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Obesity refers to fat accumulation in patients’ adipose tissue and is widespread globally. It is necessary to develop anti-obesity 
foods and promote a healthy lifestyle before it reaches epidemic proportions. This study aimed to evaluate the effects of zinc-
whey protein nanoparticles (Zn-WPNPs), incorporated into fermented milk (FM), on oxidative stress, inflammation, and liver 
fibrosis in obese rats. Chemical analysis included the determination of total solids, protein, fat, carbohydrates, ash contents, 
and pH. Zn efficacy was within 91.22–97.12 %, with particle size within 41.4–228 nm. Zn-WPNPs demonstrated stability after 
encapsulation, as confirmed by transmission electron microscopy photographs. Moreover, forty female albino rats were di-
vided into five groups and were orally treated for 30 consecutive days: a control group, high-fat diet (HFD; Ch; 1 %), FM alone, 
FM-Zn, and FM-Zn-WPNPS. Blood and liver samples were then collected for analysis. Highly significant increases in body 
weight, lipid profile (TG and LDL), and malonaldehyde, along with decreases in the levels of hepatic Ch, HDL, and enzyme 
activity (AST and ALT) were found in the HFD group. On the other hand, the animals treated with FM-Zn-WPNPs showed re-
duced levels of all the oxidative stress markers (MDA, CAT, and GSH) to 1.19, 1.89, and 43.25, compared to 2.29, 1.20, and 27.40 
in the HFD group, respectively, along with improvements in all the liver measurements. Thus, FM-Zn-WPNPs may serve as an 
appropriate food for nonalcoholic fatty liver disease (NAFLD) patients to improve their health.
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А ННОТА Ц И Я
Ожирение характеризуется накоплением жировой ткани в организме человека и широко распространено во всём мире. 
Необходимо разрабатывать продукты, направленные на борьбу с проблемой ожирения и продвигать здоровый образ 
жизни пока проблема не достигнет масштабов эпидемии. Целью данного исследования было оценить влияние наноча-
стиц цинка и сывороточного белка (Zn-WPNPs), включённых в состав кисломолочного продукта (FM), на окислительный 
стресс, воспаление и фиброз печени у крыс с ожирением. Химический анализ включал определение содержания су-
хих веществ, белка, жира, углеводов, золы и измерение pH. Эффективность связывания цинка составила 91,22–97,12 %, 
при среднем размере частиц 41,4–228 нм. Zn-WPNPs сохраняли стабильность после инкапсуляции, что было подтвер-
ждено фотографиями, полученными с помощью просвечивающей электронной микроскопии. В исследовании исполь-
зовали 40  самок белых крыс, разделённых на пять групп и  получавших пероральное лечение в течение 30 последо-
вательных дней: контрольная группа, группа на высокожировой диете (HFD; холестерин 1 %), FM без добавок, FM-Zn 
и  FM-Zn-WPNPs. После эксперимента у  животных отбирали кровь и  печень для анализа. В  группе HFD наблюдались 
значительные увеличения массы тела, показателей липидного профиля (триглицеридов и ЛПНП) и малонового диаль-
дегида, а также снижение уровня печёночного холестерина, ЛПВП и активности ферментов (АСТ и АЛТ). В то же время 
у животных, получавших FM-Zn-WPNPs, уровень всех маркеров окислительного стресса (MDA, CAT и GSH) снизился до 
1,19; 1,89 и 43,25 соответственно, по сравнению с 2,29; 1,20 и 27,40 в группе HFD, а также отмечалось улучшение всех пе-
чёночных показателей. Таким образом, FM-Zn-WPNPs могут рассматриваться как перспективный продукт питания для 
пациентов с неалкогольной жировой болезнью печени (НАЖБП), способный улучшать их состояние здоровья.
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1.	 Introduction
Obesity-related health problems are increasing daily, reaching epi-

demic levels. It is estimated that over 4 million deaths occur annually due 
to obesity. In 2022, global statistics of the WHO showed that 2.5 billion 
adults are overweight, with 890 million of them classified as obese, and by 
2024, more than 35 million children were overweight [1]. This concerning 
trend requires prevention measures; lifestyle and genetic susceptibility 
play a crucial role in causing obesity, and estimating the cost of obesity-
related diseases on healthcare systems suggests it will reach 3 trillion 
US$ annually by 2030 [2]. Obesity results from energy imbalance and ex-
cessive fat accumulation, leading to complications such as nonalcoholic 
fatty liver disease (NAFLD), inflammation, hyperinsulinemia, hyperten-
sion, and cardiovascular disorders [3–5].

NAFLD encompasses a wide range of liver disorders from simple ste-
atosis to nonalcoholic steatohepatitis (NASH) and cirrhosis [6,7]. Exces-
sive calorie intake and high-fat diets significantly contribute to NAFLD, 
atherosclerosis, and metabolic syndrome [1,5,8]. The chemical composi-
tion of dietary fat affects fat oxidation rates and alters low-density/high-
density lipoprotein, cholesterol, body weight, and adipocyte morphol-
ogy [9]. The treatment of NAFLD starts with lifestyle changes, weight loss 
through diet and exercise, and reducing blood glucose/cholesterol  [10]. 
In addition, oxidative stress (an  imbalance between antioxidants and 
free radicals) plays a key role in NAFLD progression and inflammatory 
cytokine expression [11]. The recent treatment of obese individuals with 
type‑2 diabetes mellitus is metformin, which contributes to reducing 
oxidative stress  [12]. It offers comparable benefits to polyphenols and 
antioxidants against oxidative stress, insulin resistance, and liver inflam-
mation  [13,14]. Furthermore, prebiotics and probiotics are also used as 
therapeutic options for NAFLD [15,16].

Milk has an excellent nutritional profile, including protein, carbs, fatty 
acids, and many vitamins and minerals. It also contains bioactive (lin-
oleic acid, stearic acid, butyric, caprylic, caproic, and capric acids) and 
functional (β-lactoglobulin, α-lactalbumins, immunoglobulins, lactofer-
rin, and transferrin) compounds, which are reported to improve human 
health  [17,18]. Rayeb (fermented milk) is one of the popular fermented 
dairy products (FDPs) in many countries, including Russia, China, Fin-
land, Australia, and the Middle East [19,20]. FDPs are also beneficial for 
patients who suffer from milk hypersensitivities, lactose intolerance, vi-
ral diarrhea, hay fever, stomach flu, and asthma. It has also been used for 
the treatment of digestive problems, high blood pressure, reducing the 
risk of diabetes, and helping to prevent cancer [16,21–23].

Moreover, zinc (Zn) is an important signalling molecule involved in 
human growth and development. It is one of the most common trace 
elements in the human body [24] and regulates inflammation by reduc-
ing inflammatory cytokines  [25]. Hence, it reduces oxidative stress and 
participates in antioxidant enzyme formation [26]. These enzymes serve 
as biocatalysts in metabolic processes. Furthermore, Zn regulates cell 
expressions to avoid inflammation. Some studies have shown that Zn 
lowers blood pressure, reduces harmful cholesterol, and helps to prevent 
stroke and angina pectoris [25–27]. In addition, zinc is involved in lipid 
metabolism, which may explain its ability to decrease low-density lipo-
protein (LDL) cholesterol and increase high-density lipoprotein (HDL) 
cholesterol levels [28]. All these effects emphasize the importance of zinc 
as a protective element against cardiovascular diseases and hyperten-
sion [25–27]. Therefore, maintaining a proper diet or using zinc supple-
ments may be beneficial in the prevention and treatment of health issues.

Numerous studies suggest that the bioavailability and efficacy of bio-
active compounds could be enhanced through complexation with carrier 
molecules such as whey proteins (WPs) [29–31]. The combination of whey 
protein and zinc can be synergistic, as both help to reduce oxidative stress 
and regulate liver-expressed genes [32]. This dual approach can provide a 
dietary option for the prevention of diseases. Therefore, this study aims 
to encapsulate Zn using whey protein nanoparticles through noncovalent 
interactions and improve its delivery via fermented milk (rich in probiot-
ics) to study the effect of the mixture (FM-Zn-WPNPs) on oxidative stress 
and liver functions in rats.

2.	 Materials and methods

2.1. Materials, chemicals, and kits
Raw buffalo milk was obtained from the Agriculture Research Station, 

Cairo University, Egypt. DVS of Lactobacillus delbrueckii ssp., bulgaricus, 
and Streptococcus salivarius ssp., thermophilus were obtained from Chr. 
Hansen’s Lab, Copenhagen, Denmark. Whey protein isolate was pur-
chased from Davisco Foods International Inc., Eden Prairie, Minnesota, 
USA. Zinc citrate was provided by El Nasr Pharmaceutical Chemicals Co., 
Cairo, Egypt. 1 % Cholesterol (Ch) was purchased from Sigma Chemical 
Co., St. Louis, Missouri, USA. The tests for Ch, TG, HDL, and LDL were 
supplied by FAR Diagnostics Co., Via Fermi, Italy, while MDA, CAT, and 
GSH assays were from Oxis Research™ Co., USA.

2.2. Preparation of zinc loaded whey protein nanoparticles (Zn-WPNPs)
Whey protein nanoparticles loaded with 7 mg of zinc citrate were 

prepared and characterized following the method previously reported by 
Hassan et al. [32].

2.3. Skimmed milk preparation
Raw buffalo milk was obtained and processed using an Alfa Laval 

separator, Sweden, to obtain skimmed milk. Skimmed milk powder was used 
for standardization. The prepared skimmed milk was divided into three 
parts: skimmed milk only, skimmed milk fortified with Zn (10 mg/250 g), 
and skimmed milk fortified with Zn-WPNPS (10  mg/250  g)  according to 
Kanoni et al. [33]. It was then heat treated for 5 min in a water bath at 85 °C, 
followed by cooling to 42 °C according to the method described by Hamed 
et al. [34].

2.4. Fermented milk (FM) processing
Fermented milk was prepared using Tamime and Robinson’s meth-

od [35]. Skimmed milk was heat treated at 80 °C for 5 minutes and then 
inoculated with 2 % of the culture. After that, the inoculated milk was di-
vided into three parts: fermented milk only (FM), fermented milk fortified 
with zinc (FM-Zn), and fermented milk fortified with Zn-WPNPs (FM-Zn-
WPNPs). All the samples were incubated at 42 °C until they reached a pH 
of 4.6. Then, the samples were mixed using an electric stirrer, poured into 
100 ml sterile cups, and stored in a refrigerator at 4 °C for subsequent use.

2.5. Chemical analysis of FM, FM-Zn, and FM-Zn -WPNPs
Total solids, ash, pH values, and protein content were determined ac-

cording to AOAC [36]; total carbohydrate was estimated using the method 
of DuBois et al. [37].

2.6. Determination of Zn content
Zinc content was determined using Inductively Coupled Plasma 

Atomic Emission Spectroscopy (ICP-AES) at wavelengths 213.857 nm and 
206.200 nm, following the method described by Soliman and Hassan [38]. 

Graphical abstract
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The analysis was performed using an Agilent 5110 ICP-OES system (Agi-
lent Technologies, USA) equipped with a SeaSpray nebulizer and a radial 
view configuration. Samples were first digested with a mixture of nitric 
acid (HNO3) and perchloric acid (HClO4) before analysis.

The total zinc efficiency after fermentation with yogurt culture was 
calculated using the following equation:

	 Zn Efficiency
Zn content after fermentation

Total added 
%( ) =

ZZn
× 100.

2.7. Transmission electron microscopy
Transmission electron microscopy (TEM) was performed following the 

procedure described by Soliman and Hassan [38], with minor modifica-
tions. Samples were initially fixed by adding glutaraldehyde in a 1:7 (v/v) 
ratio, then diluted with deionized water at a 1:100 (v/v) ratio. One drop 
of the diluted sample was placed on a formvar-coated copper grid and 
allowed to adsorb for 1 minute. Excess fluid was removed, and a 2 % phos-
photungstic acid solution (pH 7.2) was added for negative staining. After 
drying, the samples were examined using a JEOL JEM‑1400Plus transmis-
sion electron microscope, operated at an accelerating voltage of 80 kV. 
The mean particle size of the prepared Zn-WPNPs was detected using 
TEM according to the method of Zhang and Wang [39].

2.8. Experimental animals
Animals: 40 female Sprague-Dawley rats, five weeks old and weigh-

ing approximately 120 ± 15 g, were obtained from the Animal House Lab, 
National Organization of Drug Control and Research. The animals were 
given a standard laboratory diet obtained from Meladco Feed Co., Aubor 
City, Cairo, and tap water. The animals were kept in cages within suit-
able rooms free from any source of chemical contamination, thermally 
controlled (25 ± 10  °C), with a 12-hour light/dark cycle, and humidity 
(50 ± 5 %) at the Animal House Lab. The rats were treated according to 
the National Institutes of Health (NIH publication 86–23, revised 1985) 
and the Animal Care and Use Committee guidelines of the National Re-
search Centre (Committee of general division for Biological Control and 
Research, No 253, 2021).

2.9. Experimental design
After 7 days of acclimatization, 40 Sprague-Dawley albino rats were 

randomly divided equally into five groups (8 rats per group): Group 1 
served as the control and received a basal diet; Group 2 received a high-
fat diet (HFD) with 1 % cholesterol; Group 3 was treated with fermented 
milk (FM) at a dose of 0.5 ml/100 g b. w.; Group 4 was treated with FM 
fortified with zinc citrate (FM-Zn) at a dose of 50 mg/kg b. w. and Group 
5 received FM fortified with zinc-loaded whey protein nanoparticles (FM-
Zn-WPNPs) at a dose of 50 mg/kg b. w. All treatments were administered 
orally for 30 days. Except for the control group, which received only the 

standard diet, all other groups were fed a high-fat diet (HFD). Body weight 
was recorded on the first and final days using a digital scale with a pre-
cision of two decimal digits (Sartorius, Germany) with an accuracy of 
±0.1 grams. All rats were fasted for 12 hours before blood was collected 
from the retro-orbital venous plexus under diethyl ether anesthesia to 
analyze lipid profile, liver function parameters, catalase, malonaldehyde, 
and reduced glutathione  [40–42]. The rats were sacrificed by cervical 
dislocation, and liver samples were obtained. These samples were fixed 
in formalin (10 %) and then embedded in paraffin. Sections (5 μm) were 
stained with hematoxylin and eosin for histological evaluation using an 
Olympus microscope (100X) with a camera [41,43].

2.10. Statistical analysis
All data obtained were expressed as mean ± SD. Statistical analysis was 

performed with SPSS11.5 (SPSS, Inc. © Chicago, IL, USA) by using one-
way analysis of variance ANOVA. The difference between the samples was 
considered significant. All the statements of significance were based on 
a P‑value of < 0.05.

3.	 Results

3.1. Chemical analysis of fermented milk (FM), FM-Zn, and FM-Zn-WPNPs
Table 1 shows no significant difference in total solids or carbohydrate 

content between the FM-Zn and Zn-WPNPs treatments and the control 
sample. The protein content of the FM-Zn-WPNPs samples significantly 
increased compared to the FM-Zn sample. Furthermore, FM-Zn has the 
highest acidity values compared to FM (control) and FM-Zn-WPNPs. 
Figure 1 shows that FM (control) contains 3.22 mg/kg of zinc. FM-Zn 
contains 39.32 mg of zinc/kg of FM, while FM-Zn-WPNPs have a total 
zinc content of 41.26 mg/kg. Our results showed that the efficiency of 
Zn ranged from 91.22 % to 97.12 %. Besides, significant changes in Zn 
content after fermentation were observed among all samples (Figure 1). 
Notably, Zn’s efficiency in FM-Zn-WPNPs was the highest (97.12 %) com-
pared to FM and FM-Zn samples.

The results are presented as means, and lowercase letters above the 
bars indicate significant differences (p < 0.05).

3.2. Transmission electron microscopy (TEM)
TEM studies were performed on nanoparticles of Zn-WPNPs. As 

shown in Figure 2, the FM-Zn-WPNPs were nearly spherical, with the 
dark region representing Zn and the bright region indicating WPNPs [32]. 
Furthermore, the FM-Zn-WPNPs sample was well dispersed, and no ag-
gregation was observed. However, the particle size showed the diameters 
of WP particles and Zn elements in nm (Figure 2). In this study, the mean 
particle size of FM (A), FM-Zn (B), and FM-Zn-WPNPs (C) ranged from 
41.4 to 228 nm, with the mean particle size of Zn being was 55.5 nm.

Table 1. Chemical composition of FM, FM-Zn, and FM-Zn-WPNPs
Таблица 1. Химический состав образцов FM, FM-Zn и FM-Zn-WPNPs

Samples Total solids Protein Fat Carbohydrate Ash pH

FM 13.41 ± 0.2a 5.33 ± 0.18ab 0.21 ± 0.02ab 6.7 ± 0.28a 0.86 ± 0.02b 4.52 ± 0.11b

FM-Zn 13.11 ± 0.20a 5.21 ± 0.16b 0.17 ± 0.0 3b 6.4 ± 0.35a 0.97 ± 0.03a 4.68 ± 0.04a

FM-Zn-WPNPs 13.34 ± 0.18a 5.53 ± 0.12a 0.24 ± 0.02a 6.5 ± 0.18a 0.97 ± 0.01a 4.55 ± 0.08ab

FM: fermented milk; FM-Zn: fermented milk with zinc; FM-Zn-WPNPs: fermented milk with zinc-whey protein nanoparticles; data are presented as mean ± SE. 
Within each column, values with different lowercase letters differ significantly (P ≤ 0.05).
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3.3. Effects of FM, FM-Zn, and FM-WPNPs on weight gain
As indicated in Table 2, the HFD‑treated group had remarkably higher 

body weight after 30 days than the control and other treatment groups. 
The FM and FM-Zn-WPNPs treated groups significantly reduced the body 
weight gain induced by HFD and undid the HFD‑induced obesity alone; 
the FM-Zn group showed a non-significant effect with HFD. There was 
no significant difference between the body weight of the FM-Zn-WPNPs 
administered groups and the control group in this study.

3.4. Biochemical assays
As shown in the HFD group (Table 3), there were significantly higher 

levels of cholesterol, triglycerides, and LDL, while HDL levels significantly 
decreased. Although HDL showed a significant decline compared to the 
control and treatment groups, the diets of FM, FM-Zn, and FM-Zn-WPNPs 
enhanced the lipid profile compared to the HFD group. Furthermore, the 
group treated with FM-Zn-WPNPs showed the best values for most lipid 
profile parameters compared to FM or FM-Zn (Table 3).

Hepatic injury was assessed by measuring the activities of liver en-
zyme markers, which increase in response to hepatic injury. Table 4 

shows that AST and ALT levels significantly increased in HFD‑fed animals 
(67.80 and 36.00, respectively) compared to their control and other treat-
ment groups. Treatments with FM, FM-Zn, and FM-Zn-WPNPs showed 
improvements in all biochemical markers of liver function. It can be ob-
served from the current results (Table 4) that HFD‑fed rats experienced a 
significant reduction in catalase (CAT) and glutathione (GSH) levels (1.20 
and 27.40, respectively) compared to the control (1.92 and 47.00, respec-
tively) and other treated groups. In addition, CAT and GSH levels were 
higher (p < 0.05) in the control, FM-Zn-WPNPs, FM-Zn, and FM groups. 
Moreover, the FM-Zn-WPNPs group showed a significantly greater 
increase in GSH levels compared to the FM-Zn and FM groups. GSH lev-
els in the FM-Zn-WPNPs, FM-Zn, and FM groups were 57.8 %, 47.8 %, and 
49.6 % higher, respectively, than in the HFD group.

Malonaldehyde is used as an indicator of oxidative stress. Current re-
sults (Table 4)  revealed that HFD‑treated rats have significantly higher 
levels of MDA compared to the control and treated groups (FM, FM-Zn, 
and FM-Zn-WPNPs). FM, FM-Zn, and FM-Zn-WPNPs showed significant 
reduction (p < 0.05) in MDA, with decreases of 45.4, 44.1, and 48.0 %, 

A B C

Figure 2. Transmission electron microscopy (TEM) of FM (A), FM-Zn (B), and FM-Zn-WPNPs (C) after fermentation
Рисунок 2. Снимки, полученные методом просвечивающей электронной микроскопии (ПЭМ) образцов FM (A), FM-Zn (B) и FM-Zn-WPNPs (C) после сквашивания

Table 2. Body weight of albino rats fed with FM, FM-Zn, and FM-Zn-WPNPs
Таблица 2. Масса тела крыс-альбиносов, вскармливаемых FM, FM-Zn и FM-Zn-WPNPs

Weight (g) Control HFD FM FM-Zn FM-Zn-WPNPs
Initial weight 131.2 ± 1.35a 130.4 ± 1.22a 132.41 ± 1.04a 120 ± 0.82d 122.5 ± 1.16bc

Final weight 165.75 ± 6.07bc 182.5 ± 5.40a 168.5 ± 3.81bc 162.67 ± 6.65c 160 ± 5.02cd

Weight gain 34.54 ± 5.27bc 52.1  ± 4.15a 36.09 ± 3.22bc 42.64 ± 6.28ab 37.48 ± 4.52bc

Control: basal diet; HFD: high-fat diet; FM: fermented milk; FM-Zn: fermented milk with zinc; FM-Zn-WPNPs: fermented milk with zinc-whey protein nanopar-
ticles; data are presented as mean ± SE. Within each row, values with different lowercase letters differ significantly (P ≤ 0.05).

Table 3. Serum lipid profiles of albino rat groups fed on FM, FM-Zn, and FM-Zn-WPNPs
Таблица 3. Липидный профиль сыворотки крови крыс-альбиносов, вскармливаемых FM, FM-Zn и FM-Zn-WPNPs

Parameters Control HFD FM FM-Zn FM-Zn-WPNPs
Ch 93.25 ± 0.96e 151.2 ± 3.11a 117.40 ± 2.19b 113 ± 1.22c 108.8 ± 3.56d

TG 78 ± 3.56d 139.6 ± 3.36a 95.16 ± 4.24c 102 ± 2.45b 96.75 ± 2.63c

HDL 49.6 ± 2.70a 33.2 ± 2.39c 41.57 ± 2.70b 50.2 ± 1.48a 50.43 ± 1.72a

LDL 27.55 ± 2.60d 90.28 ± 3.28a 45.01 ± 3.24b 43. 77 ± 1.59bc 40.48 ± 1.29c

Control: basal diet; HFD: high-fat diet; FM: fermented milk; FM-Zn: fermented milk with zinc; FM-Zn-WPNPs: fermented milk with zinc-whey protein nanopar-
ticles; data are presented as mean ± SE. Within each row, values with different lowercase letters differ significantly (P ≤ 0.05).

Table 4. Effects of FM, FM-Zn, and FM-Zn-WPNPs on liver function, antioxidant enzyme activity, and lipid peroxidation (MDA) in albino rats
Таблица 4. Влияние FM, FM-Zn и FM-Zn-WPNPs на функции печени, активность антиоксидантных ферментов и перекисное окисление липидов 

(по малоновому диальдегиду) у крыс-альбиносов

Parameters Control HFD FM FM-Zn FM-Zn-WPNPs
AST 40.40 ± 1.03c 67.80 ± 4.02a 43.25 ± 1.71b 42.25 ± 2.21bc 41.75 ± 1.50bc

ALT 19.80 ± 1.24c 36.00 ± 1.22a 22.50 ± 1.29b 21.00 ± 1.58bc 20.25 ± 2.22bc

MDA 1.12 ± 0.02d 2.29 ± 0.02a 1.25 ± 0.04bc 1.28 ± 0.03b 1.19 ± 0.03c

CAT 1.92 ± 0.01a 1.20 ± 0.02c 1.85 ± 0.04b 1.87 ± 0.03b 1.89 ± 0.03ab

GSH 47.00 ± 0.82a 27.40 ± 1.52d 41.00 ± 2.94bc 40.50 ± 1.29c 43.25 ± 1.71b

Control: basal diet; HFD: high-fat diet; FM: fermented milk; FM-Zn: fermented milk with zinc; FM-Zn-WPNPs: fermented milk with zinc-whey protein nanopar-
ticles; data are presented as mean ± SE. Within each row, values with different lowercase letters differ significantly (P ≤ 0.05).
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respectively, compared to HFD, indicating suppression of oxidative stress 
markers caused by high cholesterol in HFD.

3.5. Histological examination
Figure 3 and Table 5 represent photomicrographs and parameters of 

liver sections. Figures 3A and 3B show the control group with standard 
structure, no histological change, and a clear appearance of the central 
vein and hepatocyte structure. Hepatocyte nuclei could be identified as 
dark red bodies within the cells, and the cytoplasm is stained red. The 
sinusoids, regular portal areas, and parallel hepatic cords that extend 

from the lobule’s periphery to the central vein were visible. In contrast, 
in the HFD‑treated group, shown in Figures 3C, 3D, and 3E, the lobular 
form was changed, with nuclear disintegration appeared in some places, 
degeneration of normal hepatic cells, necrosis of liver tissue, and fatty 
degeneration. The hepatic central vein showed hypertrophy and conges-
tion. Lymphocytes infiltrated the portal area.

The group treated with FM alone is shown in Figures 3F and 3G; mild 
degeneration was present in some hepatocytes, with some thin, fibrous 
filaments interposed. There was moderate fatty degeneration, signifi-
cant infiltration of mononuclear cells, and pyknosis/necrotic changes; 

 

 

contrast, in the HFD-treated group, shown in Figures 3C, 3D, and 3E, the lobular form was changed, 
with nuclear disintegration appeared in some places, degeneration of normal hepatic cells, necrosis of 
liver tissue, and fatty degeneration. The hepatic central vein showed hypertrophy and congestion. 
Lymphocytes infiltrated the portal area.  
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Figure 3. Photomicrographs of liver sections from rat groups: control (A and B), high-fat diet (C, D, 
and E), fermented milk (F and G), fermented milk-zinc (H and I), and zinc-whey protein 

Figure 3. Photomicrographs of liver sections from rat groups: control (A and B), high-fat diet (C, D, and E), fermented milk (F and G), 
fermented milk-zinc (H and I), and zinc-whey protein nanoparticles (J, K, and L). Abbreviations, PV, portal vein; BD, bile duct; CV, 

central vein; H, hepatocyte; A, artery, dh, degenerated hepatocyte; N, necrosis; F, fibrosis; curved arrow, fatty degeneration; Arrow, 
Kupffer cell; Arrowhead, lymphatic infiltration; Bold arrow, collagen fibers; zigzag arrow, normal hepatocytes; star, congested blood 

vessel; wavy arrow, karyolysis
Рисунок 3. Микрофотографии срезов печени крыс из следующих групп: контрольная (A и B), высокожирная диета (C, D и E), употреблявшие FM 
(F и G), употреблявшие FM-Zn (H и I) и FM-Zn-WPNPs (J, K и L). Сокращения: PV — портальная вена; BD — желчный проток; CV — центральная 

вена; H — гепатоцит; A — артерия; dh — гепатоцит с признаками дегенерации; N — некроз; F — фиброз; изогнутая стрелка — жировая 
дегенерация; стрелка — клетка Купфера; наконечник стрелки — лимфатическая инфильтрация; жирная стрелка — коллагеновые волокна; 

зигзагообразная стрелка — нормальные гепатоциты; звездочка — застойный кровеносный сосуд; волнистая стрелка — кариолиз
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congestion was mild. Hepatocytes in the FM-Zn group (Figures 3H and 
3I) had a uniform look. Only a few mononuclear cells invade the area. 
There was no fibrosis present. There were no signs of necrosis, and blood 
vessels showed only mild constriction. Mild fatty degenerative changes 
were seen. The hepatic cords were properly aligned around the sinusoids, 
which looked normal. The FM-Zn-WPNPs group (Figures 3J, 3K, and 3L) 
showed that hepatocytes and portal components were in a focal state. 
Mild infiltration of mononuclear cells was present. There was no fibro-
sis present. Bile ducts were diffusely present. Some hepatocytes exhibit 
mild necrotic changes. Blood vessels showed mild congestion and fatty 
degeneration.

4.	 Discussion
Health complications are increasing worldwide  [44]. A high-energy 

diet and a high-fat intake are critical factors in the problem’s develop-
ment. Changes in body weight are considered an essential parameter 
when evaluating the effects of a high-fat diet in causing obesity and mon-
itoring the treatment of obesity  [1,45]. Our study hypotheses that FM, 
FM-Zn, and FM-Zn-WPNPs impact hepatotoxicity and oxidative stress in 
HFD‑induced rats. Previous studies provided scientific evidence on how 
milk and dairy products influence body weight and composition, espe-
cially FM [20,46]. FM, as a type of dairy product, is considered a favor-
able and satiating food because of the presence of high-quality protein 
and essential amino acids. After the entire study period, changes in body 
weight indicated obesity caused by the HFD. Rats fed with HFD showed 
an increase in body weight compared to control rats. The addition of FM, 
FM-Zn, or FM-Zn-WPNPs to the diet of HFD‑fed rats led to a significant 
reduction in final body weight compared to rats that received only HFD. 
FM, FM-Zn, and FM-Zn-WPNPs showed no significant effect on body 
weight compared to control rats (basal diet). These results align with 
studies by Park et al. [46] and ALSuhaymi et al. [47], who found changes 
in metabolism genes, reduced weight gain, and adipose tissues.

On the other hand, feeding a diet containing short-chain fatty acids 
(butter) promoted obesity. However, in today’s environment, high acces-
sibility to foods with saturated fatty acids may promote the development 
and maintenance of obesity [48]. Modulation of the gut microbiome and 
its composition, involving Lactobacillus plantarum, Lactobacillus curvatus, 
Lacticaseibacillus rhamnosus, Lactobacillus delbrueckii, and Lactobacillus 
bulgaricus could be a significant factor in promoting weight loss and miti-
gating the deleterious impact of obesity [46,47,49].

Intake of dietary fatty acids regulates the content of lipids in muscle 
through fat metabolites. Moreover, a diet rich in unsaturated fatty acids 
impairs the accumulation of lipids in muscle cells, while high-fat diets 
usually contain more saturated fats than other types of diets [50]. In this 
study, the HFD‑fed rats led to an increase in Ch, TG, LDL, and a decrease 
in HDL parameters in blood serum in a dose-dependent manner com-
pared to the control, FM, FM-Zn, and FM-Zn-WPNPs. Feeding FM in the 

rats’ diet improved the lipid profile (Ch, TG, HDL, and LDL) in FM, FM-Zn, 
and FM-Zn-WPNPs-fed rats. The results align with Chu et al.  [51], who 
suggested that consuming L. bulgaricus powder (108 CFU) for 12 weeks 
significantly decreased TG and LDL by modulating the accumulation of 
LDL/HDL in obese individuals. In addition, zinc supplements affect the 
lipid profile, as stated in the study by Thoen et al. [52]. They found a re-
duction in blood TG and insulin levels in obese rats fed zinc supplements 
(6mg/kg bw).

Moreover, in the present study, HFD‑fed rats showed increases in 
ALT, AST, and MDA, and a significant decrease in CAT and GSH. The re-
sults have shown that rats treated with FM-Zn-WPNPs had increased 
CAT and GSH levels, and significantly decreased levels of ALT, AST, and 
MDA compared to HFD‑rats. Previous studies indicated that the FM‑diet 
(Streptococcus thermophilus, Lactobacillus acidophilus, and Bifidobacterium 
bifidum) may prevent obesity-related hepatotoxicity due to bacteria’s ef-
ficiency in the treatment of liver disorders (ALT and AST), which aligns 
with our results [53]. In another study by Chu et al. [51]. They found that 
Lactobacillus bulgaricus led to a decrease in AST and no significant change 
in ALT levels.

On the other hand, the oxidative stress markers (MDA, CAT, and 
GSH) showed the best values within the FM-Zn-WPNPs group, indi-
cating the positive and synergistic effect of probiotics and zinc matrix 
against HFD‑fed rats. Consumption of FM or multispecies probiotic cap-
sules (Lactobacillus acidophilus, Bifidobacterium lactis, Lactobacillus casei, 
L. acidophilus, Lactobacillus rhamnoses, Lactobacillus bulgaricus, Bifidobac-
terium breve, Bifidobacterium longum, and Streptococcus thermophilus) for 
6 weeks showed enhanced biomarkers of oxidative stress (GSH) in pet-
rochemical workers  [54]. Besides, whey protein (immunoglobulins and 
albumin) protects the liver from obesity-induced damage by acting as an 
antioxidant and enhancing levels of GSH in tissues [55]. Zinc serves as an 
enzyme catalyst in fat and carbohydrate metabolism and has a significant 
role in treating type 2 diabetes, metabolic syndrome, and atherosclero-
sis [25,56].

Furthermore, dietary supplementation with zinc nanoparticles 
showed significant increases, along with improvements in the treatment 
of genotoxicity (3 mg ZnNPs)  [57], antidiabetic effects (10 mg ZnNPs), 
blood glucose levels [58], and TG [59] in rats. Dietary zinc intake in chlor-
pyrifos-exposed rats demonstrated general improvement in the struc-
tural integrity of the liver tissues, supporting the potential of zinc for 
protection, as the study reports on the role of zinc in reducing chlorpyri-
fos-induced hepatotoxicity [60].

In our study, HFD‑fed animals showed histological changes in the 
liver, such as necrosis, fatty degeneration, congestion, lymphocyte infil-
tration, and fibrosis. Moreover, among all treated groups, the best result 
was observed with FM-Zn-WPNPs (7mg/g), showing a synergistic effect 
of zinc and whey-nanoparticles. Our results indicated that FM combined 
with Zn-WPNPs significantly reduced oxidative stress parameters in the 
liver and was more effective compared to either fermented milk or Zn 
supplementation alone.

5.	  Conclusion
This study investigated the potential therapeutic effects of FM, FM-

Zn, and FM-Zn-WPNPs on obesity, hepatotoxicity, and oxidative stress in 
HFD‑induced obese rats. The findings demonstrated that FM-Zn-WPNPs 
significantly improved lipid profiles (Ch, TG, HDL, and LDL), liver func-
tion biomarkers (AST and ALT), and oxidative stress markers (MDA, CAT, 
and GSH) compared to the HFD group. FM-Zn-WPNPs showed the thera-
peutic and protective effects of the synergistic interaction between zinc 
and the nano-whey protein carrier.

FM‑contained probiotics positively affected weight management, 
confirming their value as a functional food. However, its combination 
with bioavailable zinc delivered via whey protein nanoparticles reduced 
hepatic damage and NAFLD by combating reactive oxygen species and 
LDL. The findings suggest that FM-Zn-WPNPs may be a promising dietary 
strategy for preventing or managing obesity-associated liver dysfunction 
and oxidative stress. Further clinical research is required to confirm these 
results in humans and study the mechanisms of action.
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