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ABSTRACT
Context: Camel milk is used in traditional medicine to treat diabetes mellitus hypertension and other
metabolic disorders.
Objective: This study evaluated the antisteatotic and antihypertensive effects of camel milk protein
hydrolysate (CMH) in high fructose (HF)-fed rats and compared it with the effects afforded by the intact
camel milk protein extract (ICM).
Materials and methods: Adult male Wistar rats were divided into 6 groups (n¼ 8 each) as 1) control, 2)
ICM (1000mg/kg), 3) CMH (1000mg/kg), 4) HF (15% in drinking water), 5) HF (15%) þ ICM (1000mg/kg),
and 6) HF (15%) þ CMH (1000mg/kg). All treatments were given orally for 21weeks, daily.
Results: Both ICM and CMH reduced fasting glucose and insulin levels, serum and hepatic levels of chol-
esterol and triglycerides, and serum levels of ALT and AST, angiotensin II, ACE, endothelin-1, and uric acid
in HF-fed rats. In addition, both ICM and CMH reduced hepatic fat deposition in the hepatocytes and
reduced hepatocyte damage. This was associated with an increase in the hepatic activity of AMPK, higher
PPARa mRNA, reduced expression of fructokinase C, SREBP1, SREBP2, fatty acid synthase, and HMG-CoA-
reductase. Both treatments lowered systolic and diastolic blood pressure. However, the effects of CMH on
all these parameters were greater as compared to ICM.
Discussion and conclusions: The findings of this study encourage the use of CMH in a large-scale popu-
lation and clinical studies to treat metabolic steatosis and hypertension.
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Introduction

The microbial or digestive hydrolysis of protein is a new strategy
that leads to the production of several new bioactive compounds
with many health-beneficial effects. Currently, it is largely
accepted that the addition of such bioactive peptides or protein
hydrolysates to our diet may protect against several disorders
due to their antioxidant, antihypertensive, antidiabetic, and anti-
carcinogenic properties (Kilara and Panyam 2003). Indeed, stud-
ies have generated several antioxidant bioactive compounds from
the hydrolysis of several proteins from sunflower, bovine milk,
camel milk, soybean protein, and egg white (Meg�ıas et al. 2004;
Cinq-Mars et al. 2008; Al-Shamsi et al. 2018).

Camel milk is a basic nutritional source for many people liv-
ing in the Arabian arid areas. It is believed to have many health-
beneficial effects that protect against many chronic disorders
(Alhaj 2020). Camel milk is popular in the Africa and Arabian
Gulf region, especially in Saudi Arabia, and is consumed daily as
fresh and soured milk (Kumar et al. 2016a; Alhaj 2020). Our pre-
vious studies have shown that fermented camel milk has potent
antihypertensive effects in spontaneously induced hypertensive
rats (SHR) due to its high content of bioactive peptides gener-
ated by the active bacterial (Yahya et al. 2017). After enzymatic
hydrolysis, camel milk protein hydodrosylate (CMH) showed

potent and stronger antioxidant effects as compared to bovine
milk hydodrosylate (BMH) (Salami et al. 2011; Kumar et al.
2016b; Al-Shamsi et al. 2018). Also, a total of 12 angiotensin-
converting enzyme inhibitory peptides were identified from the
water-soluble permeates of fermented camel milk using
Lactobacillus helveticus and Lactobacillus acidophilus
(Alhaj 2020).

Fructose is consumed in high amounts in Western diets, and
it is used as a sweetener in the food industry. During the last
decades, the consumption of high fructose (HF) has dramatically
increased and was associated with the development of chronic
disorders such as obesity, diabetes mellitus (DM), insulin resist-
ance (IR), hypotension, and metabolic syndromes (Bray et al.
2004). Indeed, short and long-term administration of HF diet
leads to the rapid development of hypertension and metabolic
syndrome (Rizkalla 2010; Mondal et al. 2019). Of interest, in a
very recent study, Kilari et al. (2021) showed that CMH has
potent hypoglycaemic, antihyperlipidemic, and antioxidant
potential in diabetic rats.

However, the effects of CMH on HF-diet-induced metabolic
syndrome and hypertension were poorly investigated. Therefore,
this study hypothesised that short-term administration of CMH
will attenuate hyperglycaemia, IR, hypertension, and hyperlipid-
aemia in a rat model of HF-induced hypertension and metabolic
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syndrome. Also, we have investigated if the hypotensive effect of
CMH is mediated by an ACEI-inhibitory activity.

Materials and methods

Regular and CMH preparation

The preparation of the CMH was performed following previous
studies with some modifications (Wang et al. 2020). Fresh camel
milk was purchased from a private farm in Riyadh, KSA. We
have analysed this camel milk in our laboratory and found the
following contents: 3.3% fat, 4% protein, 4.2% lactose, and pH ¼
6.23. The camel’s milk was first defatted, and lactose was
removed by incubating with lactase (0.5 g/L) for 3 h at 37 �C.
The rate of lactose hydrolysis was determined to be 83%, and the
remaining lactose fraction was less than 7%. This lactose-free
milk was then divided, as described below, into either regular or
hydrolysate casein fractions (namely intact milk and CMH,
respectively) and converted to powder via freeze-drying. For pre-
paring CHM, the lactose-free camel milk was placed in HCl
solution (pH ¼ 3) and incubated with pepsin enzyme at a 200:1
(w/w) ratio for 2 h at 37 �C. The pepsin activity was stopped by
increasing the pH to 8. Trypsin was then added to the mixture
(200:1) (w/w) and incubated for 2 h at 50 �C. The trypsin reac-
tion was stopped by heating for 15min at 80 �C. The degree of
hydrolysis was determined as described by Kumar et al. (2016a)
and was found to be more than 85%. In this study, the proteo-
lytic enzymes including pepsin and trypsin were added to
improve the ACE-inhibitory activity of camel milk, as previously
reported by Salami et al. (2010). Hydrolysate samples were con-
verted to powder via freeze-drying and kept in the freezer until
the day of use.

Animals

Adult male Wistar rats weighing 150–200 g were obtained from
the Animal house unit at the College of Pharmacy, King Saud
University (KSU), Riyadh, KSA. In this study, we considered
male rats due to the key role of androgens in the development of
fructose-induced hypertension (Song et al. 2004). Rats were
housed individually (1 rat/cage), under controlled conditions
(25 �C, 12 h light/dark cycle, and 50 ± 5% relative humidity).
During the experimental procedure, all rats had free access to
the normal diet (AIN-93M, Cat. No. D10012Mi, Research Diets,
USA) (3.81Kcal/9% fat, 76% carbohydrates, and 15% proteins)
(Table 1) and drinking water. All protocols used in this study
followed the guidelines provided by the ethical research commit-
tee at KSU (ethical number 108-EACC-2015).

Experimental design

Rats were randomly divided into 6 groups (n¼ 8/group) as 1)
control rats: received drinking water as a vehicle; 2) ICM-treated
rats: were control rats and received ICM extract at a final dose
of 1000mg/kg; 3) CMH-treated rats: were control rats and
received CMH at a final concentration of 1000mg/kg; 4) HF-fed
rats: Fed high fructose HF solution (15%, v/v) dissolved in the
drinking water; 5) HFþ ICM-treated rats: received concomitant
HF-solution (15%) and ICM extract (1000mg/kg body weight;
and 6) HFþCMH-treated rats: received concomitant HF solu-
tion (15%) and CMH (1000mg/kg body weight. All treatments
were administered daily for 21weeks. Administration of the
vehicle, ICM, and CMH was given orally using a gavage needle.

Rats were housed individually, and water and food intake
were monitored daily. The HF regimen was adopted from the
study of Ma�sek et al. (2020), which has shown that daily treat-
ment with 15% HF in water for 20weeks can induce hepatic
steatosis and hypertension. The single tested dose of CMH
(1000mg/kg) was chosen based on our dose-response prelimin-
ary data, which examined the hypolipidemic effect of increasing
doses ranging from 100–1000mg/kg. The dose of 1000mg/kg
showed the maximum hypolipidemic effect in this part.

Body weights and blood pressure measurements

Rat body weights were measured at day 0 (beginning of the
experiment) and then every week for 21weeks. Systolic blood
pressure (SBP), diastolic blood pressure (DBP), and heart rate
value (HR) were measured by the end of the study using the
tail-cuff non-invasive method using the CODA 20830 instru-
ment, Kent Scientific Corporation, Torrington, CT, USA). The
animals were adapted for the pressure machine for 5 repeated
measurements/day during the experimental period.

Serum and tissue collection

By the end of week 21, rats were fasted for 12 h and then anaes-
thetised with a mixture of 80/12mg/kg ketamine/xylazine solu-
tion (i.m.) (cat K-113 Sigma Aldrich, St. Louis, MO, USA).
Blood samples were withdrawn by the cardiac puncture proced-
ure into plain tubes, centrifuged at 1200 g for 10min, and the
supernatants were isolated and stored at �80 �C for further
analyses. The livers were removed from all rats of all groups,
snap-frozen in liquid nitrogen, and stored at �80 �C for
further analysis.

Extraction of hepatic lipids

Lipid extraction from the liver samples was conducted as previ-
ously reported by Folch et al. (1957). In brief, 0.5 g tissue of the
frozen liver of each rat was homogenised using a Potter-
Elvehjem homogeniser 10mL methanol: chloroform solution (1:2
v/v) (in ice). The homogenate of each sample was filtrated using
a filter paper to recover the liquid phase, which was shaken in
Buchler Evapo-Mix for 1 h at 4 �C. The 2mL normal saline was
added. The whole mixture was vortexed for 30 sec and then cen-
trifuged at 1400 g at 4 �C for 10min. The lower organic chloro-
form layer was isolated to new tubes and evaporated in a rotary

Table 1. Composition of the AIN-39M control diet.

Classic description Ingredients Normal diet g/diet

Protein Cystine, L 1.8
Protein Casein, Lactic, 30 Mesh 140
Carbohydrate Starch.corn 495.69
Carbohydrate Lodex 10 125
Carbohydrate Sucrose 100
Fiber Solka Floc, FCC200 40
Fat Soybean Oil, USP 40
Minerals S10022M 35
Vitamins V10037 10
Vitamin Choline bitartrate 2
Antioxidant tert-Butylhydroquinone (tBHQ) 0.01
Total 1000
Carbohydrates 76%
Protein 15%
Fat 9%
Total calorie (kcal/g) 3.81
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evaporator under a vacuum. The isolated lipids were dissolved in
500mL isopropanol. All samples were stored at �20 �C and used
later for the analysis of various lipids.

Biochemical analysis of glucose and insulin levels in
the serum

Serum levels of glucose and insulin were measured in all samples
(n¼ 8) using a special rat assay and ELISA kits (Cat. No.
10009582 Cayman Chemical, MI, USA, and Cat. No. 589501,
Ann Arbour, MI, USA). The homeostasis model assessment of
insulin resistance (HOMA-IR index) was calculated as demon-
strated by Roza et al. (2016) using the following equation:
HOMA-IRI ¼ ([fasting glucose concentration (mg/dL) � fasting
insulin concentration (ng/mL)]/405).

Biochemical analysis in the serum

Serum levels of alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), and gamma-glutamyl transpeptidase 1
(c-GGT) were measured by ELISA kits (Cat. No. CSB-E13024r,
Cat. No. CSB-E13023r, and Cat. No. CSB-EL009394RA,
CUSABIO, TX. USA respectively). The total CHOL and LDL-c
levels were measured using a rat specific assay kit (Cat No.
80106, BIOLABS, France and Cat. No. 79960, Crystal Chem, IL,
USA). Total levels of TGs were measured by a colorimetric kit
(Cat. No. 10010303, Cayman, MI, USA). Serum levels of uric
acid were measured by an assay kit (Cat. No. MBS7606443,
MyBioSource, TX, USA). Serum levels of angiotensin I convert-
ing enzymes (ACE), ANG II, and endothelin-1 were measured
using rat specific ELISA kit (Cat. No. MBS2516052, Cat. No.
MBS705139, and Cat. No. MBS263783, MyBioSource, TX, USA,
respectively). All analyses were performed for n¼ 8 samples/
group and per each kit’s instructions.

Liver homogenates and measurements of oxidative stress-
related parameters

Parts of the frozen liver samples (40mg) were homogenised in
0.5mL phosphate-buffered saline (PBS) (pH ¼ 7.4) and then
centrifuged at 4 �C for 15min at 112,000 g. The collected
supernatants were stored at �80 �C and used later to measure
the oxidative stress-related parameters. Hepatic levels of malon-
dialdehyde (MDA), superoxide dismutase (SOD), and total
reduced glutathione (GSH) were measured using rat specific
ELISA kits (Cat. No. MBS268427, Cat. No. MBS036924, and Cat.
No. MBS265966, respectively). Hepatic levels of reactive oxygen

species (ROS) were measured using a fluorometric kit (Cat. NO.
STA-347; Cell Biolabs, CA, USA).

Real-time polymerase chain reaction

Real-time PCR was conducted to measure the mRNA levels of
the sterol regulatory element-binding proteins (SREBP 1 and 2),
the peroxisome proliferator-activated receptor alpha (PPARa),
fatty acid synthase (FAS), HMG-CoA reductase (HMGCoAR),
and b-actin. All primers used in this reaction are shown in
Table 2. In brief, the total RNA was isolated using the miRVana
kit (Cat. No. A27828, ThermoFisher Scientific) and reversed
transcribed using the Verit thermal cycler in a 96-well plate
using the following ingredients: 10 lL Ssofast Evergreen
Supermix, 2 lL cDNA (500 ng/mL), 0.4 lL of 10lM forward pri-
mer (200 nm/reaction), 0.4 lL of 10 lM reverse primers (200 nm/
reaction), and 7.2 lL of nuclease-free water. qPCR reaction steps
were 1) enzyme inactivation (95 �C, 1 cycle, 30 sec) and 2)
denaturation (95 �C, 5 sec) and annealing (60 �C, 60 sec) for 40
cycles, and 3) melting and a final melting step (1 cycle, 95 �C,
30 sec). Levels of mRNA of each gene were quantified by the
associated software using the DDCT method and b-actin as a ref-
erence. All procedures were conducted according to the man-
ufacturer’s instructions for 6 samples/groups.

Western blotting

Parts of frozen livers (70mg) were homogenised in a radioim-
munoprecipitation (RIPA) buffer (Cat ab156034, Abcam
Cambridge, UK) in the presence of a protease and phosphatase
inhibitor cocktail. The homogenates were centrifuged for 15min
at 1100 g at 4 �C, and supernatants containing the protein frac-
tions were collected and transferred to new tubes protein levels
on all samples were measured by a protein assay kit (Ab156034,
Cambridge, UK). Samples were prepared in the loading dye at a
final protein concentration of 2mg/mL and boiled for 5min in a
water path. Equal protein concentrations were separated on 12%
SDS-PAGE, transferred on nitrocellulose membrane, blocked
with 5% skimmed milk, and washed 3 times with 1X Tris-buf-
fered Saline-Tween 20 (TBST) buffer. The membranes were then
incubated overnight with the primary antibodies (prepared in
TBST buffer) at 4 �C against AMPK (Cat. No. sc-130394, 1:1000,
63 kDa), p-AMPK (Thr172) (Cat. No. sc-33524, 500, 63 kDa),
ketohexokinase (fructokinase C) (Cat. No. sc-377411, 1:1000,
33 kDa, and b-actin (Cat. No. 47778, 1:10000, 45 kDa). The
membranes were then rewashed with the TBST buffer and incu-
bated with the horseradish peroxidase (HRP)-conjugated second-
ary antibody (prepared in TBST buffer). Then, the bands were

Table 2. Primers are used in the quantitative real-time PCR reaction (qPCR).

Gene Primers
GenBank

accession # Annealing temperature Product length

SREBP-1c F:50-GCA AGG CCA TCG ACT ACA TC-30
R:50-TTT CAT GCC CTC CAT AGA CAC-30

NM_001276707.1 60 �C 161

SREBP-2 F:50-CTGACCACAATGCCGGTAAT-30
R:50-CTTGTGCATCTTGGCATCTG-30

NM_001033694.1 60 �C 204

PPAR-a F:50-TGCGGACTACCAGTACTTAGGG-30
R:50-GCTGGAGAGAGGGTGTCTGT-30

NM_013196.1 60 �C 116

FAS F:50-GCC ATT TCC ATT GCC CTTAGC-30
R:50-CTG AGC CAA GCA CCG CACACT-30

NM_017332 60 �C 273

HMGCoAR F:50-TGTTCAAGGGGCGTGCAAAGACAA-30
R:50-TCAAGCTGCCTTCTTGGTGCATGT-30

NM_013134 60 �C 202

b-actin F:50-ATC TGG CAC CAC ACC TTC-30
R:50-AGC CAG GTC CAG ACG CA-30

NM_031144 60 �C 291
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developed using an ECL pierce kit (Cat 32109, ThermoFisher),
scanned, and photographed using the C-Di Git blot scanned and
associated software (LI-COR, USA). An internal standard sample
was run on all different gels and used for normalisation. The
expression of all target genes was expressed relative to the
expression of b-actin by dividing the intensity of each band of
interest over the intensity of the corresponding band of the
b-actin. The average values for the expression of each protein
were expressed as mean ± SD of all analysed samples.

Histopathological examination

Livers were collected in 10% buffered formalin solution for 24 h.
All liver sections were dehydrated in ascending concentrations of
alcohol (70–100%). After that, the tissues were then cleared with
xylene and embedded in paraffin. Using a microtome, all sec-
tions were cut at 3-5 lm sections and processed for staining with
haematoxylin and eosin (H&E). All sections were examined by a
pathologist who was unaware of any of the experimental groups.
All images were captured under a light microscope (Model
Nikon eclipse E200, Japan).

Statistical analysis

GraphPad Prism statistical software (V8, Australia) was used for
statistical analyses. Normality was tested using the Shapiro-Wilk
test. All analyses were conducted using a two-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. The values
were presented as mean ± standard deviation (SD) and were con-
sidered significantly different ta p ˂ 0.05.

Results

Changes in the levels of fasting glucose, fasting insulin, and
lipid profiles

Administration of the ICM and CMH to control rats didn’t affect
final body weights and liver weights as compared to control rats
(Table 3). However, lower levels of fasting blood glucose and insu-
lin, serum and hepatic levels of TGs and CHOL, serum levels of
LDL-c, and values of HOMA-IR were seen in ICM and CMH-
treated rats as compared to control rats (Table 3). As compared
with other groups, HF-fed rats showed a significant increase in
body and liver weights as well as in the levels of all biochemical
constituents of serum and hepatic lipid levels, which were

significantly reduced in HFþ ICM and HFþCMH-treated rats
(Table 3). The levels of all these parameters were significantly
higher in HFþCMH as compared to HFþ ICM-treated rats
(Table 3).

Effects on hepatic fat deposition and liver structure

Normal histological structures, including intact rounded hepato-
cytes radiating from a central vein and normally appearing
sinusoids, were observed in the livers of the control, ICM, and
CMH-treated rats (Figure 1A–C). However, increased fat droplet
accumulation of all sizes with abnormally dilated central veins
was observed in the HF-fed rats (Figure 1D). A significant reduc-
tion in fat droplet accumulation with almost normal hepatic
structures was observed in the livers of both the HFþ ICM and
HFþCMH-treated rats (Figure 1E & F). Despite these improve-
ments, some fatty changes and accumulation of cytoplasmic fat
were observed only in the livers of HFþ ICM-treated rats but
not in the livers of HFþCMH-treated rats (Figure 1E).

Effects on hepatic markers of oxidative stress

Levels of ROS and MDA were significantly increased in the livers
of HF-fed rats as compared to control rats (Figure 2A–D).
Administration of ICM and CMH to control rats or HF-fed rats
significantly lowered levels of ROS and MDA and stimulated the
levels of GSH and SOD as compared to either control or HF-fed
rats (Figure 2A–D). In both treated groups, the reduction in
ROS and MDA and the increase in the SOD and GSH were sig-
nificantly more profound in the groups treated with CMH than
those that received ICM (Figure 2A–D). Also, no significant var-
iations in the levels of ROS, MDA, GSH, and SOD were
observed when HFþCMH-treated rats were compared with the
control rats (Figure 2A–D).

Effects on the serum levels of liver injury markers and the
hepatic expression of fructokinase C

ICM and CMH-treated rats showed normal ALT and AST levels
as compared to control rats (Figure 3A & B). However, serum
levels of uric acid and hepatic protein levels of fructokinase C
have significantly reduced in the ICM and CMH-treated rats as
compared to control rats (Figure 3A–D). On the other hand,
serum levels of ALT, AST, and uric acid, as well as the protein

Table 3. Final body and liver weight as well as serum and hepatic lipid levels in all groups of rats.

Control Controlþ IMC Controlþ CMH HF-diet HFþ IMC HFþ CMH

Food intake (g/rats/week) 187 ± 13.2 176 ± 17.1 181 ± 14.9 129 ± 13.1abc 119 ± 11.9abc 123 ± 14.8abc

Water consumption (ml/day) 34.2 ± 7.1 33.4 ± 6.4 35.1 ± 8.9 48.4 ± 6.8abc 44.3 ± 5.9abc 49.1 ± 7.6abc

Final body weight (g) 446 ± 22.8 435 ± 28.1 439 ± 19.8 589 ± 32abc 501 ± 21.5abcd 429 ± 21.2de

Serum
Liver weight 15.2 ± 1.2 14.7 ± 1.4 15.5 ± 1.1 22.6 ± 1.3abc 18.2 ± 1.1abcd 14.4 ± 1.4de

TGs (mg/dl) 41.2 ± 4.6 35.8 ± 4.2a 28.1 ± 3.7ab 74.3 ± 6.3abc 53.4 ± 6.2abcd 44.5 ± 4.9bcde

CHOL (mg/dl) 73.2 ± 6.4 64.3 ± 5.3a 56.9 ± 4.3ab 112 ± 8.7abc 89.7 ± 7.6abcd 75.6 ± 7.1bcde

LDL-c (mg/dl) 28.7 ± 3.5 23.4 ± 3.1a 18.6 ± 1.9ab 61.3 ± 4.8abc 54.1 ± 5.7abcd 30.2 ± 4.4bcd

Glucose (mg/dl) 106.2 ± 5.7 97.8 ± 5.8a 91.5 ± 4.4ab 186 ± 12abc 152.3 ± 8.3abcd 112. 5 ± 7.3de

Insulin (ng/ml) 4.8 ± 0.43 4.01 ± 0.47a 3.65 ± 0.58ab 8.9 ± 1.2abc 6.4 ± 0.92abcd 4.3 ± 0.81de

HOMA-IR 1.13 ± 0.21 0.75 ± 0.15a 0.62 ± 0.19ab 3.3 ± 0.38abc 1.9 ± 0.23abcd 0.99 ± 0.22cde

Hepatic
TGs (mg/g) 688 ± 68 592 ± 58a 522 ± 51ab 1402 ± 89abc 1022 ± 91abcd 732 ± 88bcd

CHOL (mg/g) 219 ± 15.3 187 ± 11.5a 163 ± 13.2ab 598 ± 22abc 419 ± 19.5abcd 229 ± 21.8abd

Data are presented as mean ± SD for n¼ 8 rats/group. Values are considered significantly different at p< 0.05. a: significantly different as compared to control rats,
b: significantly different as compared to controlþ intact camel milk (ICM)-treated rats. c: significantly different as compared to controlþ camel milk hydrosylate
(CMH)-treated rats. d: significantly different as compared to high fructose (HF)-fed rats, and e: significantly different as compared to HFþ ICM-treated ra.

1140 M. A. ALSHUNIABER ET AL.



levels of fructokinase C were significantly increased in the HF-
fed rats as compared either to the control and the other groups
of rats (Figure 3A–D). Nonetheless, serum levels of all these
markers, as well as the hepatic expression of fructokinase C,
were significantly decreased in both HFþ ICM and HFþCMH,
as compared to HF-fed rats (Figure 3A–D). However, the serum
levels of uric and the hepatic protein levels of fructokinase C
were significantly lower in CMH-treated rats and HFDþCMH
as compared to either ICM-treated rats or HFþ ICM-treated
rats, respectively (Figure 3C & D). No significant variation in
serum levels of ALT, AST, and uric acid was seen when
HFþCMH-treated rats were compared with the control rats
(Figure 3A–D). However, hepatic levels of fructokinase C in the
HF-CMH-treated rats remained significantly lower than those in
the control rats (Figure 3D).

Effects on serum levels of ET-1, ANG II, and ACE

Serum levels of ANGII, ACE, and ET-1, as well SBP and DBP,
were significantly increased in HF-fed rats as compared to control

rats (Figure 4A–D). Although ICM-treated rats showed a significant
reduction in the serum levels of ANG II, ACE, and ET-1, as well as
in the levels of both SBP and DBP as compared to control rats,
there were no significant variations in the levels of all these parame-
ters between HF-fed rats and HFþ ICM-treated rats (Figure
4A–D). On the contrary, there was a significant reduction in the
serum levels of ANG II, ACE, and ET-1, as well as in the levels of
both SBP and DBP in HFþCMH-treated rats as compared to
either the control or HF-fed rats (Figure 4A–D). However, the
reduction in the levels of all these parameters was more profound
in CMH-treated rats as compared to ICM-treated rats (Figure
4A–D). Interestingly, serum levels of ANGII, ACE, and ET-1, as
well as in SBP and DBP measured in HFþCMH-treated rats were
not significantly different from their corresponding levels depicted
in the control rats (Figure 4A–D).

Changes in the hepatic expression of AMPK, PPARa, and
SREBP1/2

Total hepatic levels of AMPK were not significantly varied
among all measured groups of rats (Figure 5A). As compared

Figure 1. Histological sections of the livers of all groups of rats as stained by the haematoxylin and eosin (H&E). (A–C) were taken from control, intact camel milk
(ICM), and camel milk hydrosylate (CMH)-treated rats, respectively, and showing normal liver structure with intact rounded hepatocytes (long arrow) radiating from
the central vein (CV) and normally appeared sinusoids (short arrow). (D) was taken from high fructose (HF)-fed rat and showed increased fat droplet deposition of all
sizes, including large (long arrow), medium (short arrow), and small vacuoles (arrowhead). The sinusoids were hardly seen. (E) was taken from HFþ ICM-treated rats
and showed much improvement in the structure of the hepatocytes with an obvious reduction in the fatty vacuolation and normally appeared hepatocytes (long
arrow) and sinusoids (short arrow). However, some cytoplasmic lipid accumulation is still seen in some hepatocytes (curved arrow). (F) was taken from HFþ CMH and
showed almost normal hepatic architecture with no fat accumulation and normal hepatocytes (long arrow) and sinusoids (short arrow) structures.
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Figure 2. Hepatic levels of ROS (A), MDA (B), SOD (C), and GSH (D) in all groups of rats. Data are presented as mean± SD for n¼ 8 rats/group. Values are considered
significantly different at p< 0.05. a: significantly different as compared to control rats, b: significantly different as compared to intact camel milk (ICM)-treated rats. c:
significantly different as compared to camel milk hydrosylate (CMH)-treated rats. d: significantly different as compared to high fructose (HF)-fed rats, and e: significantly
different as compared to HFþ ICM-treated rats.

Figure 3. Serum levels of ALT (A), AST (B), and uric acid (C), as well hepatic protein levels of fructokinase C (D) in all groups of rats. Data are presented as mean± SD
for n¼ 8 rats/group. Values are considered significantly different at p< 0.05. Values are considered significantly different at p< 0.05. a: significantly different as com-
pared to control rats, b: significantly different as compared to intact camel milk (ICM)-treated rats. c: significantly different as compared to camel milk hydrosylate
(CMH)-treated rats. d: significantly different as compared to high fructose (HF)-fed rats, and e: significantly different as compared to HFþ ICM-treated rats.
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with control rats, HF-fed rats had a significant decrease in the
ratio of p-AMPK/AMPK, and mRNA levels of PPARa accompa-
nied by a significant increase in mRNA levels of SREBP 1,
SREBP 2, FAS, and HMGCoAR (Figure 5A–D). On the other
hand, protein levels of p-AMPK (Thr172), a ratio of p-AMPK/
AMPK, and mRNA levels of PPARa were significantly increased,
and mRNA levels of SREBP1, SREBP2, FAS, and HMGCoAR
were significantly decreased in the livers of both the control or
HF-fed rats which were administered either ICM or CMH as
compared to control or HG-fed rats (Figure 5A–D). Of note, the
increase in the hepatic protein levels and the ratio of p-AMPK
and levels of PPARa, as well as the reduction in the hepatic
mRNA levels of SREBP1, SREBP2, FAS, and HMGCoAR, were
more profound in CMH-treated rats and HFþCMH-treated rats
as compared to either the ICM-treated rats or HFþ ICM-treated
rats, respectively (Figure 5A–C). There were no significant varia-
tions in the levels of all these markers between HFþCMH-
treated rats and control rats (Figure 5A–C).

Discussion

The salient findings of this study showed that short-term admin-
istration of CMH attenuates HF-rich diet-induced hypergly-
caemia, hyperlipidaemia, IR, and hepatic steatosis in rats, an
effect that is greater than that afforded by ICM. According, sev-
eral mechanisms of protection are reported, including 1) hypo-
glycaemic and insulin-sensitizing effects, 2) suppressing the
hepatic fructokinase C and the subsequent production of uric
acid, 3) upregulating hepatic antioxidants, and 4) activating
AMPK and subsequent downregulation of the sterol regulatory
element-binding proteins 1 and 2 (SREBP1/2 and upregulation
of the transcription factor the peroxisome proliferator-activated

receptor a (PPARa), and 5) inhibiting ANG II synthesis and
ACE activation. To the best of our knowledge, these data are the
first to mechanistically explain such protective effects afforded by
CMH in metabolically impaired animals. A summary of these
effects is shown in the graphical abstract (Figure 6).

In this study, the chronic consumption of an HF-rich diet was
associated with increased final body weights, adiposity, and
increased HF solution uptake but with a significant reduction in
food intake, attributed to appetite suppression. However, an HF-
rich diet can regulate the appetite by modulating the expression of
the peripheral (e.g., ghrelin and leptin) and central hypothalamic
appetite peptide [e.g., peptide YY (PYY), neuropeptide Y (NPY),
and proopiomelanocortin (POMC)] (Lowette et al. 2015).
Currently, this effect is still contradictory and seems to be depend-
ent on the dose and treatment period (Lowette et al. 2015).
Indeed, and similar to our data, chronic consumption of 15% and
20% HF solution for 60, 70, and 90 days in rodents significantly
increased body weights, lipogenesis, and adipogenesis but reduced
food intake (J€urgens et al. 2005; Ramos et al. 2017). On the con-
trary, administration of a 23% HF diet for 2 weeks stimulated food
intake and body weight (Lindqvist et al. 2008). On the other hand,
the observation that both ICM and CMH were able to attenuate
all measured parameters without altering the HF consumption or
food intake in both the control and HF-fed rats dissipates the role
of these mechanisms in the protection afforded by these diets and
indicates that alternative direct mechanisms mediate theses anti-
metabolic and antisteatotic effects. Supporting our data, adminis-
tration of camel milk to diabetic patients didn’t affect their
appetite, food intake, or serum levels of appetite hormones,
including ghrelin, PYY, glucagon-like peptide 1 (GLP-1), and pan-
creatic polypeptide (PP) (Zheng et al. 2021).

The reduction in serum levels of fasting glucose and insulin
levels, as well as values of HOMA-IR in both the control and

Figure 4. Serum levels of ACE (A), ET-1 (B), and ANG II (C), as well as the systolic and diastolic blood pressures (SBP/DBP) (D) in all groups of rats. Data are presented
as mean± SD for n¼ 8 rats/group. Values are considered significantly different at p< 0.05. Values are considered significantly different at p< 0.05. a: significantly dif-
ferent as compared to control rats, b: significantly different as compared to intact camel milk (ICM)-treated rats. c: significantly different as compared to camel milk
hydrosylate (CMH)-treated rats. d: significantly different as compared to high fructose (HF)-fed rats, and e: significantly different as compared to HFþ ICM-treated rats.
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HF-fed rats after treatment with ICM and CMH, suggest potent
hypoglycaemic and hypolipidemic effects of both diets. However,
the impact of CMH on these markers was more profound than
those exerted by ICM. These data are in the same line as those
of Kilari et al. (2021), who demonstrated that CMH could
attenuate fasting hyperglycaemia in diabetic rats. In the same
line, several other investigators have shown that ICM, fermented
camel milk, and CMH have potent hypoglycaemic effects in dia-
betic patients and animals (Kilari et al. 2021; Zheng et al. 2021).
However, the hypoglycaemic potential of camel milk has been
largely discussed and attributed to several ingredients, including
the high content of insulin, insulin-like amino acids and pepti-
des, immunoglobulins (the camelids; IGg1-3), antioxidant vita-
mins (e.g., vitamins C and E), and immunomodulators which
can reduce stimulate insulin secretion, improves insulin sensitiv-
ity, and reduce fasting glucose levels by suppressing oxidative
stress, preventing the damage of pancreatic beta cells, and
enhance glucose uptake and utilisation (Ayoub et al. 2018; Zheng
et al. 2021). However, our data indicate that both ICM and
CMH reduce HF-induced insulin levels. These results suggest
that both treatments do not affect insulin release but rather
improve its sensitivity, which accounts for the observed hypogly-
caemic effect.

In this study, we have also shown the potential of CMH to
suppress serum and hepatic lipid levels in both the control and
HF-fed rats to a greater extent rather than in the ICM. These
data also support many other previous studies that demonstrated
camel milk’s ability to reduce serum levels of TGs, CHOL, and
LDL-c in diabetic individuals and other animal models (Al-
Numair 2010; Ejtahed et al. 2014; Zheng et al. 2021). In this
view, the hypolipidemic effect of camel milk was attributed to
the previously discussed insulin and insulin-like amino acids,
which could suppress the activity of the lipoprotein lipase (Al-
Numair 2010). In addition, camel milk can inhibit CHOL syn-
thesis and transport by activating the enzyme lecithin cholesterol
acyltransferase enzyme (LCAT), inhibiting the 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) reductase, and modulating the
activity of the thyroid hormone through unknown mechanisms
and ingredients (Ibrahim et al. 2017; Zuberu et al. 2017). Also,
the hypolipidemic effect of camel milk was attributed to its anti-
oxidant potential and the high content of vitamins C and E
(Badr et al. 2017; Zuberu et al. 2017).

Associated with these effects, we have also shown that both
ICM and CMH have potent antioxidant effects not only in the
livers of HF-fed rats but also in the livers of control rats through
depleting ROS and upregulating SOD and GSH. Generally, ROS

Figure 5. Protein levels of AMPK/p-AMPK (A) and mRNA levels of SREBP1, SREBP2 (B), PPARa, FAS, and HMGCoAR (C) in all groups of rats. Data are presented as
mean± SD for n¼ 8 rats/group. Values are considered significantly different at p< 0.05. Values are considered significantly different at p< 0.05. a: significantly differ-
ent as compared to control rats, b: significantly different as compared to intact camel milk (ICM)-treated rats. c: significantly different as compared to camel milk
hydrosylate (CMH)-treated rats. d: significantly different as compared to high fructose (HF)-fed rats, and e: significantly different as compared to HFþ ICM-treated rats.
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is a major hallmark of HF-induced hepatic steatosis by promot-
ing inflammation, IR, and steatosis (Vos and Lavine 2013;
Jegatheesan and De Bandt 2017; Chen et al. 2020). Given the
stimulatory effect of both ICM and CMH on GSH and SOD in
the livers of the control and HF-fed rats, we can strongly argue
that such antioxidant potential is mediated by a direct upstream
mechanism such as activation of the nuclear factor erythroid
2–related factor 2 (Nrf2), a master antioxidant transcription fac-
tor (Ma 2013). This effect could also be attributed to their high
vitamins C and E content, directly scavenging ROS. Supporting
our data, evidence from in vivo and in vitro studies has also
shown potent ROS scavenging abilities of enzymatically hydro-
lysed camel milk CMH (Kumar et al. 2016a; Al-Shamsi et al.
2018). A similar observation was reported by many authors
where the antioxidant potential of CMH was stronger than that
produced by the enzymatic hydrolysis of bovine casein (Salami
et al. 2011; Kumar et al. 2016a).

Despite the extensive research in diabetic and HFD-fed ani-
mals, the precise molecular mechanisms underlying the antidia-
betic and antisteatotic effect of ICM and CMH in HF-fed
animals is largely unknown. Recent studies have shown that
CMH can lower blood glucose levels by decreasing carbohydrate
digestion and inhibiting glucose production by suppressing the
a-amylase, dipeptidyl peptidase-IV (DDP-4), and a-glucosidase,
effects that were more effective than the intact milk (Mudgil
et al. 2018; Nongonierma et al. 2019). However, the major dam-
aging mechanism by which HF-rich diet-induced liver damage,
oxidative stress, steatosis, and fibrosis was reported to be due to
the activation of the key limiting hepatic enzyme, named fructo-
kinase C (FKC), which catalyses the conversion of fructose to
fructose-1-phosphate (F1P) (Vos and Lavine 2013; Jegatheesan

and De Bandt 2017; Zuberu et al. 2017). Once hyperactivated,
this substrate is sustainedly converted to glucose, fatty acids, lac-
tate, and uric acid to promote hyperglycaemia, hyperlipidaemia,
oxidative stress, lipogenesis, and IR (Tappy & Lê 2010;
Jegatheesan and De Bandt 2017). Nevertheless, uric acid is a very
toxic molecule that stimulates the generation of massive quanti-
ties of ROS and induces hepatic oxidative damage, inflammation,
IR, and fibrosis by scavenging antioxidants, depletion of ATP,
activation of NADPH oxidase, upregulation of the transforming
growth factor-b1, and inducing mitochondria damage and endo-
plasmic reticulum (ER) stress (Vos and Lavine 2013; Jegatheesan
and De Bandt 2017). Indeed, knocking down FKC is an effective
therapeutic strategy to alleviate HF-diet-induced hyperlipidaemia,
IR, and hepatic steatohepatitis (Ishimoto et al. 2013).

In this study, the observations that ICM and CMH reduce the
serum levels of uric acid and the hepatic expression of FKC in
both the control and HF-fed rats is clear evidence that the anti-
hyperglycemic, antihyperlipidemic, and antioxidative effects of
these diets are mediate, at least, by suppressing this enzyme.
Therefore, our data suggest that both ICM and CMH are nega-
tive upstream regulators of this enzyme’s activity. However, the
precise mechanism by which CHM exerts this is still not deter-
mined and needs further investigation. Yet, we still can’t exclude
the above-discussed mechanisms of camel milk from such pro-
tective effects.

AMPK is a conserved energy molecule that stimulates cata-
bolic pathways to produce ATP by suppressing lipogenesis, glu-
cose uptake, and utilisation and stimulating FAs oxidation (Li
et al. 2011; Wang et al. 2018). As a key molecule, AMPK sup-
presses TGs and CHOL synthesis by downregulating the tran-
scription factors SREBP1, and SREBP2, respectively (Li et al.

Figure 6. A graphical abstract demonstrating the protective effect of the camel milk hydrosylate (CMH) against high fructose diet-induced hypertension, hypergly-
caemia, and non-alcoholic fatty liver disease (NAFLD). All steps are assumed to occur in the liver tissue. The mechanisms include 1) downregulating the hepatic fructo-
kinase C enzyme, which results in suppressing the production of glucose, fatty acids, and uric acid; 2) upregulating antioxidants; 3) activating AMPK and PPARa,
which inhibits lipogenesis by suppressing SREBP1/2 and activating and fatty acids oxidation, respectively; and 4) inhibiting the production of ANG II possibly by down-
regulating endothelin-1 (ET-1) and angiotensin-converting enzyme (ACE). TGs: triglycerides; CHOL: cholesterol, ROS: reactive oxygen species; CPT1/2: carnitine palmi-
toyltransferase I/2.
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2011). On the other hand, AMPK stimulates FAs oxidation by
activating the transcription factor PPARa, which stimulates the
carnitine system (CPT1 and CPT2) (Yoon 2009). Also, AMPK
stimulates the peripheral uptake of glucose and improves insulin
sensitivity by increasing glucose receptors (GLUT4) expression
(Chopra et al. 2012). Of note, hyperglycaemia and AMPK are
negatively crossed with each other, where higher fasting glucose
levels inhibit hepatic and muscular AMPK activation, but AMPK
suppresses hepatic gluconeogenesis and stimulates peripheral glu-
cose uptake and glycogen synthesis (Jeon 2016; Lin and Hardie
2018; Agius et al. 2020).

Levels of AMPK and PPARa are significantly depleted,
whereas levels of SREBP1/2 are significantly increased in HF-fed
animals and were shown to be major mechanisms for the associ-
ated hepatic steatosis (Jegatheesan et al. 2015; Herman and
Samuel 2016; Jegatheesan and De Bandt 2017; Woods et al.
2017). This has also been seen in HF-fed rats in this study.
However, pharmacological activation of AMPK prevented HF-
induced hepatic steatosis in rodents (Woods et al. 2017). In this
study, our novelist finding is that both ICM and CMH signifi-
cantly stimulated the activation of AMPK in the livers of both
the control and HF-fed rats, which could explain the concomi-
tant increase in the levels of PPARa and the decrease in the lev-
els of SREBP1/2 and their target genes (FAS and HMGCoAR).
Until now, we are still unsure whether its activation is a direct
effect secondary to the observed hypoglycaemic impact of these
diets. The relation seems bidirectional, and further studies using
transgenic animals are needed to confirm this relationship.

Nevertheless, hypertension is the major clinical manifestation
associated with HFD (Klein and Kiat 2015). HF-rich diet-
induced hypertension is an independent mechanism that is not
related to HF-induced NAFLD and IR (Klein and Kiat 2015).
Studies have shown that an HF-rich diet induces hypertension
by several interconnected mechanisms, including increasing
sodium and chloride absorption, as well as upregulation and
increased release of ET1, which subsequently induces activation
of ANG II, stimulates the synthesis of TXA2, and reduces levels
of nitric oxide (NO) in the (reviewed in Klein and Kiat 2015).
ACE inhibitors effectively reduced the elevated SBP and DBP in
HF-fed rats, thus suggesting that the activation of ANG II is the
most effective mechanism in HF-induced hypertension (Erlich
and Rosenthal 1995; Kim et al. 2020). Previous studies using
bosentan, a dual ET-1 receptor antagonist, prevented HF-induced
ANG II and hypertension, suggesting that the increases in ANG
II are due to HF-induced activation of ET-1 receptors (Tran
et al. 2009). In this study, both ICM and CMH significantly
reduced both the SBP and DBP and reduced circulatory levels of
ANG II, ACE, and ET-1 in both the control and HF-fed rats.
Again, these effects were more profound in rats fed the CMH.
These data suggest that ICM and CMH lower BP by attenuating
the ET-1/ANG II axis, as well as suppressing ACE. However,
since ANG II is a potent inducer of ROS through the direct acti-
vation of NADPH oxidase (Hitomi et al. 2007), these data may
implicate that the antioxidant potentials of the CMH could also
be mediated by suppression of ANG II. Although this study is
unique for HF-fed rats, we and others have previously shown the
hypotensive effect of camel milk and skimmed fermented camel
milk in high salt-induced hypertensive rats (Mainasara et al.
2016; Yahya et al. 2017).

Despite these data and extensive available literature, our study
still has some limitations. Most importantly, we are still unable
to precisely identify the active ingredients in the CMH which are
responsible for all these effects. In addition, we also can’t explain

why the inhibitory effect of CMH on this enzyme was greater
than that of milk. In addition, our findings are still observational
and need a more advanced experiment to confirm these mecha-
nisms and draw a potential link between them. Also, since the
products of CMH produced in vitro by enzymes could be close
to products that can be produced in vivo, this may produce pep-
tides with similar biological activity that we can’t determine in
this study. Therefore, further studies to compare the effects of
the in vivo and in vitro produced ingredients are required to val-
idate this.

Conclusions

Our study showed a potent potential of CMH to alleviate hepatic
steatosis as compared to ICM. This opens a window to use
CMH to alleviate hepatic damage and hyperlipidaemia in other
animal models, as well as in human subjects with NAFLD.
However, this requires further investigations.
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