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Abstract

This study evaluated the anti-obesity and anti-diabetic potential of Hibiscus
sabdariffa (HS) meal, alone and in combination with Bifidobacterium breve 3
(BB), in female Sprague Dawley rats. Rats were fed diets containing 2.5% or
5% HS, with or without 0.25% BB, followed by a high-fat, high-sugar (HFD)
diet until week 40. Treatment groups showed significantly lower weight gain
(e.g., HFDBB5M: 21.5 g vs. HFDBBOM: 31.5 g), reduced triglyceride levels
(HFDBB2.5M: 29 mg/dL vs. HFDOM: 45 mg/dL), and elevated HDL. HbA1lc
was reduced in HS + BB-fed rats (HFDBB5M: 6.6% vs. HFDBBOM: 15.3%),
alongside increased adiponectin and lower leptin and ghrelin levels. Antiox-
idant enzymes, including catalase, superoxide dismutase, glutathione-S-trans-
ferase, and glutathione reductase, were significantly upregulated in treated
groups, while pro-inflammatory markers (COX-2, IL-1p) were downregulated.
These findings indicate that dietary HS and BB synergistically improve meta-
bolic, oxidative, and inflammatory markers, highlighting their potential as com-
plementary dietary strategies for preventing obesity and insulin resistance.
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1. Introduction

This template, obesity is a complex metabolic disorder primarily characterized by
two key morphological alterations: an increase in the number of adipocytes (hy-

perplasia) and the enlargement of individual adipose cells (hypertrophy) [1]. The
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increase and expansion of adipose tissue correlates with an increase in exosomes
and adipokines that can trigger the development of other complications such as
dyslipidemia, non-alcoholic fatty liver disease (NAFLD) and insulin resistance.
The World Health Organization in 2016 estimated that about 650 million adults
were diagnosed with obesity and the number is still rising [2]. [3] indicated that
the increase in obesity is proportionally increasing with the prevalence of diabetes,
as obesity affects both insulin secretion and beta cell functionality. Amongst many
factors, the Western diet has been singled out as one of the major causes of obesity
and diabetes. The Western diet is characteristically high in saturated and trans fats,
sodium, and added sugars, while being markedly deficient in the intake of fruits
and vegetables, which are primary sources of essential nutrients and vitamins [4].
Research suggests that in addition to fruits and vegetables, edible flowers are in-
creasingly becoming more acceptable to consumers due to their potential of add-
ing nutritional functionality to foods. The main compounds of interest in edible
flowers are phenolic compounds, which are structurally characterized by a hy-
droxyl group bound to an aromatic compound. Hibiscus sabdariffa, an edible
flower, has been reported to have anti-obesity effects when supplemented at a dos-
age of 100 ug/ml for 8 days on 3T3-L1 cell lines [5]. In a mice study conducted by
[6], H. sabdariffa was reported to reduce weight gain in mice fed a high-fat diet
(HFD) treatment. Leptin levels and key transcription factors in adipocyte differ-
entiation have also been reported to be significantly affected by extracts of A.
sabdariffain 3T3 cell lines [7]. The anti-diabetic properties of phytochemicals in
edible flower extracts have also been reported to inhibit the key digestive enzymes
in carbohydrate metabolism (pancreatic a-amylase and intestinal a-glucosidase)
in a dose-dependent manner [8]. Probiotics, including viable strains of the Bifidobac-
terium genus (B. Jactis, B. breve), has been reported to have functional benefits
if ingested in sufficient concentrations [9]. Therefore, this knowledge creates
space to investigate the singular and/or synergistic effects of H. sabdariffain com-
bination with probiotics (Bifidobacterium breve-BB) against key metabolic reac-
tions/cascades in the development of obesity and diabetes, utilizing an animal

model.

2. Materials and Methods

2.1. Preparation of (HS) Powder Administered in the Animal Study
(Sprague Dawley Rats)

Dry (HS) calyces were obtained from Monterey Bay Spice Company and ground
to a fine powder and mixed in the diet at 2.5% and 5% levels. For the high-fat and
sugar diets, the level of fat was increased to 40% of the whole diet while the percent-
age of probiotics (Bifidobacterium breve 3, Morinaga Milk Industry) was maintained
at 0.25%.

2.2. Animal Housing and Conditions

Twenty female Sprague Dawley rats, three weeks old (Harlan, IN), were used in
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this study. Animals were housed in a temperature- and humidity-controlled fa-

cility at 20°C £ 1°C and 50% relative humidity, under a 12-hour light/dark cycle.

Rats were allowed one week to acclimate to the facility prior to dietary interven-

tion.

o Phase 1 (Weeks 2 - 15): Rats were fed their respective experimental diets with
or without hibiscus and probiotics. This period corresponds to the growth phase
until adulthood.

o Phase 2 (Weeks 16 - 40): Half of the animals within each group were transitioned
to a high-fat (HF), high-sugar (HS) diet. During this phase, hibiscus and pro-
biotics were removed from the HF and HS diet and replaced with corn starch
in the AIN-93 formulation.

« Daily Monitoring: Body weight, feed and water intake, and blood glucose lev-
els were recorded daily throughout the 30-week feeding period.

« Endpoint Procedures (Week 40): At the end of the study, terminal blood sam-
ples were collected. Rats were then euthanized, and vital organs relevant to the
study were excised, weighed, and stored under appropriate conditions for fur-
ther analysis.

The animals were handled in accordance with the AAMU guidelines for the
protection and care of animals. The Institute of Animal Care and Use Committee
(IACUC) approved the protocol for the study before beginning the experiment
(Table 1).

Table 1. Rats fed hibiscus in meal form (Ain-93G) diet.

HFD/HF HFD/HF HFD/HF HFD/BB HFD/HF HFD/HF

Ingredient (g) COM C25M C5M BBOM BB2.5M
Control 2.5M 5M oM BB2.5M BB5M

Cornstarch 397.5 257.5 372.5 232.5 297 207.5 395 255 370 230 345 205

Sucrose 100 100 100 100 100 100 100 100 100 100 100 100
Casein 200 200 200 200 200 200 200 200 200 200 200 200
Fiber 50 50 50 50 100 50 50 50 50 50 50 50
SO 70 105 70 105 70 105 70 105 70 105 70 105
Lard 0 105 0 105 0 105 0 105 0 105 0 105
Dextrose 132 132 132 132 132 132 132 132 132 132 132 132
MM 35 35 35 35 35 35 35 35 35 35 35 35
VM 10 10 10 10 10 10 10 10 10 10 10 10
L-Cysteine 3 3 3 3 3 3 3 3 3 3 3 3
Choline 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Hibiscus 0 0 25 25 50 50 0 0 25 25 50 50
BB 0 0 0 0 0 0 2.5 2.5 2.5 2.5 2.5 2.5
Total 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

Abbreviations: SO: Soybean oil; MM: Mineral mix; VM: Vitamin mix; C: Control; M: Meal; HFD: High fat diet; HF: High fat; 0: 0%;
2.5:2.5%; 5: 5%.
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2.3.Plasma and Liver Lipid Profile Examination of Sprague-Dawley
Rats

Plasma concentration of ghrelin, glucose, triglycerides, total cholesterol, high-den-
sity (HDL), low-density lipoprotein (LDL) and cholesterol were measured by com-
mercial kits. Alanine aminotransferase (ALT) enzyme, aspartate aminotransferase
(AST) enzyme, and hemoglobin Alc levels were carried out by following instruc-

tions provided in commercial kits.

2.4. Antioxidant Activity in Liver

A section of liver tissue was excised, rinsed in ice-cold 1.15% KCl solution, blotted,
weighed, and homogenized using four volumes of homogenization buffer. Homog-
enate was centrifuged at 10,000 g for 30 min, at 4°C. Supernatant was used to deter-
mine lipid peroxidation (LPO), and antioxidative enzymes (catalase, superoxide
dismutase) and detoxification enzymes glutathione s-transferase (GST) and antiox-
idant glutathione (GSH) were determined using standard protocols (Cayman Chem-
icals, MI).

2.5. Determination of Selected Hormones and Cytokines

Selected hormones and cytokines (leptin, ghrelin, resistin, fetuin-A, adiponectin,
Interleukin-6 and TNF-a) were determined after collection of plasma from rats after
euthanization. The protocol for determination of hormones was conducted accord-

ing to manufacturer’s instructions (Thermo Fischer Scientific, NY).

2.6. Determination of Anti-Inflammatory Activity

Cyclooxygenase (COX-II) (Cayman Chemical Company, Ann Arbor, MI) activity

was determined according to the manufacturer’s instructions.

2.7. Statistical Analysis

This experiment was designed as a pilot study to assess the feasibility of dietary in-
tervention using Hibiscus sabdariffaand Bifidobacterium breve. The small sample
size (n = 2 per group) was intended to identify trends and guide the design of future
studies. Although statistical power is limited, observed trends provide valuable pre-
liminary insight. Data was expressed as Means + SEM. Differences were tested for
statistical significance using two-way ANOV A. Differences among groups were de-
termined using the Tukey’s Studentized range test (SAS, 2017, Cary, NC). A p-value

of <0.05 was considered to indicate significant differences.

3. Results and Discussion

3.1. Feed Conversion Ratio and Weight Gain

Figure 1 shows the feed conversion ratio (FCR) calculated by dividing the average
daily feed intake by weight gain. Regular diets overall had a significantly (p <
0.05) higher FCR compared to the high-fat diets. When comparing rats fed high-
fat diets, rats fed HFDBB (0.49) and HFDBB5M (1.01) had significantly (p < 0.05)
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Figure 1. Feed conversion ratio (FCR) of Sprague Dawley rats fed hibiscus meal. Values
are means = SEM. Bars with superscript (abcde) indicating meal type effect differ signifi-
cantly at p < 0.05. Abbreviations: C: Control; M: Meal; HFD: High fat diet; HFDBB: High
fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%; 5: 5%.
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Figure 2. Weight gain in rats fed dietary Hibiscus meal. Values are means + SEM. Means
with control, different superscripts (abcde) are significantly different (p < 0.05). Abbrevia-

tions: C: Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium
breve, 0: 0%; 2.5: 2.5%; 5: 5%.
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higher FCR. The weight gain is shown in Figure 2. The rats which were fed the
control diets without hibiscus, and probiotics (COM) (31 g) had a significantly
(p £0.05) higher weight gain compared to rats fed the (C2.5M) (18.5 g) and (C5M)
(17 g). Similarly, the rats fed the high-fat diet (HFDBB5M) (21.5 g) had a signifi-
cantly (p < 0.05) lower weight gain compared to (HFDBBOM) (31.5 g). A de-
creased FCR coupled with the decrease in weight gain could be attributed to the
ingestion of available phytochemicals, commonly (flavonoids) present in HS.
Studies [10] [11] have shown that reduced food intake via modulation of key ap-
petite hormones, decrease in fat absorption via lipase inhibition and increasing
energy expenditure are all common mechanisms associated with feed intake and
weight gain modulation in animal models that consume phytochemical-rich treat-

ments.

3.2. Lipid Profile—Triglycerides & High-Density Lipoprotein (HDL)

Figure 3 shows the plasma TG levels. The rats that were fed HFD5M (57 mg/dL)
had significantly (p < 0.05) higher TG levels compared to the rats fed HFD2.5M
(36.3 mg/dL). Rats that were fed HFD5M (30 mg/dL) and HFDBB2.5M (29 mg/dL)
had a lower TG level compared to the rats that were fed HFDOM (45 mg/dL). Hy-
pertriglyceridemia over the decades has become a common factor in the occurrence
of type 2 diabetes and obesity, thus TG is becoming a more reliable biomarker in
lipid profiles [12]. In a study conducted by [13] using a Bifidobacterium breve
strain—BBR4401, bile acid levels were elevated. LDL receptors were upregulated,
bile acyl-CoA and cholesterol 7 alpha-hydroxylase (CYP7al) also showed an in-

crease. CYP7al is a key player in the biosynthesis of bile acid and its overexpression
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Figure 3. Blood triglycerides levels in rats fed dietary Hibiscus meal. Values are means +
SEM. Bars with superscript (abc) indicating meal type effect differ significantly at p < 0.05.
Abbreviations: C: Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobac-
terium breve; 0: 0%; 2.5: 2.5%; 5: 5%.
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Figure 4. High density lipoprotein Levels in rats fed Hibiscus meal. Values are means + SEM.
Bars with superscript (abc) indicating meal type effect differ significantly at p < 0.05. Abbrevi-
ations: C: Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve;
0: 0%; 2.5: 2.5%; 5: 5%.

aids in the decrease of triglyceride-rich lipoproteins [14]. Cholesterol (HDL-C)
are protein-rich molecules possessing various key biological functions in the pro-
gression of CVD, Type-2 Diabetes and Hypertension. HDL functions include cho-
lesterol efflux via reversal cholesterol transport (RCT), antioxidant activity, and
anti-glycation activity (reduction of glycated lipoproteins) [15]. Figure 4 depicts
the plasma HDL levels of rats fed hibiscus in meal form. Rats fed treatments con-
taining HS overall had significantly (p < 0.05) higher HDL levels compared to rats

that received control treatments.

3.3. Blood Glucose and HbA1c Level

The blood glucose levels and HbA1C levels are shown in Figure 5 and Figure
6, respectively. Overall, the groups that received probiotics in their feed BBOM,
BB2.5M, and BB5M had the lowest blood glucose levels compared to all the
other treatment groups. The insignificance of this result correlates to the Meta-
analysis work conducted by [16], where 7 studies conducting work on animal
studies did not show any significant reduction of blood glucose levels in rats
that were considered healthy (no pathophysiological relevance to obesity, MetS
or T2D. Overall, the group of rats that were fed a control diet including hibiscus
had alower HbA1c% compared to the rats fed a high-fat diet including hibiscus.
Rats fed HFDBBOM (15.3%) had the highest HbA1c% compared to the rats that
were fed HFDBB2.5M (7.3%) HFDBB5M (6.6%). In contrast to healthy animals,
a decrease in fasted blood glucose and HbA1c has been observed in animal stud-
ies where animals are subjected to high-fat diets or STZ treatment to induce
diabetes.
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Figure 5. Blood glucose in rats fed dietary Hibiscus meal. Values are means + SEM. Means
with different superscripts (abc) are significantly different (p < 0.05). Abbreviations: C: Con-
trol; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%;
2.5:2.5%; 5: 5%.
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Figure 6. Plasma HbAlc levels in rats fed dietary Hibiscus meal. Values are means + SEM.
Bars with superscript (abc) indicating meal type effect differ significantly at p < 0.05. Ab-
breviations: C: Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacte-
rium breve; 0: 0%; 2.5: 2.5%; 5: 5%.

3.4. Adiponectin and Resistin Levels

Adiponectin is a hormone that is produced by adipocytes and is responsible for
regulating the carbohydrate and lipid metabolism process. Figure 7 below shows
adiponectin levels. The adiponectin levels of rats BB2.5M (9.3 pg/ml) were signif-
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icantly (p < 0.05) higher than all rats in the group fed BB, including hibiscus only.
Rats fed HFDBB5M (8.96 pg/ml) have significantly higher adiponectin levels
compared to rats fed HFDBBOM (8.01 pg/ml) and HFDBB2.5M (7.91 pg/ml).
Adiponectin plays a critical role in decreasing hepatic glucose production via
decreasing the expression of two key gluconeogenesis enzymes—phosphoenolpy-
ruvate carboxykinase and glucose-6-phosphatase [17]. Figure 8 shows the levels
of resistin, a protein secreted by white adipose tissue in rodents. The link between
resistin and diseased states (diabetes and obesity) is continuously criticized be-
cause resistin gene expression and circulating resistin levels do not correlate and
can have opposing biological functions [18]. The resistin levels of rats fed the
HFDBB5M diet (482.7 pg/ml) were significantly higher (p < 0.05) compared to
those in the BB5M and HFDBB2.5M groups. This result is paradoxical, given that
the HFDBB5M group also showed favorable metabolic outcomes like reduced
weight gain and increased antioxidant enzyme activity. One possible explanation
could be a species-specific hormonal response or an endocrine adjustment due to
prolonged metabolic stress, especially at the higher dose of Hibiscus sabdarifta.
It’s also possible that the elevated resistin reflects a compensatory feedback mech-
anism. More work is needed to understand this dynamic and how different doses
of HS, especially when combined with probiotics, may influence hormonal reg-
ulation in metabolic pathways. [19] conducted to elucidate the mechanisms of

action related to resistin levels and gene expression and elucidated that high
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Figure 7. Adiponectin levels in rats fed Hibiscus meal. Values are means + SEM. Bars with
superscript (abcd) indicating meal type effect differ significantly at p < 0.05. Abbreviations:
C: Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve,
0: 0%; 2.5: 2.5%; 5: 5%.
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Figure 8. Blood resistin levels in rats fed dietary Hibiscus meal. Values are means + SEM. Bars with
superscript (abc) indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Con-

trol; M:

5: 5%.

Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%;

resistin circulating in obese mice could be possible despite reduced expression in
mRNA levels in the adipose tissue. Moreover, the high circulating levels could be
attributed to the extended protein half-life due to binding factors in the serum or
tertiary changes that have also been observed in other adipokines such as leptin and
TNE-alpha [20] [21].

3.5. Hepatic and Plasma Catalase

Figure 9 and Figure 10 show the Hepatic and plasma levels, respectively. Catalase
plays an important role in the decomposition of hydrogen peroxide to aqueous
and oxygen and thus can be a useful biomarker to detect oxidative stress. In Figure
10, rats fed C5M (18.2 u/ml) had a significantly (p < 0.05) higher catalase activity
compared to rats that received COM (14.3 u/ml), which shows a concentration effect
of the treatment. In a study by [22], rats administered a phytochemical treatment
with compounds similar to HS exhibited significantly higher levels of SOD in the
control groups compared to the groups fed a high-fat diet. These results correlated
with our study, whereby overall rats that received a regular diet had significantly
(p < 0.05) higher catalase levels compared to the high-fat diet groups.

3.6. Hepatic Glutathione, Glutathione Reductase and
Glutathione-S-Transferase

Glutathione is a major antioxidant in the body that protects cells from reactive

oxygen species such as free radicals, peroxides and heavy metals. Glutathione can
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Figure 9. Hepatic catalase activity in rats fed dietary Hibiscus meal. Values are means + SEM. Bars with
superscript (abc) indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Con-
trol; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%;
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Figure 10. Plasma catalase activity in rats fed dietary Hibiscus meal. Values are means + SEM. Bars
with superscript (abc) indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Con-
trol; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%; 5:
5%.
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Figure 11. Hepatic glutathione levels in rats fed dietary Hibiscus meal. Values are means + SEM.
Bars with superscript (abc) indicating meal type effect differ significantly at p < 0.05. Abbrevia-
tions: C: Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve,
0: 0%; 2.5: 2.5%; 5: 5%.

u/g Liver

1.2
a
a a a
ab a a
1 - ab ab
ab
b b
0.8
0.6
0.4 -
0.2 -
0
oM 2.5M 5M oM 2.5M 5M oM 2.5M 5M oM 2.5M 5M
C C (o] HFHS | HFHS | HFHS BB BB BB |HFHSBBHFHSBBHFHSBB
Treatments

Figure 12. Hepatic glutathione reductase activity in rats fed dietary Hibiscus meal. Values are
means + SEM. Bars with superscript (abc) indicating meal type effect differ significantly at p <
0.05. Abbreviations: C: Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobac-

terium breve, 0: 0%; 2.5: 2.5%; 5: 5%.
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serve as an important biomarker to determine the antioxidant potential in the liv-
ers of rats fed hibiscus either in meal or juice form. Figure 11 shows the glutathione
levels. Rats fed the high-fat diets, including hibiscus and probiotics had slightly higher
GR activity. The rats which were fed HFDBB2.5M (34.2 u/g) had higher glutathi-
one levels compared to rats fed HFDBBOM (32.3 u/g).

Glutathione reductase, shown in Figure 12, is an important enzyme in the bio-
logical system that plays a critical role in the reduction of glutathione disulfide
(GSSG) back to glutathione. The GR enzyme is an important biomarker that helps
maintain oxidative damage. Overall, the rats that were fed the high-fat diets, including
probiotics and hibiscus had lower GR activity compared to the rats fed the regular
diet, including probiotics and hibiscus.

GST is a phase-2 enzyme that plays a significant role in the conjugation of gluta-
thione to xenobiotics. Figure 13 shows Hepatic GST levels. Rats that were fed con-
trol diets including hibiscus only, rats fed COM (14.1 u/g) and C2.5M (13.0 u/g)
had significantly (p < 0.05) lower GST activity compared to rats fed C5M (26.6 u/g).
Opverall, the rats fed high-fat diets had significantly (p < 0.05) higher GST levels com-

pared to rats fed control diets.
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Figure 13. Hepatic GST activity in rats fed dietary Hibiscus meal. Values are means + SEM. Bars with super-
script abc indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Control; M: Meal; HFD:
High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%; 5: 5%.

[23] conducted a study whereby rats a dietary supplement containing antioxi-
dant phytochemicals, which decreased the activation of antioxidative enzymes such
as GST, glutathione reductase and reduction of oxidized glutathione, thus improv-
ing the Total GSH/GSSG ratio.

3.7. Hepatic Plasma and Hepatic Superoxide Dismutase (SOD)

Figure 14 and Figure 15 illustrate hepatic and plasma superoxide dismutase (SOD)

activity, respectively. SOD is a critical antioxidant enzyme that catalyzes the
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Figure 14. Hepatic SOD activity in rats fed dietary Hibiscus meal. Values are means + SEM. Bars

with superscript (abc) indicating meal type effect differ significantly at p < 0.05. Abbreviations: C:

Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5:
2.5%; 5: 5%.
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Figure 15. Plasma SOD activity in rats fed dietary Hibiscus meal. Values are means + SEM. Bars
with superscript (abc) indicating meal type effect differ significantly at p < 0.05. Abbreviations: C:
Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5:
2.5%; 5: 5%.
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dismutation of superoxide radicals into hydrogen peroxide or oxygen. In Figure
14, rats on the control diet (COM, 41.1 u/g) exhibited significantly lower hepatic
SOD activity compared to those on C2.5M (45.1 u/g) and C5M (52.1 u/g). Rats fed
HFDBB2.5M (44.1 u/g) and HFDBB5M (40.7 u/g) also showed elevated hepatic SOD
levels relative to HFDBBOM (33.9 u/g). These results align with [24], who reported
increased hepatic SOD with phytochemicals in high-fat diets, though our study
showed more pronounced treatment differences.

Figure 15 shows plasma SOD activity. Rats on C2.5M (4.9 u/g) had significantly
higher levels (p < 0.05) than those on COM (3.7 u/g). Rats fed HFDBB5M (10.9 u/g)
had significantly greater plasma SOD activity than those on HFDBB2.5M (31.2 u/g)
and HFDBBOM (64.3 u/g), indicating differential antioxidant responses across

treatments.

3.8. Hepatic COX, Interleukin-1p, and Interleukin-10

Figure 16 shows the COX activity. The COX enzyme is an enzyme that plays a key
role in the production of prostanoids, which ultimately play a role in inflammation.
There were no significant differences in the group of rats that were fed the high-fat
diets, including hibiscus, however, rats fed high-fat diets HFDOM (10.9), HFD2.5M
(1.2 u/g) and HFD5M (1.5 u/g) had significantly (p < 0.05) higher COX activity
compared to the control diets mentioned above.

2.5
2
;1.5
2
-
00
~
3
1
0.5
0
OM | 2.5M | 5M OM | 25M | 5M OM | 2.5M | 5M OM | 2.5M | 5M
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Figure 16. Hepatic COX activity in rats fed dietary Hibiscus meal. Values are means + SEM. Bars
with superscript (abc) indicating meal type effect differ significantly at p < 0.05. Abbreviations:
C: Control; M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%;
2.5:2.5%; 5: 5%.

Interleukin-14 (IL-1p) is a cytokine antagonist that plays a key role in the reg-
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ulation of inflammatory responses due to injury or illness. Figure 17 shows IL-14
levels. Amongst the group of rats fed high-fat diets, the IL-1flevels of rats fed HFD5M
(236 pg/ml) were significantly (p < 0.05) higher than levels of rats fed HFDOM and
HFD2.5M. Rats fed HFHSBB2.5] and HFHSBBS5] had significantly (p < 0.05) lower
IL-1Blevels compared to rats fed HFDBBOM (206.8 pg/ml). It has been reported
that overexpression of IL-1/ could potentially lead to the impairment of adipose
tissue to store TGs via the inhibiting hyperplasia in adipose tissue, inducing lipol-
ysis and ultimately promoting liver steatosis [25]. The link between upregulated
levels of IL-1/1in obese states and diabetes is the ability of IL-15in downregulating
the production of key insulin-regulating proteins (GLUT-4 IRS1, PI3K p85a and

pAkt), which can lead to insulin resistance.

300
250 a
b
200 c
_ c c c
E cd cd ¢
2150 cd d
100 e
50 I
0
oM | 25M | 5M oM | 25M | 5M oM | 25M | 5M OM | 2.5M | 5M
c c C | HFHS | HFHS | HFHS | BB BB BB HFHSBBHFHSBBHFHSBB

Treatments

Figure 17. Interleukin-1B levels in rats fed Hibiscus meal. Values are means + SEM. Bars with super-
script (abcd) indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Control;
M: Meal; HFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%; 5:
5%.

Interleukin-10 (IL-10) is a cytokine and, unlike IL-14, it plays a critical role as
an anti-inflammatory agent and controls inflammatory responses. Moreover, the
introduction of IL-10 has been shown to improve insulin sensitivity in high-fat-
induced animal models [26]. Figure 18 shows the IL-10 levels of rats. The rats fed
C2.5M (841 pg/ml) and C5M (861.6 pg/ml) had significantly (p < 0.05) lower lev-
els of IL-10 compared to rats fed COM (985.7 pg/ml). In the group of rats fed high-
fat diets, rats fed HFDOM (1099.7 pg/ml) and HFD2.5M (11300.3 pg/ml) had sig-
nificantly (p < 0.05) lower levels of IL-10 compared to rats fed HFD5M (1255.3
pg/ml). In this study, we observed elevated IL-10 levels in control diets compared

to treatments, which may indicate the role of HS, BB or a combination in both
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Figure 18. Interleukin-10 levels in rats fed Hibiscus meal. Values are means + SEM. Bars with superscript (abcd)
indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Control; M: Meal; HFD: High fat diet;
HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%; 5: 5%.

3.9. Fetuin-A, Leptin and Ghrelin Hormones

Fetuin-A is a glycoprotein that is synthesized in hepatic and adipose tissue. In
an obese and T2D states, animal models indicate high Fetuin-A levels. Various
sources of studies conducted on Fetuin-A have supported its evidence in the oc-
currence of impaired glucose metabolism, loss of function of insulin receptors,
dyslipidemia and hepatic inflammation [27]. Figure 19 shows the levels of Fetuin-
A. Amongst the rats fed high-fat diets including hibiscus only, rats fed HFDOM
(4.5 ng/ml) had significantly (p < 0.05) higher Fetuin-A levels compared to rats
fed HFD2.5M (2.19) and HFD5M (1.1 ng/ml). This result was in correlation with
the work conducted by [28]. Moreover, in our study, there was a concentration-
dependent effect of administered HS only in regulating Fetuin-A levels in rats fed
a high-fat diet.

Leptin, a hormone that is transcribed from the ob gene in adipocytes, is respon-
sible for various metabolic factors that occur in normal and diseased states. Besides
its common function of appetite control, leptin plays a significant role in inflam-
matory signals, weight management, angiogenesis and food intake [28]. Figure 20
shows the levels of leptin. Rats fed C2.5M (12.5 ng/ml) had significantly (p < 0.05)
lower leptin levels compared to rats fed COM (15.4 ng/ml). Overall, rats fed a high-
fat diet including hibiscus had significantly (p < 0.05) higher leptin levels compared
to rats fed a regular diet. The group of rats fed HFDBBOM (17 ng/ml) had signif-
icantly (p < 0.05) higher levels of leptin compared to rats fed HFDBB2.5M (14.4
ng/ml) and HFDBB5M (13.5 ng/ml). High levels of leptin levels in groups fed a high-
fat diet are commonly classified as leptin resistance. Hyperleptinemia due to its

overexpression in adipose tissue and weight gain are common hallmarks for obe-
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sity. In our study, a concentration dependent effect of HS was observed in rats fed
a high-fat diet.
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Figure 19. Fetuin-A levels of rats fed Hibiscus meal. Values are means + SEM. Bars with superscript (abcde)
indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Control; M: Meal; HFD: High
fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%; 5: 5%.
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Figure 20. Leptin levels of rats fed Hibiscus meal. Values are means + SEM. Bars with superscript (abc)
indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Control; M: Meal; HFD: High
fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%; 5: 5%.

Ghrelin, also called the hunger hormone, is responsible for signaling the host
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to consume a meal. Levels of ghrelin are usually upregulated before a meal and grad-
ually decrease as the host reaches the point of satiety. Figure 21 below shows the
ghrelin levels of rats. Rats fed HFDOM (502 pg/ml) overall had a significantly (p <
0.05) higher level of ghrelin compared to all treatment groups. Rats fed BB2.5M
(455.3 pg/ml) had significantly (p < 0.05) lower levels of ghrelin compared to rats
fed HFDBB2.5M (479.1 pg/ml). Lastly, rats fed HFDBBOM (479 pg/ml) had a sig-
nificantly (p < 0.05) higher level of ghrelin compared to rats fed BBOM (455.4 pg/ml).
Like leptin resistance, ghrelin resistance is also a hallmark of obesity, which is caused

by the downregulation of NPY/AgRP response to ghrelin and suppression of the

b
b b
5M

25M | 25M | 5M

ghrelin axis in the neuroendocrine system [29].
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Figure 21. Ghrelin levels of rats fed Hibiscus meal. Values are means + SEM. Bars with superscript
(abcd) indicating meal type effect differ significantly at p < 0.05. Abbreviations: C: Control; M: Meal;
HEFD: High fat diet; HFDBB: High fat diet + Bifidobacterium breve; 0: 0%; 2.5: 2.5%; 5: 5%.

4. Conclusions

The 40-week animal study of the combination of Hibiscus sabdariffa (HS) and
Bifidobacterium breve (BB) demonstrated significant potential in mitigating key
biomarkers of the metabolic syndrome associated with obesity and type 2 diabetes.

While the study design included both high-fat and high-sugar components, it’s
important to note that metabolic disturbances like insulin resistance, hepatic ste-
atosis, and weight gain are often worsened by excess dietary sugars. Sugars are known
to drive lipogenesis and oxidative stress, which may have heightened the need for
antioxidant defense in this model. As a result, the sugar component likely played
arole in the severity of the metabolic profile and influenced the overall therapeutic

effect seen with Hibiscus sabdariffa and B. breve treatment. Rats, which were ad-
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ministered HS at higher concentrations, showed lower feed conversation ratios,
reduced weight gain and improved lipid profiles (elevated HDL levels & decreased
TGs). The combination of HS and BB also exhibited a reduction in HbA1c levels,
increased adiponectin levels and lower circulation of ghrelin and leptin hormones.
The regulation of key appetite hormones and glycated hemoglobin can highlight
improved insulin sensitivity and appetite regulation—key indicators of healthy met-
abolic function. Significant elevation of key antioxidative enzymes such as catalase,
SOD and glutathione also indicates an improved hepatic oxidative stress response
and defense. In addition, pro-inflammatory markers such as IL-18and COX-2 were
decreased and Hepatic enzymes such as GST and glutathione reductase showed
improved detoxification potential. The increase in hepatic glutathione-S-transfer-
ase (GST) and glutathione reductase activity points to enhanced detoxification and
antioxidant response. These enzymes play a key role in managing oxidative stress,
which is known to drive insulin resistance and liver dysfunction. Their activation
in the treated groups supports the idea that antioxidant pathways may be contrib-
uting to the improvements seen in both glucose regulation and lipid metabolism.
This data supports the synergetic interaction of HS and BB in improving metabolic,
inflammatory and oxidative stress markers in Sprague-Dawley rats. Moreover, these
findings suggest that dietary supplementation of polyphenol-rich botanicals such
as HS, and in combination with probiotics, may be a potential preventative meas-

ure against obesity and insulin insensitivity.
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