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Abstract: Type 2 diabetes mellitus (T2DM) is a complex, multifactorial metabolic disorder mainly
characterized by chronic hyperglycemia. It has become a significant, serious disease worldwide,
presenting a huge risk to human life and health. This study aimed to investigate the hypoglycemic
effect of Lactobacillus casei ATCC 7469 fermented soy flour extract and Chlorella vulgaris extract on
Sprague-Dawley rats with T2DM induced by low-dose streptozotocin administration (STZ) compared
to pioglitazone as a reference drug. Treatment with Lactobacillus casei ATCC 7469 fermented soy
flour and Chlorella vulgaris resulted in a significant improvement in body weight, glucose tolerance,
blood glucose level, and insulin resistance (p < 0.05). It also resulted in a significant decrease in
total cholesterol (T.C), triglycerides (T.G), low-density lipoprotein (LDL), and very low-density
lipoprotein (VLDL) (p < 0.05) and a significant increase in high-density lipoprotein (HDL) (p < 0.05).
It also resulted in the improvement of liver oxidative biomarkers. Moreover, it prevented pancreatic
histopathological changes. Lactobacillus casei ATCC 7469 fermented soy flour extract and Chlorella
vulgaris extract had hypoglycemic, hypolipidemic, and antioxidant activity similar to pioglitazone.

Keywords: soy flour; fermentation; Lactobacillus casei; Chlorella vulgaris; hypoglycemic; hypolipidemic;
antioxidant

1. Introduction

T2DM is a complicated multifactorial metabolic disease characterized primarily by
hyperglycemia caused by insulin resistance and insufficient insulin production caused
by pancreatic beta-cell malfunction [1]. Complications of T2DM include cardiovascular
disease, diabetic neuropathy, nephropathy, and retinopathy [2]. There are many drugs for
the treatment of T2DM, such as sulfonylureas, thiazolidinediones, biguanides, glinides,
meglitinide, sodium-glucose cotransporter (SGLT2) inhibitors, and x-glucosidase inhibitors,
and dipeptidyl peptidase IV (DPP-4) inhibitors, which inhibits glucagon secretion such
as vildagliptin [3]. There are many side effects related to antidiabetic drugs, such as
hypoglycemia, weight gain, nausea, skin reactions caused by sulfonylurea treatment, and
heart failure caused by thiazolidinediones treatment [4,5].

Soybean contains many active constituents, such as complex carbohydrates, proteins,
and dietary fiber [6]. Complex carbohydrates and dietary fiber contribute to low glycemic
indices, which are beneficial to patients with T2DM [7]. The main constituents of soybeans
are isoflavones, which are extremely beneficial to human health. Isoflavones are classi-
fied into four classes (malonyl glucoside, acetyl glucoside, glucoside, and aglycone) and
three kinds (daidzein, genistein, and glycitein). Beneficial effects include anti-cancer, anti-
arteriosclerosis, anti-inflammatory, antioxidant, estrogenic characteristics, anti-allergenic
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properties, and lung disease relief [8]. Soy-based products have been shown to be useful
in the treatment of T2DM and hyperlipidemia [9]. The biofunctional characteristics of
soybean are enhanced by microbial fermentation as a result of the rise in free isoflavones
and peptides [10]. According to Kim et al. [11], fermented soybean has hypolipidemic,
hypoglycemic, and anti-inflammatory properties. The surface polysaccharides and short-
chain fatty acid metabolites of probiotics may have the ability to lower blood sugar levels,
stimulate the immune system, lower cholesterol levels, avoid respiratory and intestinal
diseases, and reduce inflammatory responses [12]. Long et al. [13] stated that soybeans
fermented with probiotics have hypoglycemic benefits in T2DM patients. Yu et al. [14]
found that fermented soybean can help with glucose metabolic disorders by inhibiting
digesting enzymes, facilitating glucose transporter 4 translocation, increasing muscular
glucose utilization, reducing hepatic gluconeogenesis, and improving pancreatic dysfunc-
tion. Hu et al. [15] found that Lactobacillus fermentum HFY02 fermented soybean milk can
increase antioxidant factor content and antioxidant enzyme activity.

Chlorella vulgaris is a spherical, unicellular eukaryotic microorganism [16]. Chlorella
vulgaris is high in protein, lipid-soluble vitamins, choline, and minerals [17]. Chlorella
is a promising functional food because of its high level of nutrients, such as vitamins,
polyunsaturated fatty acids, minerals, dietary fiber, and protein [18]. According to Lee
et al. [19], Chlorella vulgaris exerts a hypolipidemic impact in Wistar rats on a high-fat diet.
According to Yuh et al. [20], chlorella increased and sustained the hypoglycemic effects of
administered insulin in streptozocin (STZ)-induced diabetic mice. Chlorella could be acting
either by increasing glucose uptake without stimulating insulin secretion or suppressing
hepatic gluconeogenesis and glycogenolysis [20].

To the best of our knowledge, it is the first study to evaluate the additive hypolipidemic,
hypoglycemic, and antioxidant effects of a combination of Lactobacillus casei ATCC 7469
fermented soy flour extract and Chlorella vulgaris extract on rats with streptozotocin-induced
diabetic rats.

2. Materials and Methods
2.1. Bacterial Strains

Lactobacillus casei ATCC 7469 was obtained from the American Type Culture Collection
(Manassas, VA, USA). It was cultured in MRS broth (Sigma-Aldrich, Cairo, Egypt) at 37 °C
for 24 h. After cultivation, the cells were harvested by centrifugation at 3000 g for 20 min
(RWD High-Speed Benchtop Refrigerated Centrifuge RWD Life Science Inc., St. Petersburg,
FL, USA) and washed with sterile distilled water. The cells were lyophilized (Benchtop
Freeze Dryer, LYO60B-1S (Bioevopeak Inc., Chestnut Ridge, New York, NY, USA) and
stored at —80 °C.

2.2. Preparation of the Soy Flour Fermentation Extracts

Glycerol-preserved Lactobacillus casei ATCC 7469 was cultured in MRS medium at
37 °C for 8 h. Then, 2% (v/v) Lactobacillus casei was inoculated into the fermentation
medium (5 g of defatted soy flour, yeast extract 10, KH,PO4.2H,0 2.0, MgSO4. 7H,0 0.1,
MnSOy. 4HO 0.05, and 50 mL of distilled water) at pH = 7 and incubated at 37 °C for
24 h. Finally, the supernatant was collected by centrifugation (16,099 x g, 30 min, 4 °C).
The extract was freeze-dried (Benchtop Freeze Dry-er, LYO60B-1S (Bioevopeak Inc.). All
chemicals were purchased from Fisher Scientific Egypt.

2.3. Algae Cultivation

Chlorella vulgaris was isolated from water samples collected from the Red Sea,
Hurghada, Egypt. The isolation was carried out through a serial dilution technique fol-
lowed by plating on a modified BG-11 medium. The microalga identification was based
on Algae Base Bellinger and Sigee) [21]. They were cultivated on (BG11) media pH 7 at 25
=+ 2 °C, with continuous illumination (3600 Lux), and shaken by hand twice daily for 15
days [22]. Cells were collected by centrifugation (RWD High-Speed Benchtop Refrigerated
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Centrifuge RWD Life Science Co., Ltd. (11,180x g, 20 min, 4 °C) and freeze-dried with a
(Benchtop Freeze Dryer, LYO60B-1S (Bioevopeak Inc.),

2.4. Preparation of Chlorella vulgaris Extract

Chlorella vulgaris extract was prepared by grinding algal materials, soaking in 20 folds
(w/v) of sterilized deionized water (DW), and vortexing with a magnetic stirrer for 24 h at
45 °C and 1006 x g. The algal residues were discarded by filtration, and the clear extract
obtained was freeze-dried into powder before use.

2.5. Experimental Design for Rats Feeding with Lactobacillus Casei ATCC 7469 Fermented Soy
Flour Extract and Chlorella vulgaris Extract

2.5.1. Animals

Seven-week-old male Sprague-Dawley rats (110 £ 10 g) were obtained from the
Faculty of Veterinary Medicine, University of Sadat City, Sadat City, Egypt. All animal
handling procedures, sample collection, and disposal were according to the regulations of
the Institutional Animal Care and Use Committee (IACUC), Faculty of Veterinary Medicine,
University of Sadat City, Egypt, under ethical approval number VUSC-014-1-23. All
experiments were performed in accordance with relevant guidelines and regulations. Rats
were randomly housed in polypropylene cages at ambient humidity (60 &= 5%), temperature
(22 £ 2 °C), and light period of 12:00 to 12:00 and permitted to acclimatize for 7 days
before the experiment. During the 7-day acclimation period, the animals were fed diet ad
libitum daily.

After 7 days of acclimatization, we randomly selected (n = 10) to form a control group
(NC group) and induced diabetes in the other mice (n = 50) by injecting 40 mg/kg STZ
intraperitoneally in citrate buffer (pH 4.5), while mice in the control group received buffer
alone [23]. The fasting blood glucose (FBG) concentrations of these mice were subsequently
measured, and those with concentrations > 7 mmol/L were defined as having diabetes [24].
Diabetic rats were then randomly divided into five groups (n = 10/group). All the groups
underwent the following treatments for 7 weeks:

D-G1: Diabetic rats fed a regular diet.

D-G2: Diabetic rats fed a regular diet and administered (10 mg/kg B.W.) of Chlorella
vul-garis extract once daily by gavage.

D-G3: Diabetic rats fed a regular diet and administered (1.0 g/kg B.W.) Lactobacillus
casei ATCC 7469 fermented soy flour extract once daily by gavage.

D-G4: Diabetic rats fed a regular diet and administered (10 mg/kg B.W.) of Chlorella
vul-garis extract and (1.0 g/kg B.W. of Lactobacillus casei ATCC 7469 fermented soy flour
extract once daily by gavage.

D-G5: Diabetic rats fed a regular diet and administered (10 mg/kg B.W.) of pioglita-
zone once daily by gavage.

The regular diet consists of wheat flour 22.5%, soybean powder 25%, essential fatty
acids 0.6%, vitamins (A 0.6 mg/kg of diet, D 1000 IU /kg of diet, E 35 mg/kg of diet, niacin
20 mg/kg of diet, riboflavin 0.8 mg/1000 kcal of diet, thiamin 4 mg/kg of diet, B6 50 ng/kg
of diet, and B12 7 mg/kg of diet) and minerals (calcium 5 g/kg of diet, phosphorus 4 g/kg
of diet, fluoride 1 mg/kg of diet, iodine 0.15 mg/kg of diet, chloride 5 mg/kg of diet,
iron 35 mg/kg of diet, copper 5 mg/kg of diet, magnesium 800 mg/kg of diet, potassium
35 mg/kg of diet, manganese 50 mg/kg of diet, and sulfur 3 mg/kg of diet) [25].

2.5.2. Termination of the Experiment

At the end of the 7-week experimental period, rats were fasted overnight, weighed,
and sacrificed by decapitation under anesthesia using xylazine HCl (10 mg/kg/BW) and
ketamine HCl (50 mg/kg/BW).
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2.5.3. Blood Sampling and Biochemical Parameters

Blood was collected using sodium fluoride as an anticoagulant and centrifuged at
1006 x g for 30 min. The sera were quickly removed and kept at —20 °C until used for bio-
chemical investigation. Serum triglyceride (T.G.) concentration was determined according
to the method of Fossati and Prencipe [26]. Serum total cholesterol (T.C.) concentration was
determined according to the method of Deeg and Ziegenohrm [27]. Serum HDL concentra-
tion was measured according to the method of Burstein et al. [28]. Serum LDL concentration
was determined according to Friedewald et al. [29]. Serum very low-density lipoprotein
(VLDL) was determined according to Norbert [30]. T.G., cholesterol, LDL, VLDL, and HDL
assay kits were purchased from (Asan and Youngdong Pharmaceutical Co., Seoul, Korea).
Fasting blood glucose levels were monitored by collecting blood from the tail vein and
analyzing it with an Accu-Check Glucose Analyser ((Roche Group, Indianapolis, IN, USA).
Insulin was determined by ELISA kits (Abcam, Waltham, MA, USA). The liver was blotted,
weighed, and homogenized with phosphate buffer saline to estimate superoxide dismutase
(SOD) and catalase (CAT) enzymes. The activity of hepatic superoxide dismutase (SOD)
was measured according to the method of Marklund and Marklund [31]. Liver catalase
(CAT) was determined according to the technique of (Cohen et al. [32]. SOD and CAT assay
kits were purchased from (Thermo Fisher Scientific, Waltham, MA, USA).

2.5.4. Oral Glucose Tolerance Test (OGTT)

At the end of the 7th week of the study, and after an overnight fast, 2 g/kg glucose
was administered orally to all the mice, and blood samples were collected from each at 0,
30, 60, and 120 min afterward for the measurement of blood glucose using a glucose meter.

2.5.5. Histopathological Examination

For adequate fixation, pancreatic tissues were cut and kept in 10% formalin. These
tissues were prepared, and embedding in paraffin wax was performed. Sections having a
thickness of 5-6 microns were cut and stained with hematoxylin and eosin. All tissue slices
were evaluated under the microscope using the Bancroft technique [33].

2.6. Statistical Analyses

The data were analyzed using one-way analysis of variance (ANOVA) Version IA (C).
PC-STAT, programme coded by the University of Georgia, Athens, GA, USA. p < 0.05 was
considered significant [34].

3. Results and Discussion
3.1. Effect on Lipid Profile

Diabetic rats (D-G1) had significantly greater T.C., T.G., LDL, and VLDL and lower
HDL than other groups (p < 0.05). Treatments of diabetic rats with Chlorella vulgaris extract
(D-G2) and Lactobacillus casei ATCC 7469 fermented soy flour extract (D-G3) significantly
decreased levels of T.C., T.G., LDL, and VLDL in diabetic rats (D-G1), while they were still
significantly higher than those of control (NC) or diabetic rats treated with pioglitazone
(D-G5) (p < 0.05), while diabetic rats treated with a combination of Chlorella vulgaris extract
and Lactobacillus casei ATCC 7469 fermented soy flour extract (D-G4) had significantly lower
levels of T.C., T.G., LDL, and VLDL, even more so than those of diabetic rats treated with
pioglitazone (D-G5) (p < 0.05) (Table 1).

Diabetes increases adipose tissue lipolysis in the absence of insulin, as well as free fatty
acid mobilization from peripheral depots because insulin inhibits the hormone-sensitive
lipase [35]. It has been proposed that the severe hyperlipidemia observed in STZ-diabetic
rats fed a high-fat diet is owing to an increase in fat absorption through the gut, which
in turn is due to an aberrant increase in small intestine acyl-coenzyme A: cholesterol
acyl-transferase (ACAT) activity [36].

According to Cherng and Shih [37], the effects of Chlorella pyrenoidosa on blood
lipids may be attributed to a reduction in fat absorption in the digestive tract. According to
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Lee et al. [19], the hypolipidemic impact of chlorella may be associated with the dietary
fiber content of chlorella powder. Dietary fiber may have a hypolipidemic effect due to
direct interference and modification of fat and glucose absorption in the intestine. Zhao
et al. [38] discovered that Chlorella powder can drastically lower cholesterol in rats fed a
high-fat diet by boosting fecal bile acid levels. Chlorella may improve lipid metabolism
by modulating the expression of the SREBP-1c, ACC, and HMGCR genes, all of which are
involved in the regulation of liver fat formation [39].

Table 1. Effect of Lactobacillus casei ATCC 7469 fermented soy flour extract, Chlorella vulgaris extract,
and their combination on lipid profiles of Sprague-Dawley rats at 7 weeks.

Variable with

) NC D-G1 D-G2 D-G3 D-G4 D-G5
Units
TC (mg/dL) 91.1 +1.022 213 +2.1f 171+ 1.16 ¢ 143.64 +£2.1¢ 95+1.21°¢ 1154+ 0.5°
TG (mg/dL) 715+£21° 19233 + 1.7f 145 +1.34°¢ 117.14 + 1.324 82+1.19° 87 +£1.23°¢
LDL (mg/dL) 3734092 82.06 + 1.17f 639+ 184 684 +2.16° 47 £13° 514+ 1.15°¢
VLDL 159 +0.2° 314+056°¢ 23.18 £ 0.58 28.46 +1.33 4 18.440.24° 19.8 +0.38°
(mg/dL)
HDL 2824 0.182 1319 £09°f 21.6 +0.16 4 19.3 4+ 0.18°¢ 26.52+0.15¢ 24 +£0.19°
(mg/dL)

NC: healthy rats fed a regular diet (NC); D-G1: Diabetic rats fed a regular diet; D-G2: Diabetic rats fed a regular
diet with Chlorella vulgaris extract; D-G3: Diabetic rats fed a regular diet with Lactobacillus casei ATCC 7469
fermented soy flour extract; D-G4: Diabetic rats fed a regular diet with Lactobacillus casei ATCC 7469 fermented
soy flour extract and Chlorella vulgaris extract; D-G5: Diabetic rats fed a regular diet with pioglitazone. The
results are expressed as the mean 4 SD (n = 10). Different superscript letters in the same row indicate significant
differences at p < 0.05 between different groups of mice at p < 0.05.

Lipid metabolism has been found to be significantly impacted by soy protein and
isoflavones [40]. Soy protein or isoflavones have been proven to improve liver and blood
lipid profiles by lowering triglycerides, total, and low-density lipoprotein (LDL) cholesterol
levels and elevating the ratio of high-density lipoprotein (HDL)/LDL cholesterol [41]. The
liver’s lipogenesis can be influenced by soy protein due to the activation of PPARs transcrip-
tion factors involved in lipid metabolism, fatty acid oxidation, and glucose homeostasis by
soy protein [42].

According to Zhang et al. [12], soymilk fermentation with B. bifidum, L. casei, and
L. plantarum had a substantial impact on liver damage, weight loss, fat index, and hyperlipi-
demia. Through raising fecal bile acid excretion, Lactobacillus had a cholesterol-lowering
impact [43]. The small intestine’s deconjugation of bile and binding to bile acid has been
proposed as a possible explanation for lactic acid bacteria’s fecal bile acid excretion [44].
Higher excretion of bile acids may be the result of their deconjugation in the small in-
testine [45]. By expressing 7-alpha-hydroxylase (CYP7A1), a crucial enzyme in bile acid
metabolism, Lactobacillus boosted hepatic bile acid production and fecal bile acid excre-
tion [46]. Moreover, Lactobacillus decreased triglycerides by upregulating the expression
of PPAR, EX., and ApoAV and by raising apoA-V levels [47].

3.2. Hypoglycemic Effect

Diabetic rats (D-G1) had significantly lower body weight than other groups (p < 0.05).
Treatments of diabetic rats with Chlorella vulgaris extract (D-G2) and Lactobacillus casei ATCC
7469 fermented soy flour extract (D-G3) significantly increased the body weight of diabetic
rats (D-G1), while it was still significantly lower than that of control (CG) or diabetic
rats treated with pioglitazone (D-G5) (p < 0.05). Diabetic rats (D-G1) had significantly
higher blood glucose levels than other groups (p < 0.05). Treatments of diabetic rats with
Chlorella vulgaris extract (D-G2) and Lactobacillus casei ATCC 7469 fermented soy flour
extract (D-G3) significantly decreased the blood glucose of diabetic rats (D-G1), while
it was still significantly higher than that of control (CG) or diabetic rats treated with
pioglitazone (D-G5) (p < 0.05). Glucose tolerance was seriously impaired in group D-G1.
The glucose area under the curve (AUC) in group D-G1 rats was significantly larger than
that of group NC (p < 0.05). The glucose AUC was significantly lower (33, 44, and 50%)
following administration of Chlorella vulgaris extract (D-G2), Lactobacillus casei ATCC 7469
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fermented soy flour extract (D-G3), or their combination (D-G4), respectively, compared to
group D-G1, but still significantly higher than the control group (NC), and diabetic rats
administered pioglitazone (D-G5) (p < 0.05). Diabetic rats (D-G1 group) had higher blood
insulin and HOMA-IR than the control group (CG) (p < 0.05). However, feeding with
Chlorella vulgaris extract D-G2, Lactobacillus casei ATCC 7469 fermented soy flour extract
D-G3, or their combination D-G4 significantly decreased blood insulin, and HOMA-IR
compared to the HF-G1 group (p < 0.05) (Figure 1).
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Figure 1. Effect of Lactobacillus casei ATCC 7469 fermented soy flour extract, Chlorella vulgaris extract,
and their combination on (A) body weight, (B) Fasting blood glucose, (C,D) results of the Oral glucose
tolerance test (OGTT)), (E) insulin levels, and (F) HOMA-IR of Sprague-Dawley rats at 7 weeks. NC:
healthy rats fed a regular diet (NC); D-G1: Diabetic rats fed a regular diet; D-G2: Diabetic rats fed a
regular diet with Chlorella vulgaris extract; D-G3: Diabetic rats fed a regular diet with Lactobacillus
casei ATCC 7469 fermented soy flour extract.; D-G4: Diabetic rats fed a regular diet with Lactobacillus
casei ATCC 7469 fermented soy flour extract and Chlorella vulgaris extract; D-G5: Diabetic rats fed
a regular diet with pioglitazone. The results are expressed as the mean + SD (n = 10). Bars with
different superscripts are significantly different (p < 0.05).
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Injection of small doses of STZ can damage islet 3 cells, which induces T2DM [48].
Hyperglycemia, characterized by fasting blood glucose (FBG) values and the oral glucose
tolerance test (OGTT), is an important indicator of T2DM. HOMA-IR is usually used as a
method for estimating insulin resistance 49This index is linked to insulin and fasting blood
glucose levels. Type 2 diabetes is characterized by insulin resistance and relatively low
insulin production [49].

Chlorella’s hypoglycemic effects may be caused by either decreasing hepatic glycogenol-
ysis and gluconeogenesis or by boosting glucose absorption while inhibiting insulin secre-
tion [50]. Hepatic triglyceride (TG) and non-esterified free fatty acid (NEFA) contents were
significantly lower in the chlorella-fed groups, and these findings appear to be related to
the low HOMA-IR of those groups. Reduced plasma non-esterified free fatty acid (NEFA)
concentrations may enhance insulin’s ability to decrease hepatic glucose synthesis, increase
glucose uptake, and alleviate type 2 diabetes” high insulin concentration [37]. Additionally,
some research has demonstrated that regular administration of chlorella reduced insulin
resistance in animal models of diabetes or obesity [38]. An increase in the expression of
glucose transporter 4 (GLUT4) via the activation of protein kinase B (Akt) phosphorylation
in skeletal muscle is involved as a mechanism behind the chlorella intake-induced reduction
in insulin resistance (IR) [50].

Consumption of soy protein decreased hyperinsulinemia and the irritability of the
pancreatic Langerhans islets, according to Noriega-Lopez et al. [51]. At micromolar concen-
trations, soy isoflavone genistein enhances the production of insulin induced by glucose in
cell lines and pancreatic islets through a cAMP-dependent protein kinase pathway [52]. Soy
isoflavones have inhibitory effects on «-glucosidase and amylase enzymes, which result in
hydrolyzing dietary starch and raising blood glucose levels [53].

Probiotics have been demonstrated to decrease insulin resistance using different
mechanisms. They increase the expression of adhesion proteins in the intestinal epithelium
and decrease intestinal permeability, which results in reduced systemic inflammation
and decreased insulin resistance [54]. They have been shown to increase liver natural
killer T (NKT) cells, which have anti-diabetic actions against insulin resistance. They can
also regulate gene expression and lower NF-kB binding activity, which reduces insulin
resistance and inflammation [55]. Probiotics also inhibit pro-inflammatory cytokines, which
can reduce insulin resistance [56]. Vallianou et al. [57] stated that probiotics induce the
production of incretin hormones such as GLP-1, which, due to the insulinotropic properties
of these hormones, can normalize insulin resistance in diabetic rats.

3.3. Effect on Antioxidant Parameters

Diabetic rats (D-Glgroup) had significantly lower CAT and SOD enzymes than other
groups (p < 0.05). Feeding with Chlorella vulgaris extract D-G2, Lactobacillus casei ATCC 7469
fermented soy flour extract D-G3 or their combination D-G4 significantly increased levels
of CAT, SOD enzymes than the diabetic group (p < 0.05), while they had significantly lower
levels than the control group (CG) (p < 0.05) (Figure 2).

Oxidative stress and the oxidation of LDL-cholesterol and other lipoproteins increase
in STZ-induced diabetes mellitus [58]. Insulin resistance in diabetic rats increases the
release of free fatty acids from stored triglycerides, and increased oxidation of FFAs due
to a lack of insulin stimulation of malonyl CoA production causes increased production
of superoxide by the mitochondprial electron transport chain [59]. It has been shown that
STZ promotes the production of H202 in pancreatic cells both in vitro and in vivo, which
results in superoxide (O2) and hydroxyl radical (OH) damage to DNA, proteins, and
lipids. STZ causes the organism to produce nitrogen monoxide (NO), which causes the
destruction of the 3-cells in the pancreatic islets. Diabetes is caused by STZ therapy because
it lowers intracellular NADP levels and prevents the synthesis of proinsulin. The key factor
contributing to the increased oxidative stress in experimental diabetes is higher blood
glucose levels [60].
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Figure 2. Effect of Chlorella vulgaris extract, Lactobacillus casei ATCC 7469 fermented soy flour extract,
and their combination on catalase enzyme (CAT) and superoxide dismutase enzyme (SOD) of
Sprague-Dawley rats at seven weeks NC: healthy rats fed a regular diet (control); D-G1: Diabetic rats
fed a regular diet; D-G2: Diabetic rats fed a regular diet with Chlorella vulgaris extract; D-G3: Diabetic
rats fed a regular diet with Lactobacillus casei ATCC 7469 fermented soy flour extract; D-G4: Diabetic
rats fed a regular diet with Lactobacillus casei ATCC 7469 fermented soy flour extract and Chlorella
vulgaris extract; D-G5: Diabetic rats fed a regular diet with pioglitazone. The results are expressed as
the means £ SD (n = 10). Bars with different superscripts are significantly different (p < 0.05).

Probiotics were found to cause significant improvements in the blood total antioxidant
activity (TAA) and total antioxidant status (TAS) of diabetic rats [61]. Probiotics can capture
metal ions that catalyze oxidation processes, such as ferrous and cupric ions [62]. Probiotics
can make use of their antioxidant enzymatic systems, such as superoxide dismutase and
catalase [63]. Many metabolites with antioxidant characteristics, including GSH, butyrate,
and folate, can be produced by probiotics [64]. Bahreini-Esfahani et al. [65] stated that by
controlling the Nrf2-Keap1-ARE, mitogen-activated protein kinase, nuclear factor-jB, and
protein kinase C pathways, probiotics can protect against oxidative stress. Probiotics can
also control the ROS-producing enzymes, which reduce the activity of the cytochrome P450,
cyclooxygenase, and NADPH oxidase enzymes.

It has been discovered that soy isoflavones act as protective antioxidants, preventing
the formation of free radicals and reactive oxygen species (ROS) by quenching active singlet
oxygen, trapping and neutralizing radicals before they can damage cells, and decomposing
hydrogen peroxide without producing radicals [66]. Yoon et al. [67] stated that isoflavone
supplementation may result in the upregulation of SOD and catalase activity, counteracting
oxidative stress.

Chlorella vulgaris is a rich source of polyphenolic compounds, which result in en-
hanced antioxidant properties [68]. According to Shimada et al. [69], probiotics enhanced
reduced glutathione concentrations, which resulted in the removal of hydrogen peroxide.
Glutathione, a non-enzyme antioxidant, has a complex metabolic role and is capable of
hydrolyzing hydrogen peroxides.

According to Ismail et al. [70], microalgae are protected against oxidative stress
through a network of gene interactions associated with the upregulation of Sod1. The
Sod1 gene collaborates with several other genes for the detoxification of reactive oxygen
species and cellular prooxidants. Another antioxidant gene that is increased because of
Chlorella vulgaris treatment is glutathione peroxidase (gpx1). The gene, which is also a
protein-coding gene, is a member of the peroxidase family. When the gene is expressed,
organic hydroperoxides are reduced, and hydrogen peroxide is detoxified [71].
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3.4. Histopathological Examination of the Pancreas

The exocrine and endocrine tissues in the pancreas of the normal control group (NC)
had normal histological structures, according to microscopic analysis. The cellular com-
ponents of the islets of Langerhans were arranged normally, and the acinar structure
indicated typical protein-rich eosinophilic contents. The islets had a lighter stain than the
acinar cells in the area. Pyramidal cells with basal nuclei and apical acidophilic cyto-plasm
make up the acinar cells. The acinar cells that make up the exocrine portion of the pancreas
are tightly packed together and organized into tiny lobules. Activated intralobular and
interlobular connective tissue septa divide the pancreatic lobules (Figure 3a). Diabetic
rats on a regular diet (D-G1) developed pancreatic lobule atrophy and acinar epithelial
lining vacuolation. Diabetes causes pathological alterations in both exocrine and endocrine
components in diabetic rats. The acinar cells were enlarged, and almost all of them had tiny
vacuoles. Flattened epithelium bordered the interlobular ducts. Islet cells are nearly extinct.
(Figure 3b). The pancreas of diabetic animals treated by Chlorella vulgaris and Lactobacillus
fermented soy flour extract (D-G4) had normal pancreatic lobule morphology. The islets
of Langerhans cells showed a little enlargement. There is no major cellular damage in the
exocrine acini (Figure 3c). The treatment with Chlorella vulgaris and Lactobacillus fermented
soy flour extract may have a liver protective effect, according to the H&E staining data.

a®

(b)

Figure 3. Cont.
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Figure 3. Histological sections of pancreatic sections stained with hematoxylin and eosin (original
magnification x200). (a) NC: Pancreatic tissue section showing the normal histological structure
of both exocrine and endocrine tissues (H&E x 200); (b) D-G1: Pancreatic tissue section show-
ing acinar cells swelling and vacuolation with small vacuoles and loss of islet-cells (H&E x 200);
(c) D-G4: Pancreatic tissue section showing mild swelling of islets of Langerhans cells (H&E x 200).
NC: healthy rats fed a regular diet (control); D-G1: diabetic rats fed a regular fat diet; D-G4: diabetic
rats fed a regular diet with Lactobacillus casei ATCC 7469 fermented soy flour extract and Chlorella
vulgaris extract.

According to Zeng et al. [72], there was a significant decrease in the number of islets
of Langerhans in the diabetes group compared to the normal group. The diabetic rats had
irregular islet shapes and atrophy, whereas the normal group rats had round or oval cell
clusters interspersed in healthy acinar cells with obvious borders. Degenerative alterations
such as nuclear shrinkage or karyolysis, cell necrosis, and vacuolization were seen. The
rats treated with L. paracasei strain NL41 improved their histological abnormalities, with
an increase in the number of islets, better form, and less cell damage. According to
Long et al. [13], the normal group’s islet cells were present in high numbers, were oriented
properly, and had normal morphology, with regular, distinct cell borders and normal
cytoplasm. Islet cells in the DM group were uneven in structure, shape, and distribution,
with irregularly shaped nuclei. Yet, when compared to the DM group, the diabetic group
treated with Lactobacillus had more islet cells with a somewhat normal shape. Lactobacillus
inhibits the formation of disease in pancreatic cells, which is related to improved kidney
function and metabolic conditions overall.

4. Conclusions

The present study has clearly demonstrated that the deleterious clinical manifestations
accompanying STZ-induced hyperglycemia in rats can be ameliorated by Chlorella vulgaris
extracts and dried soy flour fermentation extracts. It may offer novel insights into the
potent hypolipidemic, hypoglycemic, and antioxidant activities of Chlorella vulgaris extracts
and dried soy flour fermentation extracts. The potential mechanisms of this effect might be
related to decreasing insulin resistance, reducing oxidative stress, and protecting beta-cell
function. These effects might be beneficial to further extend the application of soy flour
as a potential prebiotic or dietary supplement for diabetes treatment. The hypolipidemic,
hypoglycemic, and antioxidant mechanisms of Chlorella vulgaris extracts and lactobacillus
fermented soy flour extracts need further investigation and validation of their efficacy
through human clinical trials. The cytotoxicity of Chlorella vulgaris will be assessed in
future investigations.
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