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Abstract: Antidiabetic properties of fermented foods have been previously demonstrated. This study
aimed to examine the antidiabetic and hypolipidemic potential activities of L. plantarum fermented
oat extract in Streptozotocin-induced diabetic rats. Firstly, inoculating 1% of L. plantarum starter
culture in 10% whole oat flour in aqueous media resulted in 8.36 log CFU mL~! and pH 4.60 after
72 h of fermentation at 37 °C. With time progression of oat fermentation, total phenolic content (TPC),
antioxidant activity (AOA), and y-aminobutyric acid (GABA) contents were significantly increased
up to 72 h. On the contrary, a significant reduction in 3-glucan content was observed only after 72 h
of fermentation. Secondly, separated aqueous extracts, i.e., unfermented oat extract (UFOE) and
L. plantarum fermented oat extract (LFOE) were examined in vivo in a rat model, which consisted
of five groups. Group 1 (negative group, NR); GROUP 2 (positive group, STZ), intraperitoneally
injected with a single dose of 45 mg kg~! BW of Streptozotocin and administered 7 mL of distilled
water orally per day; Group 3 (STZ+MET), diabetic rats orally administered 50 mg of metformin kg_l
BW daily; Group 4 (STZ+UFQOE), diabetic rats orally administered 7 mL of UFOE daily; and Group 5
(STZ+UFOE), diabetic rats orally administered 7 mL of LFOE daily for 6 weeks. Monitoring random
blood glucose (RBG) and fasting blood glucose (FBG) showed that both the UFOE and the LFOE
alleviated hyperglycemia in the STZ-induced diabetic rats. The extracts were significantly efficient in
improving serum lipid profiles as compared with the positive group. Moreover, liver and kidneys’
functions were improved, and both extracts promoted hepatoprotective and nephroprotective charac-
teristics. Furthermore, the administration of the UFOE and the LFOE efficiently attenuated GSH, CAT,
and SOD enzymes and decreased MDA levels as compared with the positive group. In conclusion,
data indicate the potential of UFOE and LFOE in future strategies as functional supplements against
diabetes and diabetes-related complications.

Keywords: Lactobacillus plantarum; fermented oat; hypoglycemia; hypolipidemia; diabetes

1. Introduction

Regardless of the late global pandemic, i.e., the COVID-19, diabetes has caused 6.7 mil-
lion deaths in 2021. Future estimations predict that, in 2045, about 783 million adults will
have diabetes, representing about 12% of the world’s adult population. Due to diabetes,
about 966 billion USD was spent worldwide in 2021 [1]. Diabetes is a life-threatening dis-
ease, and a significant cause of several serious health conditions such as blindness, kidney
failure, and cardiovascular disease [2]. Yet, no satisfactory cure has been found. The only
approach is by maintaining blood glucose levels at normal concentrations as possible [3],
obtained via expensive medications, which represent some difficulties in avoiding their side
effects [4]. Nonetheless, lifestyle changes have been reported as the first-line management
for type 2 diabetes, including a healthy diet, regular physical activity, and maintaining a
normal body weight [5].
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Common oats (Avena sativa) have been documented as the healthiest among other
cereals due to their nutritious value and the therapeutic effects against multiple disorders
such as dyslipidemia, hypertension, inflammatory state, vascular injury, and diabetes [6,7].
The impact of oats on diabetes is attributed to the properties of maintaining the homeostasis
of glucose and insulin levels and the cholesterol-lowering property. Oats’ soluble dietary
fiber, especially the 3-glucan, has been well documented as the primary bioactive fraction
that exerts these effects [6-8]. In addition to (3-glucan, oat contains unique polyphenol
compounds known as avenanthramides, which exercise a strong antioxidant capacity of
10-30 times higher than that in other typical cereals” antioxidants such as ferulic acid and
vanillic acid [9,10].

Furthermore, oat fermentations have shown a significant increase in antioxidant activ-
ity due to changes in the oats’ nutritional profile during fermentation [11,12]. The microbial
activity involved in the fermentation process modifies the ratio of various nutritive and
antinutritive components, affecting the product’s organoleptic properties and enhancing
the bioaccessibility and bioavailability of nutrients [13-15]. The hydrolysis of carbohydrate
fractions into different end-products such as acids is the main activity produced during
fermentation. The y-aminobutyric acid (GABA) is an example of the most substantial acids
synthesized by different kinds of microbes [16]. GABA is a non-protein amino acid known
as a neurotransmitter in mammals’ brains [17]. It has been reported to promote antidi-
abetic activities, mainly by stimulating pancreatic cells” insulin secretion [18]. A varied
range of fermented foods have been shown to have antidiabetic effects both in vitro and
in vivo [19], using a wide range of different microorganisms as starter cultures. However,
the raw food substrate used in the fermentation, the selected microbes, and the fermentation
time significantly affect the final product with its associated health benefits [11,14,15,20].
Zhang et al. [15] reported that fermentation of barley with Lactobacillus had more significant
effects on the prevention of obesity than fermented with Saccharomyces. The Lactobacillus
species such as L. fermentum, L. acidophilus, and L. plantarum are widely used as probiotics
in the food industry [21]. They have been reported to promote positive health activities
such as immunomodulation, anti-pathogenic, and cholesterol-lowering activities [22].

Moreover, a recent in vitro investigation [23] reported that L. plantarum promoted
antidiabetic effects. A similar strain was used in vivo to investigate the antidiabetic ef-
fects [24]. The results showed a reduction in blood glucose levels. The authors indicated
that the use of L. plantarum was a potential therapeutic agent for the management of dia-
betes. Nonetheless, the use of L. plantarum for producing functional oat-based fermented
products has not been sufficiently investigated. Therefore, the current study aimed to ex-
amine the potential antidiabetic effects of oat extract fermented with the L. plantarum strain
using Streptozotocin-induced diabetic rat models, looking toward producing oat-based
fermented products that are acceptable for diabetic individuals.

2. Materials and Methods
2.1. Ingredients, Chemicals, and Strain

Whole oat grains were purchased from the local store of Buraydah, Saudi Arabia
(manufactured by Federal Oats Mills, 13400, Butterworth, Malaysia). The oats’ nutritional
value per 100 g consists of: 370 kcal, 12.1 g protein, 8.4 g fat, 56.1 g carbohydrates, 1.0 g
sugar, 10.8 g dietary fiber, 4.0 mg iron, 110.0 mg magnesium, 3.0 mg zinc, 52.0 pg folic acid,
1.0 mg, 0.4 mg, and 0.4 ug of vitamin A, B1, and B12, respectively.

Lactobacillus plantarum (NRRL B-59151) was generously provided by the USDA Agri-
cultural Research Service (ARS) Culture Collection (Peoria, IL, USA), and MRS broth was
purchased from Condalab (Madrid, Spain). A mixed-linkage 3-glucan kit was purchased
from Megazyme International (Bray, Ireland); y-aminobutyric acid (GABA) analytical
standard was purchased from Sigma-Aldrich (Saint Louis, MO, USA). Streptozotocin,
>97+% purity, was purchased from Alfa Aesar, Thermo Fisher Scientific (Kandel, Germany),
and Metformin in pure form was purchased from Sigma-Aldrich.
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2.2. Preparation of Fermented Oat Extract

The fermentation process was prepared following Zhang et al. [15] with slight modifi-
cations. To obtain sterilized oat flour, the whole oat grains were ground with a high-speed
mill and autoclaved at 121 °C for 15 min. To obtain a primary activation of the starter
culture, the L. plantarum B-59151 strain was cultured in MRS broth for 12 h at 37 °C. The
bacteria were transferred to a fresh MRS medium and cultured under the same conditions
to obtain a second activation; this step was repeated as a third activation to obtain the
starter culture with a bacterial count of (1 x 10° CFU mL~!). Then, the oat mixture was
prepared by mixing oat flour with distilled water aseptically to yield a 10% oat (w/v),
shacked well, and heated in a water bath with regular shaking at 80 °C for 10 min. After
cooling down to room temperature, the starter culture was inoculated to the mixture at
1% (v/v). This mixture was then fermented in screw cap bottles in a microbiological in-
cubator at 37 °C for 24, 48, and 72 h. A control sample (0 h fermentation) was prepared
following the same method without inoculating with the starter culture and left for 1 h
in shaking tables at room temperature. Further, to obtain the L. plantarum fermented oat
extract (LFOE), samples were centrifuged at 12,000 x ¢ for 15 min at 4 °C in a refrigerator
centrifuge. The supernatant was collected and stored at 4-8 °C for 7 days. This extract was
used to administrate rats by the oral gavage, and a fresh-made extract was prepared each
week for the rats’ oral admiration.

2.3. Estimation of Viable L. plantarum B-59151

The viable count of L. plantarum in the prepared fermented oat mixture was estimated
following the standard plate count method according to Vinderola and Reinheimer [25].
Briefly, 10-fold serial dilutions of the fermented mixture were prepared in sterile peptone
water. Aliquots of 1 mL of appropriate dilutions were inoculated in sterile plates, and then,
a duplicate of MRS agar was added using the pour plate method. MRS agar inoculated
plates were incubated at 37 °C for 48-72 h in anaerobic jars (5 L) with GasPak (GasPak
System-Oxoid, Basingstoke, Hampshire, England), according to standard methods [25].
Data were expressed as logarithm colony forming units per mL (log10 CFU mL~1).

2.4. Determination of Total Phenolic Content (TPC)

The TPC values of the prepared extracts were determined using Folin—Ciocalteu
reagent, according to Yawadio Nsimba et al. [26]. Briefly, in Eppendorf tubes, 150 uL of
the sample was mixed with 300 pL of Folin-Ciocalteu reagent for 5 min. Then, 300 pL
of an alkali solution (7.5% sodium carbonate solution, Na,CO3) was added. The mixture
was incubated in the dark for 60 min at 23 °C, then centrifuged at 10,000 x g for 10 min at
4 °C, and 120 pL of supernatant from each Eppendorf was transferred to a new plate; the
absorbance was then measured at 765 nm using a microplate reader (BioTek, Winooski, VT,
USA). Measurements were compared to the standard curve of gallic acid (GA) solution
(R? = 0.99), and TPC content was expressed as milligrams of gallic acid equivalents (GAE)
per 100 g (mg of GAE g~! DW).

2.5. Determination of Total Antioxidant Capacity (TAC) by the DPPH and ABTS Methods

The TAC values of the prepared extracts were measured spectrophotometrically based
on the bleaching of DPPH radicals in purple solution, according to Yawadio Nsimba et al. [26].
Briefly, 600 uL of DPPH solution was added to 120 uL of the sample in Eppendorf tubes.
After incubating in the dark for 60 min at 23 °C, tubes were centrifuged at 10,000 g for
10 min at 4 °C, and 120 pL of supernatant from each Eppendorf was transferred to a new
plate. Then, the absorbance was measured at 517 nm using a microplate reader (BioTek,
Winooski, VT, USA). The DPPH radical scavenging activity percentage was used to plot
the trolox calibration curve. The antiradical activity was expressed as micromoles of trolox
Equivalents (TE) per gram (umol TE g~!). The samples’ radical scavenging activity against
ABTS radicals was tested using the adapted method of Lu et al. [27].
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2.6. Determination of the B-Glucan Content

The total 3-glucan content in the prepared oat mixture was determined using an
enzymatic mixed-linkage assay kit (Megazyme International, Wicklow, Ireland). All mea-
surements were performed twice and in duplicate according to manufacturer protocol,
following method C. Briefly, samples were washed twice with ethanol to remove free
sugars and fats, then incubated with lichenase at 50 °C for 1 h, followed by hydrolyzing
with B-glucosidase at 50 °C for 10 min. Samples were further incubated with glucose
determination reagent (GOPOD reagent) at 50 °C for 20 min. Then, the absorbance of the
generated color was measured at 510 nm, and the results were expressed as (g 100 g~ !) of
dry weight (DW).

2.7. Determination of the GABA Content

The content of the y-aminobutyric acid (GABA) was evaluated spectrophotometrically,
according to Yuwa-amornpitaK et al. [28]. Briefly, 0.5 mL of the LFOE was mixed with
0.5 mL of borate buffer, 0.5 mL of 6% phenol reagent, and 1.5 mL of 6% sodium hypochlorite
(NaClIO). Then, the mixture was boiled at 100 °C for 10 min and immediately cooled down
in a cooling bath. The absorbance was then measured at 630 nm. GABA standard was used
to prepare a standard curve, and the results were expressed as (mg 100 g~ 1).

2.8. Animals and Experimental Design

Forty male albino Wistar rats weighing 150-200 g were used in the study. The experi-
ment was performed under the approval of the Committee of Research Ethics (Institutional
Review Board, IRB) of Qassim University, Saudi Arabia (approval no. 21-05-06). The
animals were housed at the Department of Food Science and Human Nutrition, College of
Agriculture and Veterinary Medicine, Qassim University, Saudi Arabia, in air-conditioned
polypropylene cages and kept under standard laboratory conditions (24 & 1 °C, 40-60% of
humidity, 12 h light/dark cycle) supplied with a basal diet (standard rodent chow) and
water ad libitum. The standard diet (laboratory animals feed pellets) compised 20% crude
protein, 4% crude fat, 3.5% crude fiber, 6% ash, 0.5% salt, 1% calcium, 0.6% phosphorus,
20 IU g~ ! vitamin A, 2.2 TU g~! vitamin D, 70 IU kg~! vitamin E, and 2850 ME Kcal kg !
energy, with added trace minerals (cobalt, copper, iodine, iron, manganese, selenium,
and zinc).

After one week of acclimation, the rats were randomly divided into two groups; the
first group (n = 8) was the negative control group. The second group (n = 32) was the
Streptozotocin (STZ)-induced diabetic rats. The induction of diabetes was performed
according to the Shiju et al. [29] method. Briefly, a dose of 45 mg kg~! BW of STZ was
dissolved in a 0.1 M citrate buffer (pH = 4.5) and immediately injected intraperitoneally
into the fasted rats. After the injection, the rats were supplemented for 24 h with glucose
solution (5%) in drinking water to suppress hypoglycemia. Three days after STZ injection,
blood glucose levels were measured using a glucometer (Accu-Chek, Roche, Germany),
and >250-300 mg d1~! of blood glucose levels were considered to be diabetic and included
in the study. After the confirmation of diabetes, the diabetic rats were divided into five
groups (1 = 8) each (Table 1). The unfermented oat extract (UFOE) and the LFOE were
orally administered to two diabetic groups at a dose of 7 mL, chosen based on 1 g of cereals’
dry weight per kg of rats BW [15]. The final aqueous extract volume was calculated after
estimating total solids % and assembled for an average of 200-250 g of rats BW. Metformin
was given to a comparative control group at a dose of 50 mg kg ~! BW, which was calculated
using the presented equation according to Reagan-Shaw et al. [30] based on 500 mg~! daily
as a human dose.
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Table 1. The experimental design of Streptozotocin-induced diabetic rats treated with the LFOE for

6 weeks.
Group Experimental Treatment
NR Normal non-diabetic rats
STZ Untreated diabetic rats
STZ+MET Diabetic rats + metformin (50 mg kg~! BW)
STZ+UFOE Diabetic rats + UFOE (7 mL)
STZ+LFOE Diabetic rats + LFOE (7 mL)

UFOE, unfermented oat extract; LFOE, L. plantarum fermented oat extract. All rats were fed standard rodent chow
throughout the entire experiment.

At the end of the experiment, animals were fasted for 12 h with free access to water and
anesthetized with a mixture of alcohol/chloroform/ether (1:2:3). The cardiac puncture was
applied to collect blood samples. Immediately after the collection, the blood was submitted
to centrifugation (4000 rpm at 10 °C) for 30 min, and the serum obtained was preserved
at —18 °C until used to determine various biochemical parameters. The biochemical
parameters were determined using suitable kits (Human Diagnostics Worldwide, Germany)
and an absorbance reader (BioTek, Winooski, VT, USA).

2.8.1. Determination of Fasting Blood Glucose Level (FBG), Lipid Profile, Liver and
Kidneys” Functions

Serum samples were used to determine FBG according to the GOD-PAP method, using
an enzymatic colorimetric test kit. Lipid profile parameters, including triglycerides (TG)
and total cholesterol (CHO) were determined according to the GPO-PAP method using
an enzymatic colorimetric test kit. High-density lipoproteins (HDL) were determined
using an enzymatic colorimetric direct homogenous test kit following company protocols.
Low-density lipoproteins (LDL) and very-low-density lipoproteins (VLDL) were mathe-
matically calculated according to Friedewald et al. [31]; according to Nwagha et al. [32], the
atherogenic index (Al) was calculated. Levels of glucose and serum lipids were expressed
as mg dL~!. Liver functions such as alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), alkaline phosphatase (ALP), and total bilirubin (T. Bili) were determined in
serum samples using an alanine aminotransferase kit (EC 2.6.1.2), an aspartate aminotrans-
ferase kit (EC 2.6.1.1), an optimum alkaline kit (EC 3.1.3.1), and a photometric test kits for
total bilirubin, respectively, and the concentrations were expressed as UL~ for ALT, AST,
and ALP, and as mg dL~! for T. Bili. Kidneys’ functions such as total protein (T. protein),
albumin, creatinine, and urea concentrations were determined according to the manu-
facturer’s instructions using photometric, colorimetric test kits applying Biuret method;
photometric, colorimetric test kits applying BCG method; photometric, colorimetric test
kits, fully enzymatic test kit applying GLDH method, respectively. Globulin was calculated
by subtracting albumin from T. protein concentrations. Lastly, blood urea nitrogen (BUN)
was calculated by multiplying urea concentration by 0.47. All biochemical examination
kits were purchased from the Human Co., Wiesbaden, Germany. Concentrations of serum
proteins were expressed as g dL~!; concentrations for creatinine, urea, and BUN were
expressed as mg dL 1.

2.8.2. Determination of Oxidative Stress Biomarkers

Reduced glutathione (GSH) was estimated using a GSH colorimetric assay kit
(E-BC-K030-S, Elabscience, Houston, TX, USA), according to the method described by
Beutler et al. [33], and the results were expressed as pg dL~!. Lipid peroxidation was esti-
mated using a malondialdehyde (MDA) colorimetric assay kit (E-BC-K025-S, Elabscience,
Houston, TX, USA) by measuring TBARS, and expressed in terms of MDA content accord-
ing to Ohkawa et al. [34]. MDA, an end product of fatty acid peroxidation, forms a colored
complex reacting with thiobarbituric acid (TBA). The absorbance of the supernatant was
measured at 532 nm, and the results were calculated as nmol mL~!. Superoxide dismutase
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(SOD) activity using a SOD-type activity assay kit (E-BC-K022-S, Elabscience, Houston, TX,
USA) was determined according to Giannopolitis and Ries [35]. The color reaction was
measured at 550 nm, expressed as U L~!. Catalase (CAT) activity was determined using
a CAT activity assay kit (E-BC-K031-S, Elabscience, Houston, TX, USA) according to the
method of Aebi [36], and expressed as U L. all Oxidative stress markers were determined
using suitable kits and a blood chemistry analyzer (HumaLyzer 4000, Human Gesellschaft
fiir Biochemica und Diagnostica mbH, Wiesbaden, Germany).

2.9. Statistical Analysis

The statistical analysis was carried out by applying one-way ANOVA for phytochemi-
cals and antioxidant capacity, y-aminobutyric acid content, 3-glucan content, lipid profile
parameters, liver and kidney functions, and antioxidant biomarkers data and two-way
ANOVA for RBG data using SPSS (Ver. 22.0 for Windows). The experimental results were
expressed as mean £ standard error. Applying Tukey’s test, multiple comparisons were
carried out, and the significance level was set at <0.05. Data were treated as a complete
randomization design according to Steel et al. [37].

3. Results
3.1. Survival of L. plantarum and Related pH Value

The current investigation used a mixture of sterilized oat flour, obtained from whole
oat grains, in water at a ratio of 1:9 (w/v) as the fermentation media for L. plantarum.
Immediately, L. plantarum was inoculated to reach 7.45 (CFU mL~!) using a new prepared
starter culture. The growth profile, as shown in Figure 1, demonstrated that there was
a significant increase in the viable count during the first 24 h (8.25 log CFU mL™!) as
compared with at 0 h, with a slight decrease after 48 h (8.16 log CFU mL ') and a slight
increase after 72 h to 8.36 log CFU mL~!. With this increase in cell growth, there was a
significant decrease in pH from 6.36 to 4.73 after 24 h, to 4.63 after 48 h, and a further
reduction to 4.60 at 72 h. Indeed, the viable count remained relatively stable during this
period confirming the steady growth of the L. plantarum.
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Figure 1. Viability of L. plantarum (CFU mL 1) and pH value during oat fermentation (mean = SE), n = 3.
ab Tines during the fermentation period not sharing similar letters are significantly different (p > 0.05).

3.2. Phytochemicals and Antioxidant Capacity

The total phenolic compounds (TPC) and related antioxidant activities were screened
in the UFOE and the LFOE during fermentation times up to 72 h, as shown in Table 2. As
compared with the TPC measured in the UFOE (0 h fermentation) (0.70 £ 0.08 mg GAE g’l),
the TPC started to increase at 48 h (0.94 + 0.15 mg GAE g~!) and continued to increase
significantly at 72 h (1.04 & 0.08 mg GAE g~ !). Consistently, the antioxidant activity measured
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by the DPPH and ABTS radical scavenging assays started to increase at 48 h of fermentation;
for DPPH, it reached 3.19 + 0.12 umol of TE g ! and 3.56 + 0.21 umol of TE g ! after 48 h
and 72 h, respectively, as compared with that measured at 0 h (2.14 & 0.09 umol of TE g~1).
For ABTS, it significantly increased to 4.58 4= 0.31 and 5.27 + 0.14 pumol of TE g ! at 48 and
72 h, respectively, as compared with that measured at 0 h (3.47 & 0.29 TE g~ ).

Table 2. Total phenolic content and potential antioxidant activities in fermented oat extract during
fermentation up to 72 h (mean + SE), n = 8.

Fermentation Time
0h 24h 48 h 72h
TPC (mg GAE g~ 1) 0.70 £ 0.08° 0744007  094+015%P  1.04+0.082

DPPH (umol of TEg~1)  2.14 +0.09 P 222+011%  319+0122P  356+0.21°2
ABTS (umol of TEg™!)  3.474+0.29¢ 3.89 +£0.13¢ 458 +031° 527 +0.142

ab&c No significant difference (p > 0.05) between any two means within the same row with the same super-
scripted letters.

Item

3.3. Gamma-Aminobutyric Acid and B-Glucan Contents during Fermentation

The gamma-aminobutyric acid (GABA) content in the native oats, the UFOE, was
412 £ 0.14 mg g~ ! (Table 3). The content started to increase in the later stages of fer-
mentation; after 48 h, the GABA content increased to 6.10 £ 0.52 mg g_l. After 72 h, the
L. plantarum was highly active in producing GABA; it significantly reached 7.35 4+ 0.40 mg g~ .
The production of GABA by L. plantarum was not statistically different (p < 0.05) during the
early stage of fermentation (24 h). Further, monitoring 3-glucan as a bioactive component
in oats during the fermentation was of interest in the present study (Table 3). There was
no significant change in the 3-glucan content during the first 24 h of fermentation with
2.60 +0.01 g 100 g~ ! DW as compared with at 0 h (2.62 + 0.02 g 100 g~! DW). There was a
slight decrease to 2.56 + 0.03 g 100 g ! DW after 48 h of fermentation with a non-significant
difference. Only after 72 h, B-glucan content recorded 2.45 4 0.06 g 100 g~! DW, which
differed significantly as compared with its content in fermented oat during the period of
0-48 h.

Table 3. Gamma-aminobutyric acid and 3-glucan contents in fermented oat extract during fermenta-
tion up to 72 h (mean £ SE), n = 8.

Fermentation Time
Oh 24 h 48 h 72 h

GABA*(mg100g~1) 4124014  477+017°  610+0522> 735+ 0402
B-glucan (g 100 g 1) 262+0023 26040012  256+0032 245+ 0.06P

*, Gamma-aminobutyric acid; b no significant difference (p > 0.05) between any two means within the same row
with the same superscripted letters.

Item

3.4. The Hypoglycemic Efficiency

The injection of STZ resulted in significant hyperglycemia in all STZ-induced rats as
compared with the NR group (Table 4). This state was constant throughout the experiment
for the positive control (STZ) group. The efficiency of all treatments in improving the
hyperglycemia was monitored during the 6 weeks; treating with metformin at a dose of
50 mg kg ! BW significantly attenuated the RBG levels measured during the third and the
last week as compared with those measured in the STZ group (238.67 4 30.01 mg dL~! vs.
386.33 + 36.6 mg dL. !, and 201.5 4- 18.49 mg dL.~! vs. 359.5 + 49.11 mg dL !, respectively,
p < 0.05); however, these levels were significantly high as compared with those measured
in the NR group (114.33 4 3.06 mg dL.~! and 110.67 + 2.55 mg dL~?, respectively, p < 0.05).
Although metformin did attenuate the FBG levels measured at the end of the experiment to
normal levels, there were no significant differences as compared with that measured in the
NR group (p > 0.05). Treating with the UFOE at a dose of 7 mL was effective in attenuating
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the levels of RBG. However, the effectiveness of the UFOE was not observed during the
middle period of the experiment, as shown in Table 4. As compared with the metformin
treatment, the RBG levels of the STZ+UFOEOQOE group measured during the third week were
significantly higher than those measured for the STZ+MET (288.17 & 44.38 mg dL~! vs.
238.67 £ 30.01 mg drL1, p < 0.05). The UFOE started to show desirable effects during the
last week as there were no significant differences between RBG levels of the STZ+UFO and
the STZ+MET groups (p < 0.05). As well as, the FBG levels at the end of the experiment had
no significant differences as compared with both the STZ+MET group and the NR group.
Whereas the treatment with the LFOE at the same dose was effective in a similar manner
to the metformin treatment or even better; RBG levels measured during the last week for
the STZ+LFOE group were significantly attenuated as compared with those measured for
STZ+MET (179.33 = 32.09 mg dL ™! vs. 201.5 4 18.49 mg dL ™, p < 0.05); FBG levels also
had no significant differences as compared with both NR and STZ+MET groups, as shown
in Table 4.

Table 4. Effect of orally administrated fermented oat extract on RBG and FBG (mg dL~1) in
Streptozotocin-induced diabetes in rats (mean =+ SE), n = 8.

RBG
Groups * FBG
Weak-0 Weak-3 Weak-6
NR 113.83 +£3.82 ¢4 114.33 + 3.06 9A 110.67 £ 2.55 44 88.79 + 4.28
STZ 314.17 4 33.65 @4 386.33 4 36.6 ¥4 359.5 + 49.11 @A 260.84 £ 10.35 2
STZ+MET 284.33 4 34.90 @A 23867 + 30.01 “B 201.5 + 18.49 bB 89.96 +£2.5P
STZ+UFOE 260.50 + 27.63bA  288.17 +44.38bA 2325 + 25.24 bB 96.54 + 6.97b
STZ+LFOE 308.50 & 22.13 @A 244.83 4+ 28.82 B 179.33 + 32.09 o€ 91.00 £ 8.09 b

*, Experimental groups see materials and methods, Section 2.8 (Table 1). RBG, random blood glucose; FBG, fasting
blood glucose level measured in blood serum of 12-hour fasted rats. b.¢and 4, No significant difference (p > 0.05)
between any two means, within the same column having the same superscripted letters. % and €, No significant
difference (p > 0.05) between any two means with the same superscripted letters within the same row.

3.5. The Hypolipidemic Efficiency

As seen in Table 5, levels of TG, CHO, LDL, VLDL, and HDL in the STZ group were
significantly different from the NR group (p < 0.05). An imbalance in the lipid profile was
observed due to the injection of STZ. Treating with metformin at a 50 mg kg~! BW dose
for 6 weeks reversed the imbalance and significantly improved the lipid profile. Similar
effects were observed with the oral administration of both the UFOE and the LFOE at
a dose of 7 mL; there were no significant differences as compared with the metformin
treatment (p > 0.05). The levels of TG measured for both of the STZ+UFOE and STZ+LFOE
groups were significantly reduced (92.17 & 5.85 mg dL ! and 81.90 + 3.95 mg dL !, re-
spectively) as compared with the STZ group (p < 0.05). Interestingly, the LFOE efficiency in
reducing TG levels was much better than that with the UFOE; TG levels of the STZ+LFOE
group reached normal levels as there were no significant differences from the NR group
(81.90 + 3.95 mg dL~! vs. 70.71 & 3.01 mg dL !, p < 0.05), but that with the STZ+UFOE
had the opposite. The STZ+UFOE and STZ+LFOE groups also showed a significant
reduction in the levels of CHO (98.53 + 5.54 mg dL~! and 104.93 + 10.79 mg dL. !, respec-
tively), LDL (40.84 + 4.41 mg dL~! and 48.96 + 12.95 mg dL ™!, respectively), and VLDL
(18.43 + 1.17 mg dL ! and 16.38 + 0.79 mg dL.~!, respectively) as compared with the STZ
group (p < 0.05). The reduction in CHO and LDL levels for both of the STZ+UFOE and
STZ+LFOE groups were also not significantly different as compared with the NR group
(p > 0.05), but the VLDL levels did not reach the normal levels, and there were significant
differences as compared with the NR group (p < 0.05), as shown in Table 5.
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Table 5. Effect of orally administrated fermented oat extract on lipid profile (mg dL~') and the
atherogenic index in Streptozotocin-induced diabetes in rats (mean + SE), n = 8.

Lipid Profile Parameters

Groups *

TG CHO HDL LDL VLDL Al

NR 70.71 £3.01¢ 91.15 + 7.88 P 38.07 £ 5.56 2 4020 +£9.79° 14.14 + 0.60 0.30 £0.08 ¢
STZ 113.18 £ 5.44 2 141.78 +£11.252 26.71 + 4.07° 92.43 + 14.042 22.64 +1.092 0.66 + 0.07 @
STZ+MET 97.39 + 8.712b 103.18 + 12.32b 36.37 £ 6.712 4734 +11.32° 19.48 + 1.74 2b 0.48 +0.10°
STZ+UFOE 92.17 £ 5.85P 98.53 + 5.54 P 39.77 £ 3.722 40.84 +441° 1843 +1.17P 0.33 & 0.05 <
STZ+LFOE 81.90 + 3.95 b« 104.93 + 10.79® 40.34 +5.192 48.96 +12.95P 16.38 £ 0.79 P 0.37 + 0.05 P

*, Experimental groups see materials and methods, Section 2.8 (Table 1). TG, triglycerides; CHO, total cholesterols;
HDL-CHO, high-density lipoprotein cholesterol; LDL-CHO, low-density lipoprotein cholesterols; VLDL-CHO,
very low-density lipoprotein cholesterol, Al, atherogenic index. ® and ¢, No significant difference (p > 0.05)
between any two means within the same column with the same superscripted letters.

In contrast, HDL levels showed a significant increase for both of the STZ+UFOE
and STZ+LFOE groups (39.77 + 3.72 mg dL~! and 40.34 + 5.19 mg dL !, respectively)
as compared with the STZ group (p < 0.05), and there were no significant differences as
compared with both the STZ+MET and NR groups (p > 0.05). Interestingly enough, the Al
was significantly increased after STZ injection (STZ group) as compared with the NR group
(p < 0.05). All treatments were efficient in attenuating the atherogenicity complication in the
STZ-injected rats. The administration of both the UFOE and the LFOE presented superior
effects that did not differed significantly from rats administrated with metformin or even
normal rats (p > 0.05).

3.6. The Liver’s Functions

Table 6 shows that the untreated STZ group had a significant increase in the liver
enzymes (ALT, AST, and ALP) as compared with the NR group (p < 0.05). Metformin
treatment at a 50 mg kg ! BW dose improved liver functions as compared with the STZ
group (p < 0.05). The administration of the UFOE and the LFOE at a dose of 7 mL showed
an improvement in the liver functions as well. Both extracts were efficient in reducing the
levels of ALT enzyme; however, the results did not differ statically from the STZ group
(55.09 £2.74U L land 54.02 + 464 UL}, respectively, vs. 68.20 £ 11.59 U Lt p > 0.05),
whereas the metformin treatment reduced the enzyme to normal levels, as there were
no significant differences as compared with the NR group (p > 0.05). Nonetheless, both
extracts showed favorable effects on reducing AST and ALP enzymes, and there were
no significant differences as compared with the NR group (p > 0.05). The reduction in
ALP levels was much better than that with the metformin treatment; ALP levels measured
for the STZ+MET group did not differ statically from that measured for the STZ group
(p > 0.05). Furthermore, all three treatments attenuated the levels of T. Bili to normal levels.
The LFOE slightly showed more effective results. However, there were no significant
differences among the treatments (p > 0.05).

Table 6. Effect of orally administrated fermented oat extract on liver functions in Streptozotocin-
induced diabetes in rats (mean £ SE), n = 8.

Liver’s Functions

Groups * .
ALT (UL-Y) AST(UL-Y) ALP (UL-1) T. Bili (mg dL-1)
NR 4450 +2.57P 58.25 + 4.43 b 74.78 +27.77 P 0.62 +0.15P
STZ 68.20 4 11.59 @ 90.90 + 10.39 149.05 + 20.83 @ 0.97 +0.182
STZ+MET 47.79 £ 1.80° 68.84 £5.74b 101.06 + 10.58 &P 0.79 + 0.08 2P
STZ+UFOE 55.09 + 2.74 ab 76.07 + 1.57 P 88.22 + 6.38 P 0.71 4 0.04 2P
STZ+LFOE 54.02 + 4.64 2P 70.16 + 2.44 P 76.85 + 7.74b 0.65 + 0.08 &P

*, Experimental groups see materials and methods, Section 2.8 (Table 1). ALT, alanine aminotransferase; AST,
aspartate aminotransferase; ALP, alkaline phosphatase; T. Bili, total bilirubin. ab No significant difference
(p > 0.05) between any two means within the same column have the same superscripted letters.
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3.7. The Kidneys” Functions

As seen in Table 7, the injection of STZ resulted in a reduction in total protein, albumin,
and globulin levels as compared with the NR group. Contrarily, there was a significant in-
crease in serum creatinine, urea, and BUN levels as compared with the NR group (p < 0.05).
The administration of both extracts, UFOE and LFOE, at a dose of 7 mL resulted in an
increase in T. Protein, albumin, and globulin compared to the STZ group. Interestingly,
the increase in T. Protein was much more significant after the administration of the UFOE.
However, the LFOE was efficient in increasing the T. Protein, as levels measured for the
STZ+LFOE did not differ significantly from the NR group (p > 0.05); such results were not
observed with the metformin treatment. Moreover, serum creatinine, urea, and BUN levels
were significantly reduced in both of the STZ+UFOE and STZ+LFOE groups as compared
with the STZ group (p < 0.05), while there were no significant differences as compared with
the STZ+MET group (p > 0.05).

Table 7. Effect of orally administrated fermented oat extract on kidneys’ functions in Streptozotocin-
induced diabetes in rats (mean =+ SE), n = 8.

Kidneys’ Functions

Group *

T. Protein Albumin Globulin Creatinine Urea BUN
(gdL-1) (gdL-1) (gdL-D) (mg dL-1) (mg dL-1) (mg dL-1)
NR 8.81 +£0.17b 41140242 4.70 +0.182 0.77 £0.03 ¢ 34.18 + 6.74 P 16.07 +3.17b
STZ 7.20 + 0.28 4 3.53 +0.082 3.67 +0.30 1.28 +0.052 68.66 +10.512  32.27 +4.9472
STZ+MET 7.79 + 0.35 ¢4 40140312 3.78 +£0.572 0.96 + 0.07b 4731 + 6.04° 22.24 +2.84P
STZ+UFOE 9.94 40322 40140302 4.98 +0.38 2 0.88 + 0.06 b 41.04 +£591° 19.29 +2.78b
STZ+LFOE 8.23 4 0.40 b 3.73+0.292 450+ 0512 0.81 + 0.07 be 39.70 + 6.86 ° 18.66 + 3.22b

*, Experimental groups see materials and methods, Section 2.8 (Table 1). # € and 9, No significant difference
(p > 0.05) between any two means within the same column with the same superscripted letters.

3.8. Antioxidant Biomarkers

The oxidative stress biomarkers (GSH, CAT, SOD, and MDA) were also screened.
After 6 weeks of treatment, the STZ injection significantly reduced serum GSH, CAT, and
SOD and increased the MDA as compared with the NR group (p < 0.05), as Table 8; shows.
All three treatments showed favorable effects in improving the antioxidant biomarkers;
notably, the LFOE was more efficient in increasing levels of GSH and CAT, and the later
levels did not differ significantly from the NR group (p > 0.05). Such results in CAT levels
were not observed with the administration of both UFOE and metformin. As for the SOD
levels, both extracts favorably showed a reduction in a better manner than metformin
treatment; levels measured for both of the STZ+UFOE and STZ+LFOE groups did not differ
significantly from the NR group (p > 0.05), and such results were not observed with the
metformin treatment. Furthermore, serum MDA was decreased after the administration of
both extracts as compared with the STZ group (p < 0.05); the efficiency of both extracts did
not differ significantly from the metformin treatment, as shown in Table 8; however, results
did not reach normal levels.
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Table 8. Effect of orally administrated fermented oat extract on antioxidant biomarkers in
Streptozotocin-induced diabetes in rats (mean £ SE), n = 8.

Antioxidant Biomarkers

Group * MDA

GSH (ug dL-1) (nmol mL-1) CAT (UL-Y) SOD (UL-1)

NR 75.11+9.022 14.63 £0.5¢ 7499 +7.14° 59.88 + 3.852
STZ 36.17 + 4.63 ¢ 20.63 + 0.37 2 48.43 +5.69 ¢4 35.63 +252°¢
STZ+MET 50.08 + 5.05 be 17.48 + 0.63P 58.18 + 4.84°¢ 44.45 + 3.2bc
STZ+UFOE 4556 + 2.22 b 16.67 £ 0.35b 62.81 + 6.84 " 53.56 + 2.14 &P
STZ+LFOE 55.97 +2.71P 16.67 £ 0.29b 69.79 + 5.052 51.20 + 4.10 *P

*, Experimental groups see materials and methods, Section 2.8 (Table 1). GSH, reduced glutathione; MDA,
malondialdehyde; SOD, superoxide dismutase; CAT, catalase. abcand d No significant difference (p > 0.05)
between any two means within the same column with the same superscripted letters.

4. Discussion

The findings of this study have revealed that the consumption of fermented oats
promotes significant antidiabetic and hypolipidemic effects. A mixture of whole oats
flour in distilled water was fermented for 72 h using a starter culture of L. plantarum.
The final aqueous extract was administrated orally to diabetic rats daily for 6 weeks.
The results showed that both unfermented and fermented oat extracts, UFOE and LFOE,
respectively, had effectively attenuated the levels of RBG monitored during the experiment
(Table 4). Interestingly, the LFOE slightly showed more favorable effects, although both
extracts had a significant impact in attenuating FBG measured to normal levels at the
end of the experiment. Prolonged hyperglycemia is a main diabetic complication that can
result in a state of abnormalities in serum lipids, known as dyslipidemia [38]. The lipid
parameters, including TG, TC, HDL, LDL, and VLDL, were measured; as shown in Table 5,
significant changes were observed in the rats’ serum lipids due to the injection of STZ. The
administration of both extracts significantly reversed these abnormalities. After 6 weeks
of administration, groups administrated with the UFOE and the LFOE had a reduction in
serum TG by 18.6% and 27.6%, respectively, whereas they had a decrease in serum LDL by
55.8% and 47%, respectively. These data demonstrate that the LFOE was more effective
in lowering levels of TG, while the UFOE was more effective in reducing LDL levels.
However, neither significant differences between both extracts improved hyperglycemia
and dyslipidemia. Some conflicting results were reported in a previous study [39]; the
administration of unfermented oat-based product attenuated FBG and improved the serum
lipids in diabetic rats much better than that with the fermented one. A highly possible
explanation for the differing results is the short fermentation time. Gohari et al. [39] had
fermented their product for 16 h only, and such a short time may not be sufficient for the
bacteria’s growth. The fermentation time has been reported to be a key factor in promoting
bacterial growth [11,40]. This state supports the results of our study; we screened the
L. plantarum growth profile during fermentation times up to 72 h. The viable L. plantarum
count increased significantly after 24 h and continuously increased after 72 h as compared
with that measured at the beginning of the fermentation process (Figure 1). The increase in
the viable count was accompanied by a significant decrease in pH values (Figure 1), which
reflected the microbes’ activity in hydrolyzing or breaking down the nutrients fractions
into end-products such as acids [16]. Some nutritional parameters were screened to assess
further the effects of the L. plantarum fermentation on the nutritional quality of the oats’
aqueous extracts. One of the most substantial acids that have been significantly released
due to fermentation is GABA, a four-carbon, non-protein amino acid widely distributed
in animals, plants, and microorganisms [17]. In addition, it has been reported to exert
antidiabetic effects via stimulating insulin secretion [18]. The production of GABA by
L. plantarum in our study increased significantly in a time-dependent manner (Table 3).
After 24 h, 48 h, and 72 h of fermentation, the GABA content increased by 15.8%, 48%, and
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78%, respectively, as compared with the unfermented extract. This increase may explain
the in vivo beneficial effects of LFOE in attenuating blood glucose levels.

Processing oats with different techniques such as germination has shown similar
results in increased GABA content in a time-dependent manner [40]. A massive in-
crease of more than 200% in the GABA content has been reported after 72 h of oats
fermentation [11,40], which was much less than our results. A possible explanation might
be due to the difference in the fermentation process and the selected microorganism;
Cai et al. [11] had applied a soaking process for 8 h in water before a fungal fermentation,
indicating that soaking was an effective technique to increase the GABA content. More-
over, the inoculation percentage may also affect the GABA yield. Our study used a 1%
L. plantarum starter culture, which may not be sufficient or effective in producing higher
amounts of GABA. Although, this percentage was effective in increasing the GABA by
almost 80%. In addition, our in vivo investigation did show significant results in improving
the hyperglycemia of the STZ-induced rats (Table 4), and such increase in the GABA content
could be related to these results. Further investigations are needed to assess the suggested
factors that could affect the production of GABA and the related antidiabetic effects.

Another major bioactive compound that exhibits antidiabetic effects is the soluble
dietary fiber, namely {3-glucan. The oats’ 3-glucan is well known for its properties in
maintaining the homeostasis of glycemia, insulinemia, and lipidemia [41]. It has been
indicated that the fermentation process can result in a loss of the oats’ 3-glucan content [42];
therefore, screening the changes in the 3-glucan content during fermentation times was one
of our interest. As shown in Table 3, the (3-glucan content decreased by 0.8%, 2.3%, and 6.5%
after 24 h, 48 h, and 72 h of fermentation, respectively. Clearly, the longer fermentation time
resulted in the highest decrease in the 3-glucan content. These results are consistent with
previous studies [43,44]; no significant changes have been observed in 3-glucan content
after applying a short fermentation time (10 h) to oat-based products. The reduction in
the 3-glucan content has been highly attributed to the bacteria’s activity in hydrolyzing
the polysaccharide fractions such as (3-glucans, which have been indicated as a selective
substrate for Lactobacilli species [45]. The addition of fermentable sugars was suggested
to promote bacterial growth, and therefore, could stabilize the 3-glucan content of the
-glucan and enhance the overall fermentation process [42]. Nonetheless, the reduction
in the B-glucan did not significantly alter the effectiveness of LFOE in improving the
hyperglycemia or dyslipidemia of the STZ-induced rats. However, the RBG levels did
not reach normal concentrations (Table 4). In addition, the rats administrated with the
UFOE had a greater reduction in LDL levels as compared with those administrated with
the LFOE (Table 5). These results could be related to the decrease in the (3-glucan content.
The 3-glucans are hydrolyzed by gut microbes in the gastrointestinal tract producing short-
chain fatty acids (SCFA) as by-products, which can play beneficial roles in maintaining
blood glucose levels and cholesterol levels [7,41]. Therefore, stabilizing levels of 3-glucan
is a key factor for providing a functional fermented oat product with the ability to improve
or control diabetic complications.

Prolonged hyperglycemia can result in a state of dyslipidemia and can also result in
multiple organs dysfunction [46]. In our work, the hepatoprotective and nephroprotective
effects of both extracts were screened. As shown in Table 6, both the UFOE and the LFOE
improved the liver’s enzymes, including ALT, AST, and ALP, as compared with the positive
control group. Treating with both extracts had no significant differences from treating with
metformin at a dose of 50 mg kg~! of BW. Interestingly, the reduction in ALP enzyme
activity was much more effective than the metformin treatment. Treating diabetic rats
with different fermented products has showed similar results in reducing the activities
of ALT, AST, and ALP enzymes [47,48]. Total bilirubin activity was also screened; the
results consistently showed that administration of the LFOE was slightly more effective in
reducing the activity to the normal state (Table 6). Although all treatments showed effective
hepatoprotective effects, no significant differences were observed.
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Furthermore, the injection of STZ resulted in abnormalities in serum proteins, includ-
ing the total protein, albumin, and globulin (Table 7). Treating both extracts effectively
reversed these abnormalities; total protein levels were significantly improved to normal
concentrations, and such results were not observed with the metformin treatment. More-
over, creatinine, urea, and blood urea nitrogen levels were reduced significantly after
administering both extracts. Similar results in improving the total protein, creatinine, and
blood urea nitrogen levels have been reported in diabetic rats due to the intervention of
fermented rice [49]. In our study, the intervention of the fermented oats clearly shows
strong hepatoprotective and nephroprotective effects in the induced diabetic rats.

The hepatoprotective and nephroprotective effects of fermented products are highly
attributed to the significant enhancement in the nutritional composition [50]. Our study
screened the changes in the oats” aqueous extracts and showed a significant and remarkable
increase in total phenolic content due to the fermentation process. Similar to the findings
related to the GABA and the (3-glucan contents, the increase in the phenolics was significant
in a time-dependent manner (Table 2). After 24 h, 48 h, and 72 h of fermentation, the total
phenolics increased by 6%, 34.3%, and 48.5%, respectively, as compared with that measured
in the unfermented aqueous extract. Consistently, the highest increase was observed
after the longer fermentation time (72 h). Phenolic compounds are highly bioactive agents
demonstrated to promote several positive health benefits [51-53]. In addition, they promote
antioxidant activities by combating the free radicals and possess various mechanisms for
alleviating oxidative stress and its complications [11,12,42]. The antioxidant capacities of
both extracts in this study were measured by the DPPH and ABTS assays, as shown in
Table 2. The results were consistent with the increase in the total phenolics; after 72 h
of fermentation, the antioxidant capacity of the aqueous extract increased by 66.3% and
51.9%, measures by DPPH and ABTS, respectively. Such results aligned with multiple
studies [12,42]; different fermented oat-based products significantly increased total phenolic
content and the related antioxidant activities after 72 h of fermentation.

Furthermore, diabetic complications, mainly prolonged hyperglycemia, can result in a
wide range of physiological and pathophysiological changes such as inducing oxidative
stress, inflammatory infections, and altering gene expressions [46]. Oxidative stress is one
of the significant complications observed in diabetic individuals [54]. In our study, the
diabetic rats had significant changes in the antioxidants’ enzymes, including GSH, CAT,
SOD, and MDA (Table 8). The administration of all treatments for 6 weeks resulted in a
significant improvement in all of these biomarkers; levels of GSH, CAT, and SOD enzymes
increased, whereas the levels of MDA decreased as compared with the positive control
rats. Interestingly enough, the LFOE showed some favorable results in improving the
level of CAT to normal concentrations. Such effects were not observed with the UFOE or
with the metformin treatment. The nutritional enhancements in the LFOE, especially the
increase in the total phenolics and its related antioxidant activity, could be attributed to
such desirable effects. The dietary intake of phenolic compounds has been demonstrated to
play a beneficial role in improving the oxidative stress markers due to its high antioxidant
capacity [12,42]. The administration of various fermented products has shown similar
results in improving the oxidative stress markers in induced-diabetic rats [47,49,55] and in
obese rats fed a high-fat diet [56].

5. Conclusions

In this study, oat fermentation by L. plantarum showed significant improvement in
the nutritional quality in a time-dependent manner. After 72 h of fermentation at 37 °C,
the TPC, AOA, and GABA contents were significantly increased by 48.5%, 59%, and 78%,
respectively. In contrast, a significant decrease in 3-glucan content after 72 h was remarked.
The addition of fermentable sugars or honey is strongly advised to keep the p-glucan
content stable during long fermentation. Obviously, the in vivo studies revealed that the
UFOE and the LFOE effectively alleviated hyperglycemia in STZ-induced diabetic rats.
Both extracts improved blood parameters associated with lipid metabolism. Both extracts
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had hepatoprotective, nephroprotective, and antioxidant potential, as evidenced by liver
and kidney functions and oxidative stress biomarkers. These findings highlighted that
fermented oat have potential health benefits as a functional supplement for diabetes and
attenuates its complications. Such potential health benefits are largely attributed to the
nutritional enhancements during fermentation, supporting the notion that fermentation
time impacts significantly. Additional research is required to evaluate other factors to
develop a well-designed fermented oat-based product to assess the long-term anti-diabetic
effects and elucidate the mechanism of action.
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