 

1.15 c 

6.11± 0.37 a 1.03± 0.01 
a 

Group 

4 
31.48± 1.74 

d 

0.66± 0.07 
e 

5.35± 0.22 
c 

237.2± 1.47 
e 

 327.5± 

1.58 e 

125.51± 

1.15 d 

1.92± 0.18 c 2.21± 0.08 
c 

Group 

5 
34.8± 1.05 e 0.82± 0.00 

f 

4.43± 0.45 
d 

224.1± 0.87 
f 

 312.4± 

1.42 f 

133.48± 

1.24 e 

2.22± 0.09 d 1.92± 0.18 
d 

Group 

6 

*All values expressed as the mean ±SD, n=10. There is no significant difference between the means that have the same 

alphabetical superscripts in the same column, while different letters are significantly different at P < 0.05. 
 

Effect of vitamin D administration on serum 

TAGs, TC, VLDL-C, HDL-C, and LDL-C 
The results presented in Table 4 revealed that TAG, 

TC, LDL-C, and VLDL-C serum levels significantly 

increased with a significant reduction in HDL-C 

serum levels in the positive control group compared 

to the negative control group. Whereas Vit. D3 

administration significantly decreased the elevated 

TAG, TC, LDL-C, and VLDL-C levels and 

significantly increased HDL-C levels in HFHF-fed 

rats compared to the positive control group. On the 

other hand, there was a significant decrease in serum 

TAG, TC, LDL-C, and VLDL-C, levels in rats fed a 

HFHF diet and administered Vit. D3 compared with 

the positive control group. 

Effect of vitamin D administration on serum 

glucose, insulin, and HOMA-IR 
The data presented in Table 4 showed that there was 

a significant increase in serum glucose, insulin 

levels, and HOMA-IR in the positive control group 

compared to the negative control group. In contrast, 

there was a significant decrease in serum glucose, 

insulin, and HOMA-IR levels in rats fed the HF-HF 

diet and administered Vit. D3 in a dose-dependent 

manner compared with the positive control group. A 

high dose of Vit. D3 showed significant amelioration 

compared with the low dose of Vit. D3 However, rats 

were fed a balanced diet and administered Vit. D3 

showed a similar observation to the healthy control 

group in most parameters. 
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Table 4. Effect of vitamin D administration on serum TAGs, TC, VLDL-C, HDL-C, LDL-C, glucose, 

insulin, and HOMA-IR in the experimental groups. 
Parameters Groups 

HOMA-

IR 

Serum 

Insulin 

(mIU/L) 

Serum 

Glucose 

(mmol/L) 

Serum 

LDL-C 

(mg/dl) 

 

Serum 

HDL-C 

(mg/dl) 

Serum 

VLDL-C 

(mg/dl) 

 

Serum 

TC 

(mg/dl) 

 

Serum 

TAGs 

(mg/dl) 

 

 

4.10± 0.32 
a 

18.00± 1.49 
a 

5.14± 

0.13a 

101.11± 

1.91 a 

32.1± 

0.73 a 

27.71± 

0.36 a 

160.92± 

1.81 a 

138.53±1.83a Group1 

19.98± 

0.60 b 

55.6± 1.26 b 8.09± 

0.11b 

149.18± 

1.87 b 

 25.8± 

0.78b 

44.74± 

0.29 b 

219.71± 

1.48b 

223.7± 1.49 
b 

Group 

2 
4.44± 0.35 
a 

21.9± 1.79 c 4.56± 0.06 
c 

86.28± 

1.47 c 

 36.4± 

1.34 c 

25.68± 

0.28 c 

148.36± 

1.19 c 

128.4± 1.4 c Group 

3 
5.31± 0.34 
c 

27.4± 1.89 d 4.37± 0.13 
d 

82.29± 

1.71 d 

37.2± 

1.03 c 

23.99± 

0.33 d 

143.49± 

1.68 d 

119.96± 1.69 
d 

Group 

4 
15.70± 

0.79 d 

52.0± 1.94e 6.79± 0.18 
e 

147.15± 

1.45 e 

 28.3± 

0.94d 

34.38± 

0.36 e 

209.83± 

1.38 e 

171.92± 1.83 
e 

Group 

5 
13.26± 

0.46 e 

48.7± 1.15 f 6.13± 0.10 
f 

145.11± 

1.93 f 

 29.8± 

0.91 e 

31.12± 

0.26 f 

206.03± 

1.41 f 

155.6± 1.34 f Group 

6 

*Triacylglycerol (TAGs), total cholesterol (TC), very low-density lipoprotein cholesterol (VLDL-C), high-density 

lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), homeostatic model of assessment for 

insulin resistance (HOMA- 

IR). 

*All values expressed as the mean ±SD, n=10. There is no significant difference between the means that have the same 

alphabetical superscripts in the same column, while different letters are significantly different at P < 0.05. 

Discussion 

The results of the present study showed that the HF-

HF diet caused steatohepatitis due to increased lipid 

accumulation in the liver, increased serum 

inflammatory biomarkers, and ROS production that 

caused damage in liver tissues, which in turn affected 

all liver functions, including the expression of some 

genes, such as the upregulation of hepcidin and 

downregulation of FPN1, which in turn affected iron 

homeostasis, causing a decrease in serum iron levels 

and an increase in serum TIBC, transferrin and liver 

iron concentrations. Additionally, dysregulated iron 

homeostasis caused downregulation of Nrf2 gene 

expression. Both Nrf2 and HO-1 are associated, as 

HO-1 is an Nrf2-dependent gene that exerts 

beneficial effects through protection against 

oxidative injury, so the downregulation of Nrf2 led 

to a decrease in HO-1 levels as an antioxidant 

biomarker. On the other hand, the level of MDA 

increased due to the increase in oxidative stress. 

The HFHF diet induces chronic inflammation, which 

is a key component in the pathogenesis of 

nonalcoholic fatty liver disease (NAFLD) and 

insulin resistance. Increased secretion of 

proinflammatory cytokines by macrophages leads to 

metabolic abnormalities 35. 

 A study used a high-fat diet (HFD) that consists of 

31.99% carbohydrate, 40.7% fat, and 11.8 % protein 

to investigate the effects of HFD on metabolic and 

inflammatory conditions. Results showed that HFD 

induced metabolic abnormalities and inflammation 

through a significant increase in IL-6 and CRP 

levels36. Furthermore, another study reported that the 

HF-HF diet led to an increase in MCP-1 levels due 

to the incidence of NAFLD 37. Similarly, two studies 

illustrated a significant decrease in serum 

adiponectin and an increase in resistin levels in rat 

groups fed HFD 38,39. 

Additionally, adiponectin is considered an anti-

inflammatory and insulin-sensitizing hormone. In 

obese children, the down-regulation of adiponectin 

expression is associated with Vit. D3 deficiency. Vit. 

D3 treatment increases adiponectin expression, 

which inhibits TNF-α-induced release of MCP-1. 

The HFHF diet induces hyperglycemia along with an 

elevation in free fatty acid levels, leading to Vit. D3 

deficiency, which in turn disrupts the function of 

mitochondria, also causes dysregulation of calcium 

homeostasis, resulting in increases in ROS 

production and leading to oxidative damage. Vit. D3 

possesses indirect antioxidant properties and reduces 

the oxidative stress caused by HF-HF diet through its 
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antioxidant capacity. For that, Vit. D3 could improve 

all the alterations in the biochemical parameters 

caused by HFHF diet consumption. Additionally, 

Vit. D3 activates Nrf2 expression, thus increasing the 

antioxidant pathways 40. 

The observations of the present study were similar to 

another study that examined the effect of HFD on the 

activation of Nrf2 by dividing the experimental rats 

into groups fed on a standard diet, HFD, and low-fat 

diet. The results showed a significant down-

regulation of Nrf2 expression, thus decreasing the 

antioxidant signaling pathway 39. Also, the same 

results were confirmed by the results of a study that 

investigated the effect of HFD on HO-1 level in 

C57Bl6 male mice aged 8 weeks and fed on HFD for 

8 weeks. The results of this study reported that HO-

1 levels decreased in groups fed HFD 41. Similarly, a 

study in which mice were fed on HFFD and received 

fructose in their drinking water (supplied ad libitum 

for 8 weeks), showed that the HFHF diet caused lipid 

peroxidation and oxidative stress that was confirmed 

by a significant increase in MDA level 42. 

A study reported that hepatic hepcidin expression 

was significantly elevated in mice fed on HFD and 

developed NAFLD. Moreover, the overexpression of 

hepatic hepcidin in mice with NAFLD was 

associated with hepatic iron deposition, which 

constitutes a physiological response of the liver to 

decrease circulating iron levels 43. 

Furthermore, a study was performed on a total of 237 

children, from 5 to 18 years old, 180 with primary 

obesity and 57 healthy children and adolescents, 

were enrolled. Complete blood count, serum iron 

levels, iron-binding capacity, ferritin levels, leptin, 

hepcidin, and adiponectin levels were studied. The 

results showed that ferritin levels were higher in a 

group of obese school children than in a control 

group, together with an opposite correlation between 

transferrin saturation and adiposity also a higher 

level of TIBC in an obese population was observed 

when compared with controls 44. 

Furthermore, a previous study reported that 

increased hepatic iron levels induce liver fat 

deposition and insulin resistance. The development 

of steatosis is a characteristic feature of hepatic 

insulin resistance, where secreted inflammatory 

cytokines induce lipogenic gene expression, promote 

de novo lipogenesis, and impair hepatic and insulin 

sensitivity 45. 

In the present study, the development of NAFLD due 

to HF-HF diet caused alterations in the serum lipid 

profile, and a marked elevation in TAG, TC, LDL-C, 

and VLDL-C levels and a reduction in HDL-C levels 

were observed. The excessive lipid accumulation 

around cells and the inflammatory condition caused 

by the HF-HF diet led to the development of insulin 

resistance (IR). The condition of IR is associated 

with the elevation of serum glucose, insulin, and 

HOMA-IR levels. On the other hand, the HFHF diet 

reduced the serum vit.D3 level also down-regulated 

the expression of the VDR gene in liver tissue. This 

deficiency is due to the increase in hepatic de novo 

lipogenesis and the development of NAFLD. 

Additionally, the histopathological data are in line 

with the biochemical findings. Dyslipidemia 

observed in the groups where rats were fed the HF-

HF diet was due to lipid peroxidation and the 

accumulation of fat in liver tissue that was 

responsible for NAFLD progression. 

In parallel with the present results, a study that fed 

mice HFD established an NAFLD model. In this 

study, the lipid profile of the HFD group showed a 

significant increase in TAGs, TC, VLDL-C, and 

LDL-C. In contrast, HDL-C levels significantly 

decreased 46. Another study examined the effects of 

the HF-HF diet on metabolic health. The results 

showed that serum glucose levels increased in the 

HFHF diet groups and were associated with a marked 

elevation in the lipid profile 36. Furthermore, a study 

reported that the NAFLD condition is characterized 

by insulin resistance, hepatic steatosis, and 

inflammation 47. Additionally, another study showed 

that obesity leads to decrease in adiponectin and 

increase in resistin which associated with insulin 

resistance, increasing HOMA-IR and TAGs values 
48. 

The results of the current study agree with those 

previously reported by another study illustrated that 

low Vit. D3 levels are associated with glucose 

intolerance, insulin resistance, metabolic syndrome, 

and increased risk for type 2 diabetes development 
49. Moreover, Vit. D3 alleviates insulin resistance by 

improving insulin signaling. An increase in insulin 

sensitivity occurs via the binding of calcitriol to 

VDR, which activates the peroxisome proliferator-

activated receptor (PPAR), which is involved in the 

metabolism of fatty acids. Thus, Vit. D3 improves 

glucose and lipid metabolism and enhances insulin 

sensitivity 40. 
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A study reported that when consuming the HF-HF 

diet, liver histopathological examination showed 

severe hepatic steatosis (78.33%), leading to 

steatohepatitis accompanied by an increase in 

triglyceride and total cholesterol levels. Similarly, a 

study investigated the effect of the HF-HF diet on 

liver cells 50. The results showed that the HFHF diet 

induced hepatocyte damage with microvascular 

steatosis as well as inflammation, and increased ROS 

generation. The histological examination of liver 

tissue in the present study showed similar results 36. 

Vitamin D3 has been reported to have direct anti-

inflammatory effects, attenuating inflammation, and 

insulin resistance, which explains the results of the 

present study. Vit. D3 significantly decreased serum 

resistin, IL-6, MCP-1, and CRP levels, which caused 

a significant increase in serum adiponectin levels, 

enhanced insulin sensitivity, and attenuated 

inflammation. Additionally, studies have reported 

that the anti-inflammatory effect of VDR activation 

is linked to the beneficial effect of VDR activators 

on liver glucose, lipid metabolism, and insulin 

resistance in HFD-fed mice. Vit. D3 binds to VDR to 

induce VDR physiological function. VDR was 

reported to be highly expressed in nonparenchymal 

cells such as Kupffer cells, hepatic stellate cells, and 

endothelial cells; thus, activation of VDR in hepatic 

cells is expected to have anti-inflammatory effects, 

preventing the development of liver inflammation, 

steatosis, and IR 35. 

A similar observation to the present study reported 

by a study showed that the administration of Vit. D3 

at doses of 800 IU and 2400 IU improved the 

inflammatory condition. The study showed that the 

active form of Vit. D3, that is, 1,25 (OH)2D3, can 

increase Iκβ protein in preadipocyte cells and initiate 

the reduction of IL-6 and MCP-1 release 51. Another 

study investigated the effect of Vit. D3 

supplementation in obese patients and the results 

illustrated that, Vit. D3 supplementation attenuates 

adipose tissue inflammation by affecting adipokine 

as increasing adiponectin secretion 49. 

Additionally, a study reported that in Vit. D3 

supplementation down-regulated the mRNA 

expression of the hepcidin gene. On the other hand, 

serum iron concentrations increased because of Vit. 

D3 action 52. 

A study reported that the indirect antioxidant effect 

of Vit. D3 supplementation reversed the harmful 

effect of oxidative stress by diminishing ROS 

formation and improving the expression of Nrf2 and 

HO-1 53. While another study showed a significant 

elevation in HO-1 activity after supplementation 

with Vit. D3
54

.  

Furthermore, another study investigated the effect of 

Western diet intake and administration of 800 and 

2000 UI/kg body weight vitamin D3 on the lipid 

profile. The results showed that the administration of 

Vit D3 led to a reduction in TC, LDL-C, and TAG 

concentrations. The higher dose of the vitamin gave 

better results than the lower dose. Vitamin D3 

supplementation significantly attenuated HFD-

induced hyperglycemia and hyperinsulinemia. 

Vitamin D3 administration also significantly 

improved HFD-induced glucose and insulin 

intolerance 55. These observations are in line with the 

current results, Vit. D3 administration significantly 

decreased serum glucose levels and HOMA-IR 

values. 

The microscopic examination of the hepatic tissue of 

rats in G1 (-ve control group), G3 and G4 (fed 

balanced diet and administered Vit. D3) represented 

by Fig. 2a, c & d showed normal hepatic tissue, while 

liver sections of the HFHF-treated group (G2) 

revealed severe hepatic damage, such as dilatation of 

the portal vein, vacuolar degeneration, and fatty 

infiltrations, as shown in Fig. 2 b. Moreover, rats 

were fed the HF-HF diet and administered Vit. D3 

(12 µg/kg body weight) showed remarkable 

preservation of the hepatic tissue Fig. 2e, whereas 

Fig. 2 f shows significant improvement in hepatic 

tissue from rats fed the HF-HF diet and administered 

Vit. D3 (24 µg/kg body weight). Finally, the 

biochemical data obtained were in line with the 

microscopic observations. 

The effect of Vit. D3 supplementation (1000 IU/kg; 3 

days/week) on liver tissue was illustrated in a study 

in which VDR expression significantly increased. 

The diminished expression of VDR was associated 

with hepatic areas, as indicated by the widening of 

central veins, portal tracts, and sinusoidal spaces in 

addition to the presence of necrotic hepatocytes. 

However, the hepatic expression of VDR and the 

liver tissue architecture were restored by Vit. D3 

supplementation 56. Also another study in which liver 

from HFHF diet-fed rats showed fatty changes in the 

hepatocyte with macro- and micro-vesicular fat 

droplets57,58. 
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Figure 2. Microscopic examination of rat’s liver tissue. 

 

Figure 2a. Photomicrograph of hepatic tissue 

from the healthy control group (-ve control 

group): no histopathological alterations in the 

central vein and surrounding hepatocytes in the 

lobules of the parenchyma (H&E X 400). b: 

Photomicrograph of hepatic tissue of rats fed the 

HF-HF diet (+ve control group); fatty change 

detected in a diffuse manner all over the hepatocytes 

in the parenchyma (H&E X 400). c: 

Photomicrograph of hepatic tissue from G
3
 mice 

(fed a balanced diet and administered vit. D
3
, 12 

μg/kg body weight, twice per week) showed no 

histopathological alteration (H&E X 400). d: 

Photomicrograph of hepatic tissue of G
4
 (fed a 

balanced diet and administered by vit. D
3
, 24 

μg/kg body weight, twice per week) showed no 

histopathological alteration (H&E X 400). e: 

Photomicrograph of hepatic tissue of G
5
 (fed HF-

HF diet and administered vit. D
3
, 12 μg/kg body 

weight, twice per week) shows fatty changes in a 

few individual hepatocytes with little inflammatory 

cell infiltration in the portal area (H&E X 400). f: 

Photomicrograph of hepatic tissue of G
6
 (fed HF-

HF diet and administered vit. D
3
, 24 μg/kg body 

weight, twice per week) in which the central vein 

showed mild dilatation (H&E X 400). 
 

 

Conclusion 

From the results of the present study, the conclusion 

is that, Vit. D3 administration attenuated the iron 

homeostasis deregulation and the metabolic disorder 

caused by HFHF diet consumption, repletion of Vit. 

D3 levels resulted in significant improvements in 

insulin sensitivity and VDR expression and 

attenuated inflammation and oxidative damage. The 

results also showed that a high dose of Vit. D3 

administration (24 µg/kg body weight) showed more 

significant improvement in the parameters. Finally, 

this study provides therapeutic insights into the effect 

of vitamin D repletion on the hepcidin/ferroportin 

axis and VDR expression in HFHF diet-fed rats. 
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تامين د في في مكملات فيتامين د على محور الهيبسيدين/الفيروبورتين وتعبير مستقبلاتتأثير

 عالية الفركتوز-الفئران المغذاه على وجبة عالية الدهون

 نورهان جمال الرحماني ،يمان حسن عبد العزيز شرفا، هبة عادل عبد الحميد بركات، هاجر مسعد سعد عبد الجواد

 .مصر، قاهرة، العين شمس ، جامعةالبنات للآداب والعلوم والتربية ، كليةلحيوية والتغذيةالكيمياء ا قسم 

 

 ةالخلاص

فيروبورتن هو الآلية الرئيسية المشاركة في الصحه الايضيه. تهدف هذه الدراسه إلي دراسة العلاقه  -يعد إستهداف محور الهيبسيدين

بكه بين حالة فيتامين د وتوازن الحديد في متلازمة التمثيل الغذائي الناجم عن إتباع نظام غذائي عالي الدهون وعالي الفركتوز في المتشا

)نظام غذائي متوازن G4 و G3التحكم الموجب ، G2التحكم السلبي ،  G1الجرذان .كانت المجموعات التجريبيه علي النحو التالي 

)نظام غذائي عالي الدهون G6 و G5ميكروجرام / كجم من وزن الجسم علي التوالي مرتين في الاسبوع (.  24و12ومدعم بفيتامين د 

ميكروجرام / كجم من وزن الجسم علي التوالي مرتين في الاسبوع(. تم تقييم العديد من  24و12و عالي الفركتوزلومدعم بفيتامين د 

السيرم وانسجة الكبد . أظهرت النتائج أن تناول فيتامين د عدل بشكل كبير توازن الحديد  العوامل البيوكيميائيه والجزيئيه والنسيجيه في

ي تحسن الفيروبروتين مما يؤدي إل-المضطرب الناتج عن النظام الغذائي العالي في الدهون والفركتوز من خلال تنظيم محور الهيبسيدين

 MDAمستوى الن د يعزز حالة مضادات الاكسده عن طريق تقليل نشاط كبير في مستوي الحديد في السيرم ، كما أن تناول فيتامي

. كما أنه يخفف من إرتفاع المؤشرات الحيويه الإلتهابيه  في  Nrf2في السيرم بالإضافه إلي تنظيم التعبير الجيني ل HO-1وزيادة نشاط 

ي السيرم ، علاوة علي ذلك ، تم تنظيم التعبير ف adiponectinبينما يزيد بشكل ملحوظ من مستوي ال resistinالسيرم و مستوي ال

 لالجيني لمستقبلات فيتامين د في أنسجة الكبد وزيادة نسبة فيتامين د في السيرم بشكل ملحوظ مما أدي إلي تحسين مقاومة الانسولين وتقلي

 ن د حدث تحسن في أنسجة الكبد .نسبة الدهون في السيرم . تظهر النتائج المجهريه وجود إرتشاح دهني بينما بعد تناول فيتامي

 .مستقبلات فيتامين د,فيتامين د ,المتلازمة الايضية ,توازن الحديد  ,فيروبورتن -محور الهيبسيدين الكلمات المفتاحية:

https://doi.org/10.21123/bsj.2024.9626

