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Abstract: Diabetes is one of the most common chronic metabolic diseases, and its occurrence rate
has increased in recent decades. Sidr (Ziziphus spina-christi L.) is a traditional herbaceous medicinal
plant. In addition to its good flavor, sidr has antidiabetic, anti-inflammatory, sedative, analgesic,
and hypoglycemic activities. Camel milk has a high nutritional and health value, but its salty taste
remains the main drawback in relation to its organoleptic properties. The production of flavored
or fortified camel milk products to mask the salty taste can be very beneficial. This study aimed
to investigate the effects of sidr fruit pulp (SFP) on the functional and nutritional properties of
fermented camel milk. SFP was added to camel milk at rates of 5%, 10%, and 15%, followed by
the selection of the best-fermented product in terms of functional and nutritional properties (camel
milk supplemented with 15% SFP), and an evaluation of its hypoglycemic activity in streptozotocin
(STZ)-induced diabetic rats. Thirty-two male adult albino rats (weighing 150–185 g) were divided
into four groups: Group 1, nontreated nondiabetic rats (negative control); Group 2, diabetic rats
given STZ (60 mg/kg body weight; positive control); Group 3, diabetic rats fed a basal diet with
fermented camel milk (10 g/day); and Group 4, diabetic rats fed a basal diet with fermented camel
milk supplemented with 15% SFP (10 g/day). The results revealed that supplementation of camel
milk with SFP increased its total solids, protein, ash, fiber, viscosity, phenolic content, and antioxidant
activity, which was proportional to the supplementation ratio. Fermented camel milk supplemented
with 15% SFP had the highest scores for sensory properties compared to other treatments. Fermented
camel milk supplemented with 15% SFP showed significantly decreased (p < 0.05) blood glucose,
malondialdehyde, low-density lipoprotein-cholesterol, cholesterol, triglycerides, aspartate amino-
transferase, alanine aminotransferase, creatinine, and urea, and a significantly increased (p < 0.05)
high-density lipoprotein-cholesterol, total protein content, and albumin compared to diabetic rats.
The administration of fermented camel milk supplemented with 15% SFP in diabetic rats restored a
series of histopathological changes alonsgside an improvement in various enzyme and liver function
tests compared to the untreated group, indicating that fermented camel milk supplemented with 15%
SFP might play a preventive role in such patients.
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1. Introduction

Diabetes is one of the most common chronic metabolic diseases, with an increasing oc-
currence rate in recent decades [1]. This metabolic disorder has three main types (types 1–3)
and is characterized by an abnormal long-term increase in plasma glucose levels [2]. Many
factors, such as fat and protein metabolism, altered carbohydrate metabolism, and insulin
deficiency or resistance, are the common reasons for the high blood glucose levels leading
to diabetes. Chronic hyperglycemia related to diabetes is often associated with many other
complications, such as neurological, renal, retinal, cardiovascular, dermatological, and
nerve diseases [3]. In type 2 diabetes, a progressive decline in insulin action referred to
as insulin resistance and pancreatic β-cell dysfunction leads to increased blood glucose
levels [4]. The current treatment for type 2 diabetes includes insulin and oral hypoglycemic
drugs, such as thiazolidinediones, biguanides, sulfonylurea derivatives, and α-glucosidase
inhibitors. However, these medications have several side effects, including sodium reten-
tion, osteoporosis, risk of developing lactic acidosis, an induction of obesity, and higher
incidences of severe hypoglycemia [5]. There is an increasing need to search for effective
antidiabetic agents exhibiting fewer side effects. As an alternative, plant-based remedies
for this metabolic disorder have been adopted [6–9]. Antioxidants can reduce oxidative
stress markers in experimental and clinical models of diabetes [10]. Bioactive components
from natural sources have also captivated scientific attention because of their functional,
pharmacological, and biological properties [11]. Among others, sidr (Ziziphus spina-christi)
is known as a multifunctional tree. Its leaves, fruits, and fruit juices are considered good
sources of bioactive components, such as phenolics, flavonoids, alkaloids, cyclopeptides,
steroid tannins, betulinic acid, triterpenoid saponin, glycosides, vitamin C, and bioac-
tive polysaccharides [12–14]. These bioactive components have shown potential activities
against liver complaints, urinary issues, digestive syndromes, weakness, obesity, diabetes,
skin infection, appetite loss, fever, bronchitis, pharyngitis, anemia, insomnia, and diarrhea
as well as immunomodulation, antioxidation, antitumor, and hepatoprotection [15,16]. In
many countries, bioactive polysaccharides or polyphenol-enriched foods are traditionally
mixed and consumed with milk [17–24].

Camel milk is characterized by its higher nutritional and health value compared to
cow’s milk because it contains immune proteins with antioxidant and anti-inflammatory
activities. Immunoglobulins, without β-lactoglobulin (β-LG), may cause allergic reactions
in some people and contain large amounts of iron, potassium, and vitamins C, E, and
A [25–27]. Camel milk also contains good amounts of lactoferrin, lactoperoxidase, lysozyme,
and immunoglobulins G and A, and has more free amino acids and peptides compared
to bovine milk [28–30]. Moreover, non-protein-bound amino acids in camel milk are
easily digested by microorganisms, alongside the higher number of peptides and increased
metabolic activity when used in a starter culture preparation. Therefore, camel milk can
be used in fermented milk production [31,32]. Camel milk is traditionally drunk either
raw or naturally fermented [33], and some products have been manufactured from camel
milk such as pasteurized milk [34], fermented milk [35,36], cheese [37], yogurt [29], and
powdered milk [27,38]. However, camel milk is characterized by a salty taste compared to
cow’s milk due to its higher Na and K salt contents. Therefore, it is important to produce
flavored or fortified camel milk products to mask the salty taste [17–21]. Furthermore,
fermented camel milk has been proven to have health benefits, including angiotensin
I-converting enzyme inhibitory activity, hypocholesterolemic effects, and antimicrobial,
antioxidant, antidiarrheal, and anticancer activities [39,40]. However, there is no available
information about the potential influence of the addition of sidr fruit pulp to fermented
camel milk manufacture. Given the above information, this study aimed to enhance the
functional properties of fermented camel milk via supplementation with bioactive sidr fruit
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pulp (SFP) and to evaluate the improvement of its bioavailability and protective effects
against diabetes and liver conditions.

2. Materials and Methods
2.1. Materials and Reagents

Fresh camel milk was obtained from a healthy herd of camels from a private farm in El-
Arish, North Sinai Governorate, Egypt. Ripening sidr fruit (5 kg) was obtained from a local
market in Sharkia, Egypt. The starter culture “Yo-Flex culture (YC-X11)”, which contains
a mixed strain of Streptococcus thermophilus and Lactobacillus delbruekii subsp bulgaricus
at a ratio of 50:50, was obtained freeze-dried from Hansen’s Laboratories (Copenhagen,
Denmark) and was used as a yogurt starter. Other chemicals and reagents were purchased
from Sigma-Aldrich.

2.2. Preparation of High-Viscosity SFP

Sidr fruits were first washed. Fresh peel and pulp were separated from the seeds,
mixed with distilled water at a 1:1 (w/v) ratio to produce high-viscosity pulp, and stored
overnight under controlled cooling conditions (4–5 ◦C). Both peel and pulp were blended
using a laboratory blender (Toshiba Mixie©, Tokyo, Japan) and kept at 4–5 ◦C until further
use in fermented camel milk manufacture.

2.3. Fermented Camel Milk Manufacture

Fresh camel milk was divided into four portions as follows: the first portion was left
without an additive as a control (C), and SFP was added to the other three portions at
rates of 5%, 10%, and 15% (T1–T3). The fortified camel milk bases were homogenized at
55–60 ◦C for 2 min using a high-speed mixer (22,000 rpm); heat-treated in a thermostatically
controlled water bath at 85 ◦C for 30 min; cooled to 42 ◦C in an ice bath; inoculated with
2.5% (w/v) starter culture containing S. thermophilus and L. delbruekii subsp bulgaricus,
which dissolved in 50 mL of sterilized skimmed milk (121 ◦C for 15 min) (rated 50 U from
starter to 250 L/66 gal); activated at 42 ◦C for 15 min before use; and then incubated at
42 ◦C for 6–8 h until a firm curd was obtained. The curd was refrigerated at 4 ◦C overnight,
stirred using a mixer, poured into 100 mL plastic bottles with covers, stored at 4 ± 1 ◦C, and
analyzed 1 day after their manufacture [41]. The experiments were repeated in triplicates
and each analysis duplicates.

In accordance with the preparation schedule of fermented camel milk, camel milk
was mixed with 5,10, and 15% sidr fruit pulp, homogenized at 55–60 ◦C, heat-treated at
85 ◦C for 30 min, cooled to 42 ◦C and inoculated with 2.5% yoghurt culture containing
S. thermophilus and Lb. delbrueckii subsp. bulgaricus
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2.4. Chemical Composition, Physicochemical and Phytochemical Analysis, and Sensory Evaluation
of Fermented Camel Milk Treatments

This step involved the determination of total protein, total solids (TS), fat, ash, fiber,
carbohydrate, and titratable acidity (TA) for fermented camel milk samples, following
the protocol described elsewhere [42]. The total solids of sidr fruit pulp, camel milk, and
fermented camel milk samples were determined using a drying oven at 100 ◦C for 24 h.
The percentage of moisture content was calculated by the following formula.

% moisture = W1 − (W2 × 100)/W1

where, W1 = initial weight of sample; W2 = weight of the dried sample

Total solids % = 100 − moisture content.

The total nitrogen content (TN) was determined by using the micro-Kjeldahl method,
and the protein content was calculated by multiplying the percentage of TN by 6.38 for
milk components and 6.25 for sidr fruit pulp. The Gerber method was used to determine
the percentage of fat in camel milk and fermented camel milk treatments, while the Soxhlet
method was used to determine the percentage of fat in sidr pulp. To determine ash content,
about 5 g of the sample was heated in a muffle furnace at 550 ◦C overnight. The difference
between the product of subtracting the weight of ash from the weight of the insoluble
material was expressed as the proportion of crude fiber from the original weight content.
Carbohydrate content was calculated according to [43] by the following formula:

Total carbohydrates% = 100 − (%fat + %protein + %ash + %fiber + %moisture)

The titratable acidity was determined by mixing 10 g of fermented camel milk with
10 mL of distilled water and titrating it with 0.1 N NaOH using phenolphthalein as an indi-
cator to an end-point of faint pink color, and expressed as a percentage of lactic acid. Their
pH values were monitored using a pH meter equipped with a glass electrode (HANNA
Instrument, Portugal). The viscosity of the fermented camel milk was determined according
to Aryana [44] using Rotational Viscometer Type Lab, Line Model 5437. Measurements were
determined at a temperature of 30 ◦C after 15 s; the results were expressed as centipoise
(cP). To determine phytochemical properties of fermented camel milk samples, samples
were centrifuged at 20,000× g for 60 min at 4 ◦C. The supernatants were then filtered
using a 0.45 µm syringes filter and kept at −20 ◦C until further testing. The total phenolic
content (TPC), expressed as mg gallic acid equivalents/100 g, was assessed according to
Maksimović et al. [45], with minor modifications. Briefly, 100 µL of different concentrations
of the test sample was mixed with 1 mL of diluted FC reagent (1:10). After 10 min, 1 mL of
7.5% (w/v) sodium carbonate solution was added to the mixture and incubated in the dark
for 90 min. Absorbance was recorded at 725 nm. TPC was calculated from the calibration
curve of gallic acid:

Y = 0.2808X + 0.0301; R2 = 0.9983

In addition, the antioxidant (AO) activity (%) of the prepared yogurts was assessed
according to Apostolidis et al. [46], and absorbance was noted at 517 nm using a spectropho-
tometer (Thermo Scientific, Wilmington, NC, USA). Scavenging activity was calculated
using the following formula:

DPPH radical scavenging % = 1 − (Absorbance of sample − Absorbance of blank)/Absorbance of control × 100 (1)

Total flavonoid content was determined by using the aluminum chloride calorimetric
method, as described by [47]. The yogurt sample’s sensory evaluation was studied in
terms of flavor (50), texture (30), and appearance (20), following the method of Tamime and
Robinson [41]. Sensory evaluation was carried out by a team of 20 professional and trained
panelists. The samples were packed in plastic cups and coded with a three-digit code.
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Each cup contained 100 mL of yoghurt samples freshly removed from the refrigerator. The
sensory evaluation of the different descriptors relied on the pre-selected descriptors: flavor
(sweetness, acidity, and bitterness), texture (absence of curd homogeneity, lumps, and
bubbles), appearance (wheying-off, white color, and reddish color) and overall acceptability
(the sum of all the character results). The coded samples were presented in a tray to the
panelists. After each sample testing, the panelists were offered plain water to cleanse
their palate before moving on to the next sample. The data were collected in specially
designed ballots.

2.5. Experimental Design of the Biological Study

Thirty-two male adult albino rats weighing 150–185 g were provided by the Agri-
cultural Research Center (Giza, Egypt). All animals were kept under controlled light
conditions (12 h light and 12 h darkness) with an ambient temperature of 22 ± 2 ◦C, relative
humidity of 40–60%, and free access to water and food in the animals’ room. All animals
were allowed free access to a standard diet according to AIN-93 guidelines [48]. After
acclimation to a basal diet for 7 days, albino rats were classified into two main groups. The
first group (n = 8) was given only the standard diet and served as the normal control group,
and the second group (hyperglycemic rats, n = 24) was subjected to an intraperitoneal
injection of streptozotocin (STZ) at a dose of 60 mg/kg body weight (BW). After 24–48 h,
rats with a fasting blood glucose of >200 mg/dL were considered diabetic rats. This main
group of diabetic rats was divided into three subgroups (n = 8 each). The first subgroup did
not receive treatment and served as the hyperglycemic positive control. The second and
third subgroups were given fermented camel milk (10 g/day) and fermented camel milk
(10 g/day) supplemented with 15% SFP, respectively. The BW of rats was measured at the
beginning of the experiment and at 7-day intervals. At the end of the experiment and after
overnight fasting (10 h), rats were sacrificed. Blood samples were collected and centrifuged
at 3000 rpm to obtain sera, which were stored at −20 ◦C for further biochemical analysis.

2.6. Biochemical Analysis

Blood glucose level was determined as described elsewhere [49]. Insulin was deter-
mined in blood samples according to Thomas et al. [50]. Malondialdehyde (MDA) was
determined in serum according to Satoh [51]. Furthermore, alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) enzymes were measured according to Bergmeyer
and Harder [52]. Serum creatinine level was measured according to Baranowski and
Westenfelder [53]. Serum urea was determined according to Marsch et al. [54]. Total choles-
terol was also measured according to the enzymatic colorimetric method [55]. Total lipids
and triglycerides (TG) were determined according to Devi and Sharma [56]. Low-density
lipoprotein-cholesterol (LDL-C) was also calculated using the Friedewald formula [57]
as follows:

LDL-C = Total cholesterol − [High-density lipoprotein-cholesterol (HDL-C)] − (TG/5). (2)

2.7. Histological Evaluation of the Pancreas

Pancreatic specimens from rats were fixed in 10% neutral buffered formalin solution
for 24 h to ensure perfect fixation, after which they were dehydrated in a graded alcohol
series, cleared in xylene, and finally embedded in paraffin. Tissue was cut into 3-µm-thick
sections and stained with hematoxylin and eosin [58]. Tissue sections were examined for
histopathological changes using an Olympus BX51 microscope and photographed with an
Olympus DP72 camera adapted to the microscope, as described elsewhere [59].

2.8. Statistical Analysis

Data were expressed as the mean ± standard error of the mean via analysis of variance
using SPSS version 20 (2012) [60]. Significant treatment, followed by Duncan’s new multiple
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range tests, was used to evaluate the statistical significance of the results. Differences were
considered significant at p ≤ 0.05.

3. Results and Discussion
3.1. Chemical Composition and Phytochemical Properties of Camel Milk and SFP

Table 1 shows the chemical composition and phytochemical properties of camel milk
and SFP. The TS, protein, fat, ash, and carbohydrate contents of camel milk were 12.36,
3.20, 4.16, 0.88, and 4.14 g/100 g, respectively. These results agreed with those obtained by
Zang et al. [61], who found that the protein, lactose, fat, ash, and TS contents of camel milk
were 3.55, 4.24, 5.65, 0.87, and 14.31 g/100 g, respectively. In addition, Karaman et al. [62]
found that the TS, protein, fat, and ash contents of camel milk were 11.83, 3.10, 3.28, and
0.83 g/100 g, respectively. Various factors, such as genetic factors, the lactation stage, the
animal’s health status, and environmental factors, could influence this wide variation in
milk composition [63]. As for the chemical composition of SFP, the TS, protein, fat, ash, fiber,
and carbohydrate contents were 74.2, 2.35, 0.40, 2.11, 3.2, and 39.08 g/100 g, respectively.
Several previous studies [12,64] reported that the TS, protein, fat, ash, and fiber contents of
SFP ranged from 73.00 to 94.0, 4.1 to 5.40, 0.66 to 0.94, 3.79 to 7.92, and 4.1 to 6.90 g/100 g,
respectively. These results were lower than those in previous studies by approximately half
because the fruit pulp was mixed with distilled water at a ratio of 1:1 (w/v) to produce
high-viscosity pulp to improve the properties of the resulting fermented milk. In this study,
TPC, TF, and DPPH% of camel milk were 0.85, 0.08 mg/g FW, and 6.34%, respectively.
These results were in line with those obtained by El-Fattah et al. [65], who found that the
DPPH% inhibition of camel milk was 18.57% whereas the TPC, TF, and DPPH% of SFP
were 10.40, 1.24 mg/g FW, and 62.02%, respectively. This high phenolic and flavonoid
component content of SFP agreed with that of many researchers [13,14,16], who explained
that sidr fruit has a high content of bioactive components, such as phenolics and flavonoids.

Table 1. Chemical composition and phytochemical properties of camel milk and sidr fruit pulp (SFP).

Components (%) Camel Milk Sidr Fruit Pulp (SFP)

Total Solids 12.36 ± 0.28 74.4 ± 2.14

Protein 3.20 ± 0.05 2.35 ± 0.22

Fat 4.16 ± 0.06 0.40 ± 0.06

Ash 0.88 ± 0.03 2.11 ± 0.12

Fiber 0.00 3.2 ± 0.12

Carbohydrate 4.16 ± 0.14 39.08 ± 1.6

Phytochemical properties

TPC (mg/g FW) 0.85 ± 0.02 10.40 ± 2.36

TF (mg/g FW) 0.08 ± 0.002 1.24 ± 1.70

DPPH % 17.34 ± 0.92 62.02 ± 2.16

3.2. Chemical Composition and Physicochemical and Phytochemical Properties of Fermented Camel
Milk Supplemented with SFP

Table 2 shows the effects of fortifying camel milk with SFP on the chemical composi-
tion and the physicochemical and phytochemical properties of fermented camel milk. In
Table 2, supplementation of camel milk with SFP significantly (p ≤ 0.05) increased the TS,
ash, fiber, and carbohydrate contents from 12.44, 0.94, 0.00, and 4.10 in the control sam-
ples to 23.40, 1.33, 0.48, and 8.76 in the samples fortified with 15% SFP (T3). The possible
explanation is the high TS, ash, fiber, and carbohydrate contents of fermented camel milk
samples supplemented with SFP compared to those of unfermented camel milk [66]. By
contrast, the addition of SFP at different proportions did not affect the protein and fat
contents of fermented camel milk because of the low protein and fat contents of SFP. These
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results agreed with Soliman and Shehata [67] and Aljutaily et al. [68], who found that
fermented camel milk fortified with kiwi and avocado fruits or Sukkari date increased the
TS, ash, dietary fiber, and carbohydrate contents compared to plain fermented camel milk.

Table 2. Chemical composition, physicochemical, phytochemical, and sensory properties of fer-
mented camel milk supplemented with sidr fruit pulp.

Item
Treatments

C T1 T2 T3

Chemical Composition%

Total Solids 12.44 ± 0.52 d 16.08 ± 0.62 c 19.80 ± 0.84 b 23.40 ± 0.96 a

Protein 3.26 ± 0.14 a 3.35 ± 0. 08 a 3.46 ± 0.14 a 3.55 ± 0.12 a

Fat 4.18 ± 0.09 a 4.20 ± 0.12 a 4.23 ± 0.12 a 4.25 ± 0.10 a

Ash 0.94 ± 0.05 d 1.03 ± 0.03 c 1.22 ± 0.04 b 1.33 ± 0.03 a

Fiber 0.0 ± 0.01 d 0.15 ± 0.01 c 0.32 ± 0.01 b 0.48 ± 0.02 a

Carbohydrate 4.10 ± 0.52 d 5.63 ± 0.64 c 7.21 ± 0.48 b 8.76 ± 0.56 a

Physicochemical properties

Acidity% 0.85 ± 0.03 a 0.80 ± 0.02 b 0.74 ± 0.02 c 0.70 ± 0.03 d

pH values 4.72 ±0.02 d 4.76 ± 0.02 c 4.80 ±0.03 b 4.84 ±0.01 a

Viscosity (cP) 1870 ± 68 d 2090 ± 85 c 2240 ± 92 b 2470 ± 96 a

Phytochemical properties

TPC (mg/g) 0.92. ±0.05 d 2.58 ± 0.36 c 4.22 ± 0.64 b 5.86 ± 0.52 a

DPPH % 19.24 ± 0.66 d 22.86 ± 1.14 c 26.02 ± 1.42 b 29.54 ± 1.74 a

Sensory properties

Flavor (50) 37.4 ± 1.72 d 39.8 ± 1.84 c 41.7 ± 1.18 b 43.5 ± 1.36 a

Consistency (30) 22.6 ± 1.08 d 25.4 ± 1.12 c 27.3 ± 1.05 b 28.8 ± 1.12 a

Appearance (20) 13.2 ± 0.60 d 14.5 ± 0.66 c 15.7 ± 0.72 b 16.4 ± 0.80 a

Total Scores (100) 73.2 ± 1.70 d 79.7 ± 2.34 c 84.7 ± 2.24 b 87.7 ± 2.48 a

Values (means ±SD) with different superscript letters are statistically significantly different (p ≤ 0.05). C: fermented
camel milk as a control (C). T1: fermented camel milk supplemented with 5% SFP. T2: fermented camel milk
made from camel supplemented with 10% SFP. T3: fermented camel milk made from camel milk supplemented
with 15% SFP.

Concerning TA, Table 2 indicates that the acidity of fermented camel milk fortified
with SFP significantly decreased (p ≤ 0.05) by increasing the fortification ratio. This could
be attributed to the SFP content of the antimicrobial substance, which might reduce the
viability of the starter culture [69,70]. The TA of plain fermented camel milk had a higher
value than that of fortified treatments. By contrast, the pH values increased in the treatments
fortified with SFP, as a function of the fortification percentage, compared to plain fermented
camel milk. Similar results were obtained in a previous work [71], which found that yogurt
supplementation with dried sidr fruit increased the pH and decreased the TA values of
yogurt. Another previous work [29] reported that the fortification of camel milk yogurt
with monk fruit sweetener increased the pH and decreased the TA values of camel milk
yogurt. The viscosity values of the treatments fortified with SFP significantly increased
(p ≤ 0.05), and this increase was proportional to the fortification ratios as a result of the
high-viscosity conditions resulting from mixing SFP with water [72], which consequently
increased the viscosity values of the fortified fermented camel milk treatments. Similarly,
other previous studies [29,71] observed that the addition of dried sidr fruit or monk fruit
sweetener to cow or camel milk yogurt significantly increased (p ≤ 0.05) the viscosity of
the final product.
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In Table 2, the TFC and DPPH% of fermented camel milk supplemented with SFP
significantly increased (p ≤ 0.05) when increasing the supplementation ratio compared to
plain fermented camel milk. The possible explanation could be the high TPC of SFP [73]
compared to that of camel milk [67]. These results agreed with a previous work [71], which
found that adding dried sidr fruit to yogurt milk increased the TFC and DPPH% of yogurt.
In addition, another previous study [67] found that the addition of kiwi and avocado to
camel milk increased the TFC and DPPH% of fermented camel milk.

In Table 2, regarding the sensory characteristics, the supplementation of camel milk
with SFP significantly increased (p ≤ 0.05) the sensory attributes of the resultant fermented
camel milk, particularly consistency and flavor, compared to plain fermented camel milk.
Furthermore, this improvement was proportional to the supplementation ratio, and plain
fermented camel milk had lower sensory property scores. This could result from the weak
body and texture and inferior flavor of the curd produced from camel milk. In addition,
plain fermented camel milk produced a watery and fragile consistency, resulting in a poor
structure, most likely due to the small size of the camel fat globules, relative distribution
of casein fractions, large casein micelles, and the absence of β-LG in camel milk [35,68].
These results were consistent with several previous reports [67,68], which revealed that
the fortification of camel milk with kiwi and avocado fruits or Sukkari date increased the
sensory attributes of fermented camel milk.

3.3. Effects of Fermented Camel Milk Supplemented with SFP on the Final Weight and BW Gain
(BWG) of Diabetic Rats

Table 3 shows the effects of fermented camel milk supplemented with SFP on the final
weight and BWG of diabetic rats. The results showed that the initial weights of nontreated
nondiabetic rats (negative control), diabetic rats (positive control), diabetic rats given
fermented camel milk, and diabetic rats given fermented camel milk supplemented with
15% SFP were 158.5 ± 3.8, 159.3 ± 2.9, 158.8 ± 4.3, and 159.6 ± 4.6 g, respectively. The FW
and BWG of rats were significantly (p < 0.05) affected by the treatments. The use of 10 g/day
fermented camel milk supplemented with 15% SFP in diabetic rats induced the best values
of FW (214.4 ± 4.4 g) and BWG (25.55%), followed by rats given 10 g/day fermented
camel milk with 209.5 ± 4.8 g and 24.20%, respectively. By contrast, the positive control
group had lower FW (204.6 ± 3.5 g) and BWG (by 22.14%) compared to animals given
fermented camel milk supplemented with 15% SFP. This improvement in the final weight
and BWG of diabetic rats given fermented camel milk supplemented with 15% SFP might
be attributed to the high SFP content from bioactive compounds, such as phenolic acids,
flavonoids, vitamins, and minerals, which may prevent or avoid the body’s cell damage
by free radicals [73]. In addition, the high vitamin C and mineral contents of camel milk
might act as an antioxidant, which targets the removal of free radicals [74], increasing BWG
in diabetic rats compared to the positive control group. Accordingly, Guizani et al. [75]
found that Z. spina-christi extract enhanced the nutritional status and increased the BWG
of diabetic rats. Another study [76] found that camel milk curd enhanced the nutritional
status and increased the BWG of diabetic rats. Collectively, diabetic rats given fermented
camel milk and supplemented with 15% SFP induced the best results in terms of FW and
BWG compared to other diabetic rats.
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Table 3. Final weight and body weight gain of diabetic rats treated with fermented camel milk
containing SFP.

Group

Parameters

Initial Weight
(g)

Final Weight
(g) B W G %

Group (1) 158.5 ± 3.8 a 220.5 ± 4.8 a 28.11 ± 1.5 a

Group (2) 159.3 ± 2.9 a 204.6 ± 3.5 d 22.14 ± 1.4 d

Group (3) 158.5 ± 4.3 a 209.5 ± 4.8 c 24.20 ± 1.6 c

Group (4): 159.6 ± 4.6 a 214.4 ± 4.4 b 25.55 ± 1.2 b

Mean values of six rat’s ± SD. a, b, c, etc., of the small letters in the same column are significantly different at
(p ≤ 0.05). Group (1) non-treated non-diabetic rats (negative control). Group (2) diabetic rats (positive control).
Group (3) diabetic rats treated with fermented camel milk. Group (4) diabetic rats treated with fermented camel
milk supplemented with 15% SFP.

3.4. Effects of Fermented Camel Milk Supplemented with SFP on Blood Glucose and Insulin Levels
in Diabetic Rats

It is noteworthy to mention that many people have a common belief that high-calorie
foods increase blood sugar levels, but in general, foods that increase blood sugar are
those that contain a high percentage of carbohydrates that quickly turn into energy [77].
Revising the availble literature, previous studies have shown that some types of fruits
can lower blood sugar, such as sidr fruit [16,78]. Moreover, other previous studies have
also demonstrated the potential benefits and role of camel milk in the reduction of blood
sugar levels in patients with type 2 diabetes [74,79,80]. Table 4 shows that diabetic rats
(positive control) had higher (p ≤ 0.05) blood glucose levels and lower insulin levels of
236.2 ± 7.55 mg/dL and 10.26 ± 0.64d µu/mL compared to nondiabetic rats (negative
control) and other diabetic rats. The administration of fermented camel milk and fer-
mented camel milk supplemented with SFP in diabetic groups led to a significant decrease
(p ≤ 0.05) in serum glucose levels and increased insulin levels compared to the positive
control group. The mechanisms underlying the obvious effects of sidr fruit on lowering
blood glucose might be attributed to its ability to reduce glycosylated hemoglobin [16] and
inhibit α-glucosidase and α-amylase [81], in addition to the fact that fruits are rich in sev-
eral secondary metabolites, including flavonoids and polyphenols, which have significant
antihyperglycemic activity [82]. In addition, camel milk does not form coagulum in the
stomach or acidic medium because camel milk contains a high insulin (52 units/L) concen-
tration and the amino acid sequences of some camel milk proteins are rich in half-cystine,
which has a superficial similarity to the insulin family of peptides and thereby prevents
insulin degradation in the stomach [28,83]. In line with this study, Ashraf et al. [74] and
Bencheikh et al. [16] found that diabetic rats given fermented camel milk or sidr fruits
showed a significant decrease in blood sugar levels compared to untreated diabetic rats.
Diabetic rats given fermented camel milk supplemented with 15% SFP achieved the best
results in terms of blood sugar and insulin levels compared to the other diabetic rats.

Table 4. Effect of fermented camel milk supplemented with SFP on blood glucose and insulin of rate groups.

Group
Parameters

Blood Glucose mg/dL Insulin mg/dL

Group (1) 98.7 ± 4.28 d 22.06 ± 1.02 a

Group (2) 236.2 ± 7.55 a 10.26 ± 0.64 d

Group (3) 134.6 ± 5.36 b 14.50 ± 0.96 c

Group (4): 110.9 ± 4.82 c 17.86 ± 1.04 b

Mean values of six rat’s ± SD. a, b, c, etc., of the small letters in the same column are significantly different at
(p ≤ 0.05).
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3.5. Effects of Fermented Camel Milk Supplemented with SFP on the Serum Lipid Profile in
Diabetic Rats

In Table 5, diabetic rats given fermented camel milk supplemented with SFP had a
lower total cholesterol level (72.2 ± 2.6 mg/dL) compared to the positive control
(94.6 ± 3.2 mg/dL). In addition, the positive control group had higher triacylglyceride and
LDL contents (103.5 ± 3.6 and 43.30 ± 1.2 mg/dL, respectively) compared to diabetic rats
given fermented camel milk and fermented camel milk supplemented with SFP, with a
significant decrease in triacylglyceride and LDL contents (90.8 ± 3.2 and 84.4 ± 3.3, and
29.14 ± 1.04 and 20.52 ± 0.86 mg/dL, respectively). The positive control group had a lower
HDL-C content (30.6 ± 1.5 mg/dL) compared to the normal and diabetic groups. In this re-
spect, rats given fermented camel milk supplemented with SFP had a significant (p ≤ 0.05)
increase in HDL levels (37.4 ± 1.3 mg/dL). There was a significant increase (p ≤ 0.05) in
serum triacylglyceride, cholesterol, and LDL-C levels and a decrease in HDL-C levels in the
positive control group compared to the normal group and diabetic groups given fermented
camel milk and fermented camel milk supplemented with SFP. The antihyperlipidemic
effects observed in SFP might be attributed to the richness of SFP in many components,
such as minerals, vitamins, polyphenols, and flavonoids, and a large amount of catechin,
which can form complexes with lipids and their degrading enzymes, causing fat emulsifi-
cation, hydrolysis, and micelle dissolution, followed by absorption [84]. In addition, the
antihyperlipidemic action might be driven by stopping the chain reaction of lipid oxidation
by capturing free radicals and thus maintaining the activity of HDL-binding paroxonase
by chelating oxidized metal ions, preventing LDL oxidation [85]. Furthermore, the high
insulin concentration of camel milk can cause the activation of the lipoprotein lipase en-
zyme [28,86]. Moreover, the high mineral content of camel milk (sodium, potassium, zinc,
copper, and magnesium) and vitamin C intake might act as an antioxidant, thereby target-
ing the removal of free radicals [74]. Similar results were obtained by Bencheikh et al. [16]
and Dikhanbayeva et al. [76], who found that sidr fruits or fermented camel milk had a
hypocholesterolemic effect.

Table 5. Effect of fermented camel milk supplemented with SFP on the serum lipid profile in
diabetic rats.

Groups
Parameters

Total Cholesterol
(TC) (mg/dL)

Triglycerides
(TG) (mg/dL) HDL (mg/dL) LDL (mg/dL)

Group (1) 72.2 ± 2.6 d 82.7 ± 2.5 c 41.4 ± 1.6 a 14.26 ± 0.92 d

Group (2) 94.6 ± 3.2 a 103.5 ± 3.6 a 30.6 ± 1.5 d 43.30 ± 1.2 a

Group (3) 80.8 ± 2.5 b 90.8 ± 3.2 b 33.5 ± 1.2 c 29.14 ± 1.04 b

Group (4) 74.7 ± 2.3 c 84.4 ± 3.3 c 37.4 ± 1.3 b 20.52 ± 0.86 c

Mean values of six rat’s ± SD. a, b, c, etc., of the small letters in the same column are significantly different at
(p ≤ 0.05).

3.6. Effects of Fermented Camel Milk Supplemented with SFP on Liver Function Parameters in
Diabetic Rats

The effects of fermented camel milk supplemented with SFP on the liver function
parameters in diabetic rats are shown in Table 6. STZ injection in rats provoked a significant
increase (p ≤ 0.05) in plasma AST and ALT levels and a significant decrease in total
protein and albumin compared to the control group. However, the administration of
fermented camel milk supplemented with SFP showed a significant reduction in plasma
AST and ALT levels as liver markers and a significant increase in plasma total protein and
albumin levels compared to the positive control group. The hepatoprotective effects of SFP
can be attributed to the high phenolic acid and flavonoid contents of SFP, which possess
antioxidant properties by trapping free radicals [15]. In addition, the high vitamin C content
of camel milk might act as an antioxidant and might therefore decrease aminotransferase
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enzymes [83]. These results agreed with Bencheikh et al. [87] and Dikhanbayeva et al. [76],
who found that Sider fruit extract or fermented camel milk had hepatoprotective effects.
Collectively, diabetic rats given fermented camel milk supplemented with 15% SFP showed
improved liver function test results compared to other diabetic rats.

Table 6. Effect of fermented camel milk supplemented with SFP on liver function parameters in
diabetic rats.

Group
Aspartate

Aminotransferase
(AST U/L)

Alanine Amino-
transferase
(ALT U/L)

Total Protein
(g/dL)

Total Albumin
(g/dL)

Group (1) 34.24 ± 1.42 d 41.76 ± 1.84 d 7.14 ± 0.48 a 3.94 ± 0.36 a

Group (2) 80.36 ± 2.26 a 86.45 ± 2.46 a 5.86 ± 0.36 c 2.72 ± 0.78 c

Group (3) 40.18 ± 1.60 b 52.82 ± 2.14 b 6.12 ± 0.52 b 3.28 ± 0.35 b

Group (4) 36.52 ± 1.45 c 45.44 ± 1.92 c 6.78 ± 0.38 ab 3.76 ± 0.32 ab

Mean values of six rat’s ± SD. a, b, c, etc., of the small letters in the same column are significantly different at
(p ≤ 0.05).

3.7. Effects of Fermented Camel Milk Supplemented with SFP on Kidney Function Parameters in
Diabetic Rats

The nephroprotective effects of fermented camel milk supplemented with SFP were
evaluated by measuring the plasma levels of renal function biomarkers, such as creatinine
and urea (Table 7). The positive control group showed a significant increase in plasma crea-
tinine (p ≤ 0.05) and urea concentrations. In addition, the diabetic group given fermented
camel milk (Group 3) experienced a significant decrease in these measured parameters.
However, the diabetic group given fermented camel milk supplemented with SFP (Group 4)
exhibited a highly significant decrease (p ≤ 0.05) in creatinine and urea. Furthermore, a sig-
nificant (p ≤ 0.05) increase in lipid peroxidation in the positive control group was observed,
as indicated by its high MDA levels compared to the diabetic groups. Meanwhile, the
diabetic group given fermented camel milk supplemented with SFP showed a significant
(p ≤ 0.05) reduction in MDA levels. The formation and increase of MDA levels can lead
to oxidative mechanisms, high cytotoxicity, and inhibitory actions, which are inhibited by
natural antioxidants [88]. This conspicuous change might be attributed to the richness of
SFP in bioactive components, such as flavonoids, phenolics, minerals, and vitamins [73],
which act as superoxide scavengers, resulting in the suppression of reactive oxygen species
and uric acid formation [89]. Moreover, camel milk had nephroprotective effects due to its
antioxidant activity, which was attributed to its high vitamin C and mineral contents [83].
These results were consistent with Bencheikh et al. [87] and El-Zahar et al. [90], who found
that sidr fruit extract or fermented camel milk had nephroprotective effects. Collectively,
diabetic rats given fermented camel milk supplemented with 15% SFP induced the best
results in terms of serum kidney function compared to other diabetic rats.

Table 7. Effect of fermented camel milk supplemented with SFP on kidney function parameters in
diabetic rats.

Group Creatinin
(mg/dL)

Urea
(mg/dL)

Malondialdehyde
(MDA) (µmol/L)

Group (1) 0.52 ± 0.07 d 16.42 ± 0.42 d 46.54 ± 1.3 d

Group (2) 0.88 ± 0.06 a 26.80 ± 0.54 a 69.72 ± 2.5 a

Group (3) 0.72 ± 0.04 b 21.54 ± 0.48 b 56.84 ± 1.4 b

Group (3) 0.58 ± 0.06 c 18.22 ± 0.58 c 50.68 ± 1.8 c

Mean values of six rat’s ± SD. a, b, c . . . . of the small letters in the same column are significantly different at
(p ≤ 0.05).
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3.8. Histological Evaluation of the Pancreas under the Influence of Fermented Camel Milk
Supplemented with SFP for Diabetic Rats

Histological examination of pancreatic tissue sections from control rats revealed the
typical histological architecture of the pancreatic exocrine parenchyma with the numerous
pancreatic acini of the pyramidal acinar cells, whereas the endocrine islets of Langerhans
appeared as large pale oval areas with a well-defined contour between the exocrine acini.
They consisted of multiple, small, and pale β cells and a few large, acidophilic, and rounded
α cells around small blood capillaries (Figure 1). The sections from the Group 2 diabetic
rats without any treatment showed several pathological findings, including distorted
pancreatic lobules and acini separated by edema and contained dilated ducts. The acinar
cells showed vacuolar degeneration and desquamated cells. The islets of Langerhans were
atrophied and revealed depleted β cells with a reduced number of other cells (Figure 2).
The concomitant administration of fermented camel milk to Group 3 rats ameliorated the
previously mentioned pathological findings recorded in Group 2, in which multiple normal
pancreatic lobules with thin separated interlobular septa were observed. The exocrine
parenchyma had numerous pancreatic acini of the pyramidal acinar cells, whereas the islets
of Langerhans appeared as a well-defined large pale area between the exocrine acini with
an observed improvement in its cellular population (Figure 3). By contrast, microscopic
sections from diabetic rats given fermented camel milk coadministered with SFP showed
greater improvement in the histologic structure in the form of multiple normal pancreatic
lobules exhibiting numerous exocrine pancreatic acini. By contrast, the islets of Langerhans
appeared as well-defined large pale oval areas around small blood capillaries and between
the exocrine acini with normal cellular structure and density (Figure 4). These results made
it clear to the authors’ knowledge that diabetes induced changes in the size and structure of
exocrine and endocrine pancreatic cells. However, concomitant treatment with fermented
camel milk and/or camel milk fortified with SFP may improve the size of the islets of
Langerhans with its cellular density, as in previous studies [91].
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Figure 4. Photomicrograph of pancreatic tissue sections from treated group 4 rats showing islets of
Langerhans (ILs) restored its normal size and with normal cellular structure and density (arrows) in
between intact normal acidophilic pancreatic acini (arrowheads) H&E stain. The bar size is indicated
under picture.

4. Conclusions

Given the above findings, the present study revealed that fermented camel milk has
hypoglycemic properties, and that sidr fruit also has the ability to reduce blood sugar. The
fortififcation of fermented camel milk with sidr fruit pulp resulted in a fermented product
with good physicochemical and sensory properties and a high nutritional value, which has
an improved ability to lower blood sugar levels. Furthermore, this study concluded that
SFP has a high content of bioactive compounds, such as phenolic compounds, flavonoids,
dietary fiber, and polysaccharides. More importantly, the fortification of camel milk with
SFP at a rate of 15% to manufacture fermented camel milk improved the chemical, nu-
tritional, antioxidant, rheological, and sensory properties, and added the nutritive and
healthy benefits of fermented camel milk. The consumption of fermented camel milk sup-
plemented with 15% SFP (10 g/day) in diabetic rats induced by STZ significantly decreased
blood glucose, MDA, cholesterol, TG, LDL-C, AST, ALT, creatinine, and urea levels, and
increased HDL-C, total protein, and albumin compared to diabetic rats. Further research is
recommended to explore the effects of the incorporation of SFP in other dairy products.
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