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ARTICLE INFO ABSTRACT
Keywords: The antidiabetic effects of the methanol extract of the stem bark of Ceiba pentandra (Cp) have
Ca}‘diometabolic syndrome been demonstrated in various experimental models. Besides, this extract is rich in 8-formyl-7-hy-
Ceiba pentandra droxy-5-isopropyl-2-methoxy-3-methyl-1,4-naphthaquinone,  2,4,6-Trimethoxyphenol  and
Cytokines . . . fs . .

N . vavain. However, it remains unknown whether Cp can mitigate cardiometabolic syndrome
Insulin sensitivity . . . .
Obesity (CMS). The present study assessed the curative properties of Cp against Monosodium Glutamate

(MSG)-induced CMS in rats. Male neonate Wistar rats were intraperitoneally administered with
MSG (4 mg/g/day) during the first 5 days of life (postnatal days 2-6). They were kept under
standard breeding conditions up to 5 months of age for the development of CMS. Diseased ani-
mals were then orally treated with atorvastatin (80 mg/kg/d) or Cp (75 and 150 mg/kg/day) for
28 days during which food intake, body mass, blood pressure, heart rate, glucose, and insulin
tolerance were monitored. Plasma and tissues were collected on day 29th to assess the lipid
profile, oxidative stress, and inflammatory parameters. The histomorphology of the adipose tissue
was also evaluated. Cp significantly (p < 0.001) reduced the obesogenic and lipid profiles,
adipocyte size, blood pressure, and oxidative and inflammatory status in MSG-treated rats. Cp
also ameliorated glucose (p < 0.05) and insulin sensitivities (p < 0.001) hence, reducing animals’
cardiometabolic risk score (p < 0.001). The curative effect of Cp on cardiometabolic syndrome is
related to its capacity to reduce oxidative stress, inflammation, dyslipidemia, and increase insulin
sensitivity. These results demonstrate the potential of Cp as a good candidate for alternative
treatment of CMS.

Oxidative stress

1. Introduction

Cardiometabolic syndrome (CMS) is a worldwide health issue combining several interrelated risk factors that upsurge the

Abbreviations: Cp, Ceiba pentandra; CMS, Cardiometabolic syndrome; MSG, Monosodium glutamate; OGTT, Oral glucose tolerance test; ITT,
Insulin tolerance test.
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development of chronic non-communicable diseases [1-3]. The most recognized clinical risk factors that characterized the CMS
include abdominal obesity, insulin resistance, hypertriglyceridemia, low HDL-cholesterol levels, high blood pressure, and impaired
fasting glucose [4-6]. CMS is diagnosed in an individual having at least three of the five above-stated clinical risk factors [6]. Among
these risk factors, obesity is the main driver and its ever-increasing prevalence escalates the number of patients with CMS worldwide
[6,7]. Obesity-related non-communicable diseases account for over 5 million deaths globally each year, with over half occurring under
the age of 70 [8].

Recent cumulative evidence has demonstrated that visceral obesity induces CMS through mechanisms including insulin resistance,
low-grade inflammation, and oxidative stress [9,10]. Excess visceral adipose tissue contributes to free fatty acid accumulation in
plasma [11,12], that impairs insulin-regulated glucose metabolism. Besides, excess lipid storage in adipocytes leads to a
pro-inflammatory state with subsequent release of pro-inflammatory cytokines and enhanced production of reactive oxygen species
(ROS) [9,12,13]. Concordantly, oxidative stress reflected by an increased level of oxidative markers such as malondialdehyde (MDA),
isoprostane, and a reduced amount of antioxidant defense mechanisms namely catalase, superoxide dismutase (SOD), and reduced
glutathione (GSH) has been observed in obese patients [13].

Therefore, it is obvious that CMS is a complex health condition that gathers an incredible number of intricate pathways. This
requests the usage of several drugs to effectively target all associated dysfunctions. Multitherapy medicine however, exposes patients
to a large number of adverse effects [14-16]. Thus, it is essential to develop more effective and less expensive alternative therapies for
better management of the CMS. One way to achieve this goal would be the use of plants, as they contain many bioactive principles that
are likely to target concomitantly, several risk factors that characterize CMS.

Ceiba pentandra is a well-known Cameroonian medicinal plant that belongs to the Bombacaceae family. The stem bark extract of
this plant is widely used traditionally by Cameroonian populations as a diuretic and to treat many health conditions, including dia-
betes, hypertension, dizziness, headaches, constipation, and fever [17]. Our previous results on the phytochemical analysis of the
methanol extract of Ceiba pentandra revealed the presence of polyphenol and flavonoids including 8-(For-
myloxy)-8a-hydroxy-4a-methyldecahydro-2-naphthalenecarboxylic acid, 2,4,6-Trimethoxyphenol, and vavain [18].

Several experimental studies have evidenced the pharmacological effects of Ceiba pentandra on different diabetes models. Indeed,
the aqueous and methanol stem bark extracts of this plant exhibited interesting in vitro and in vivo antioxidant activities, improved
glucose tolerance, insulin sensitivity, and lipid profile, with the methanol extract being the most active [18-22]. These promising
results prompted us to hypothesize that the methanol extract of Ceiba pentandra (Cp) could be effective in the management of CMS. The
present study was, therefore, undertaken to assess the curative activity of Cp on MSG-obesity induced CMS in Wistar rats.

2. Materials and methods
2.1. Chemical reagents and drugs

p-glucose, Dimethylsulfoxide (DMSO), hydrochloric acid, Sodium hydroxide, bovine serum albumin, and sodium chloride were
purchased from Carl-Roth (Kalshur, Germany). Epinephrine, 1-Glutamic acid Monosodium salt hydrate, hexadecyl-
trimethylammonium bromide, sodium azide, O-dianisidin Thiobarbituric acid, Trichloro-acetic acid, and paraformaldehyde were
purchased from Sigma-Aldrich Chemical Co (Taufkirchen, Germany). Interleukin-1 (IL-1p) and tumor necrosis factor-alpha (TNF-a)
kits were purchased for R&D Systems while sodium thiopental, atorvastatin tablet, and Insulin (Actrapid, Novo Nordisk) were pur-
chased from a local pharmacy (Dschang, Cameroon). All chemical reagents used in this study were of analytical grade.

2.2. Plant collection and extraction

The trunk bark of Ceiba pentandra (CP) was collected in November 2019, in Yaoundé, Central Region, Cameroon. The plant was
authenticated by Mr. Nana Victor at the National Herbarium by comparison with an existing voucher specimen number HNC 43623.
The shade dried stem bark was ground and 200 g of the obtained fine powder was macerated in 1 L methanol for 48 h. The macerate
was filtered using successively cotton and Whatman paper number 4. The obtained filtrate was concentrated using a rotary evaporator
at 60 °C. At the end of this procedure, the residual methanol content of the extract was evaporated for 3 days at room temperature and
3.68 g of crude extract was collected and stored at 2 °C until use. This extract was dissolved in 4% DMSO before being orally
administered to animals.

2.3. Experimental animals

Two-day male neonate Wistar rats weighing 4-7 g, were used in this study. They were from our animal facility (animal house of the
Research Unit of Animal Physiology and Phytopharmacology of the University of Dschang). They were kept under standard conditions
with a normal day/night light cycle and free access to tap water and standard laboratory chow. Bromatological analysis of the chow
performed according to the AOAC (Association of Official Agricultural Chemists) method, and expressed as a percentage of the dry
matter showed: 4.54 fat, 11.06 total protein, 7.56 crude fiber, 87.58 organic matter, and 12.42 ash; corresponding to a total energy
composition of 4051.04 kcal/kg dry food. Animal handling and the protocol were approved by the Departmental Review Committee
following the international standard ethical guidelines for laboratory animal use and care as described by the law N° 10/609/EEC.
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2.4. Experimental protocol

The general diagram of the experimental design is presented in Fig. 1. The cardiometabolic syndrome was induced by intraperi-
toneal administration of monosodium glutamate (MSG, 4 mg/g/day) for the diseased group, from postnatal day 2 to day 6 [23], while
the naive group received through the same way, NaCl 9%.. After weaning on postnatal day 21, the rats were housed in individual
polypropylene cages until 5 months of age. They were further assigned into five groups of 7 animals each and treated as follows: naive
group (receiving distilled water), control (diseased) group (receiving 4% DMSO, 10 mL/kg), reference group (receiving atorvastatin
80 mg/kg [24]), and 2 extract-treated groups receiving Ceiba pentandra stem bark methanol extract at respective doses of 75 and 150
mg/kg.

Animals in each group received their treatment as a single oral bolus once a day, for 28 consecutive days during which body mass
and food consumption were recorded. Blood pressure and heart rate measurements, oral glucose tolerance test (OGTT), and insulin
tolerance test (ITT) were performed before the beginning of the treatment administration, 2 weeks after, and at the end of the 28 days
experimental period. The non-invasive tail-cuff method was used for blood pressure and heart rate recording using the IITC Life
Science MRBP tail-cuff blood pressure system.

2.5. Oral glucose and insulin tolerance tests

For the oral glucose tolerance test (OGTT), animals were fasted for 14 h and baseline blood glucose was measured. Each animal was
then orally administered with 3 g/kg of glucose, and blood glucose was again measured 30, 60, 90, and 120 min after glucose
administration. The next day, the insulin tolerance test was performed. After 6 h of fasting, the animals’ baseline blood glucose levels
were measured, followed by subcutaneous injection of insulin (1 IU/kg). Their blood glucose levels were determined at 30, 60, 90, and
120 min after injection. Blood glucose measurement was performed using a glucometer (PRODIGY Diabetes Care, USA). The following
indexes were used to assess insulin sensitivity:

TyG = Ln[fasting triglycerides (mg/dL) x fasting glucose (mg/dL)/2] [25,26].

KITT = (0.693/ t1/2) x 100 with t1/2 representing the half-life of plasma glucose decrease [27-29]

2.6. Evaluation of the lipid and obesogenic profiles

The day following the ITT test, animals were weighed, and their naso-anal length was measured under thiopental sodium anes-
thesia (50 mg/kg, i. p). Blood was collected by abdominal artery catheterization in heparinized tubes. Samples were centrifuged at
3500 rpm for 10 min and the plasma obtained was used to assess lipid parameters: triglycerides (TG), total cholesterol (TC), and HDL-
cholesterol (HDL-C). These parameters were determined using commercial kits (from Dutch Diagnostics, Netherlands) and the tests
were performed according to the manufacturer’s instructions. Additionally, LDL-cholesterol (LDL-C) level was obtained by calculation
using the formula described by Friedewald et al. (1972) [30]:

-Histology AAT
-Lipid profile

-oxidative stress \
-Inflammation

-Naso-anal length
measurement
-Sacrifices: collection
Body weight of plasma, liver, heart,
n K pancreas, abdominal
injection (i.p.) of _E; :ﬁ; _ﬁ; adipose tissue (AAT)
MSG (4 mg/g) to -I‘TT i T
neonatal rats GTT =
H_H_|__ I —— l | >|
ITTT1 I I |
Postnatalday 2 3 4 5 6 150 164 178 180
Treatment:
-Naive group

-Disease control group
-Ceiba pentandra

(75 or 150 mg/kg, p.o.)
-Atorvastatin (80 mg/kg, p.o.)

Fig. 1. Flow chart of the study. Vertical bars indicate the intervention points and the parameters measured at each point. MSG: monosodium
glutamate, BW: Body weight, BP: blood pressure, HR: heart rate, ITT: insulin tolerance test, GTT: oral glucose tolerance test.
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LDL-C = TC — HDL-C - (TG/S)

The pancreas, abdominal adipose tissue, heart, liver, and gastrocnemius muscle were collected, weighed, and homogenized in 0.1
M ice-cold Tris-HCl buffer, pH 7.4. Homogenates were aliquoted and stored at —20°C for subsequent evaluation of oxidative stress and
inflammatory parameters. The retroperitoneal portion of the abdominal adipose tissue was fixed in 4% buffered paraformaldehyde
(pH = 7.4) for histological sections. The Lee [31] and adiposity indexes [32] were calculated using the following formulas:

Lee Index (LI) = [(Cube root of weight (g)/Nasal length (mm)] x 1000

Adiposity index (AI) = [(visceral adipose tissue (g))/body weight (g)] x100

2.7. Assessment of oxidative parameters

Malondialdehyde (MDA), reduced glutathione (GSH), and superoxide dismutase (SOD) were determined as previously described
[18].

2.8. Evaluation of inflammatory parameters

In adipose tissue and pancreas homogenates, TNF-a and IL-1f levels were assessed by ELISA, using commercial kits (from R&D
Systems, USA) and performed according to the manufacturer’s instructions. Additionally, tissue NO level was quantified by the re-
action of Griess whose principle is based on the diazotization of NO?>~ jons with sulfanilamide couple to naphthyethylene diamine
(NED) in acid milieu as described by Ref. [18]. Briefly, to 250 pl of the tissue sample was added 250 pl of 1% sulfaniladide prepared in
5% orthophosphoric acid. The mixture was incubated for 5 min in the dark, then 250 pl of 0.1% naphthyl ethylenediamine was added,
and then all incubated in the dark for additional 5 min. The optical density was read at 530 nm. The quantity of nitric oxide was
calculated from the following sodium nitrite’s (NaNOo) standard curve.

2.9. Estimation of cardiometabolic risk

The cardiometabolic risk score was estimated using a formula adapted from the estimate proposed by D’Agostino et al. (2008) [33]
and Soldatovic et al. (2016) [34] in which the adiposity index [32] and 1/KIIT [27-29] were introduced as a method of assessing
abdominal obesity and as an assessment of insulin resistance respectively:

CMRS = (TG x SBP x DBP x FPG x AI x IR x Age) /1000xHDL-C

Where CMRS: Cardiometabolic Risk Score (arbitrary unit), TG: Triglycerides (g/1), SBP: systolic blood pressure (cmHg), DBP:
diastolic blood pressure (cmHg), FPG: fasting plasma glucose (g/1), Al: Adiposity index (arbitrary unit), IR: insulin resistance (esti-
mated by ITT: insulin tolerance test, expressed as 1/KITT value calculated as follows: KITT = (0.693/t1/2) x 100; (t1/2 = half-life of
plasma glucose decrease), HDL-C: high-density lipoprotein cholesterol (g/1), age (months).

2.10. Histological analysis of the adipose tissue

Paraformaldehyde-fixed adipose tissue was embedded in paraffin and sectioned into 5 pm-thick slices. The slices were then stained
with hematoxylin-eosin (HE), examined under a light microscope (from Swift), and photographed. Each microphotography (x100
magnification) was divided into four quadrants. Ten cells were randomly selected from each quadrant and their surface areas were
calculated using ImageJ software. The average surface of adipocytes from each animal was calculated and used as one subject.

2.11. Statistical analysis

Data obtained from this methodology were expressed as mean + SEM. One-way followed by Dunnet’s post-test was used for
Adiposity index, Lee index, adipocytes surface, lipid profile, Areas under the curves (AUC), 1/KITT value, TyG index, cardiometabolic
risk score, and redox and inflammatory status analyses. Two-way ANOVA followed by Bonferroni post-test was used to analyze body
weight variation, food intake, OGTT, ITT, and hemodynamic parameters. Analyses were performed using GraphPad Prism 8.2 soft-
ware. P value less than 0.05 was considered statistically significant.

3. Results
3.1. Effects of Ceiba pentandra administration on the obesogenic profile
Fig. 2 shows the activity of Ceiba pentandra methanol extract (Cp) on some obesogenic parameters of MSG-treated animals. The

results in Fig. 2a show that MSG did not induce a significant variation in body weight compared to the Naive group. However,
atorvastatin and Cp (75 mg/kg and 150 mg/kg) significantly (p < 0.05, p < 0.01, and p < 0.001) reduced by 17.78-34.28 g the MSG-



A.K. Wuyt et al. Heliyon 9 (2023) 13689

treated animals’ body weight from the 16th day till the end of the treatment period. The dose of 75 mg/kg showed better activity than
150 mg/kg. The results in Fig. 2b show that there was no significant variation in food intake in all groups. Fig. 2c¢ shows that MSG
significantly (p < 0.05) increased the Lee index of the animals compared to the naive group, and Cp administration did not significantly
affect this parameter. However, MSG treatment significantly reduced the naso-anal length (Fig. 2d). MSG administration also induced a
significant (p < 0.001) visceral fat accumulation marked by a 176.21% increase in adiposity index. Atorvastatin and both doses of Cp
showed similar efficiency, reducing this visceral adiposity index by 29% (p < 0.001) (Fig. 2e).

3.2. Effects of Ceiba pentandra administration on adipocyte morphology

The effect of CP on adipocyte size is illustrated in Fig. 3. The analysis of adipocyte sections shows that MSG induced a significant (p
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Fig. 2. Oral repeated administration of Ceiba pentandra methanol extract reduced body mass (a), Lee index (c), and adiposity index (e) but did not
affect food intake (b), and naso-anal length (d), in MSG-treated animals. N = 7. *p < 0.05, and ***p < 0.001 significant differences as compared to
naive group; $p < 0.05, *%p < 0.01 and **%p < 0.001 significant difference as compared to the diseased (control) group. Atorv = reference group -
atorvastatin 80 mg/kg, Cp 75 and Cp 150 = Ceiba pentandra methanol extract at the doses of 75 and 150 mg/kg.
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< 0.001) increase in the surface area (hypertrophy) of adipocytes compared to the naive group. Treatment with both doses of CP and
atorvastatin induced significantly (p < 0.01) and similar reduction of this hypertrophy by about 60.24% (Fig. 3 a - f).

3.3. Effects of Ceiba pentandra administration on lipid profile

Fig. 4 shows that early administration of MSG altered the animals’ lipid profile. It can be observed that total cholesterol (Fig. 4a),
triglycerides (Fig. 4b), and LDL-cholesterol (Fig. 4c) levels were significantly (p < 0.01 and p < 0.001) increased while HDL-cholesterol
(Fig. 4d) was significantly (p < 0.001) reduced in disease control rats when compared to those in the naive group. The LDL level has
almost tripled while that of HDL-C has decreased threefold. The administration of Cp at both doses improved the animals’ lipid profile
with up to 18.03% (p < 0.01) reduction in total cholesterol level, 29.03% (p < 0.05) in triglycerides, and 37.68% (p < 0.001) in LDL-
cholesterol levels, respectively. The plant extract reduced total cholesterol and triglycerides levels to nearly the normal values when
compared with the naive group. Moreover, atorvastatin significantly reduced by 12.63% the total cholesterol level (p < 0.05) and
29.82% of triglycerides levels (p < 0.01). Nevertheless, Cp, similar to atorvastatin, failed to restore the normal HDL-cholesterol levels.

3.4. Effects of Ceiba pentandra on glucose tolerance in MSG-treated animals

Before the administration of atorvastatin or Cp extract, all animals except those of the naive group were treated with MSG only. As
shown in Fig. 5a-b, MSG altered glucose tolerance. Following atorvastatin or Cp administration, glucose tolerance was time-
dependently improved while this parameter remained impaired in the diseased-control group (Fig. 5¢, d, 5e, and 5f). In fact, after
2 weeks of treatment, only the 150 mg/kg dose of Cp significantly (p < 0.05) improved this glucose dysregulation (Fig. 5c-d). After 4
weeks of treatment, atorvastatin and CP at both doses significantly (p < 0.05) improved the glucose tolerance, reducing by 23.57%,
25.26%, and 21.79% of the OGTT’s area under the curve respectively (Fig. Se-f).

3.5. Effects of Ceiba pentandra on insulin tolerance in MSG-treated animals

Fig. 6 depicts the effect of C. pentandra stem bark methanol extract on insulin sensitivity in rats previously treated with MSG.
Similar to the results obtained with the OGTT, animals from the diseased control were insulin intolerant throughout the observation
period (Fig. 6 a, ¢, and e). This is evidenced by the significant (p < 0.001) increase in AUC (Fig. 6b). After 2 weeks of treatment with Cp
or atorvastatin, an improvement in insulin sensitivity was observed. But this improvement was only significant (p < 0.05) in rats
treated with the plant extract at the dose of 75 mg/kg (Fig. 6¢—d). At the end of the experimental period, insulin sensitivity of animals
treated with either atorvastatin or both doses of the plant extract was similar to that of the naive group (Fig. 6e-f).

To better characterize the insulin sensitivity of animals, we calculated the TyG index and the 1/KITT by using the fasting glucose,
triglyceride levels, and ITT, respectively. At the end of the experiment (4 weeks), animals from the atorvastatin or Cp groups exhibited
a significant reduction of up to 29% (p < 0.001) in 1/KITT value and 4.25% (p < 0.001) in TyG index as compared to the diseased
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control group (Fig. 6g and 6h).

3.6. Effects of Ceiba pentandra on the hemodynamic parameters of animals treated with MSG

When administered to neonates, MSG induced a progressive rise in the systolic and diastolic blood pressure of animals as they grow.
As observed in Fig. 7a-b blood pressure was significantly (p < 0.001) elevated in all groups as compared to the naive group before the
administration of any treatment. Oral administration of atorvastatin or Cp at both doses reversed (p < 0.001) the effect of MSG with a
maximal effect of 7.4% on the systolic and 15.63% on diastolic blood pressure, observed in the group treated with Cp at the dose of 150
mg/kg. During the treatment period, blood pressure still increased in a time-dependent manner in the diseased control group.

The heart rate of MSG-treated animals remained significantly (p < 0.05) elevated throughout the experiment. Atorvastatin and Cp
at the dose of 75 mg/kg significantly (p < 0.01) decreased the heart rate by 25.39% and 27.66% from the second week after the
beginning of the treatment. Only the dose of 150 mg/kg of the extract at the 4th week elicited a significant (p < 0.01) decrease
(28.51%) in heart rate (Fig. 7c).

3.7. Effects of Ceiba pentandra on some redox parameters and NO level in MSG-treated animals

Table 1 illustrates the effect of Cp on some oxidative stress parameters namely: GSH, SOD, and MDA. Early injection of MSG to
neonate rats induced a significant decrease in GSH levels in the liver (p < 0.05) and adipose tissue (p < 0.001). When Cp was
administered to these 5-month-old rats, the 75 mg/kg dose induced a significant increase of 33.07% in GSH in the heart (p < 0.05) and
27.99% in muscle (p < 0.01). The 150 mg/kg dose significantly elevated the GSH level in the liver (38.56%) adipose tissue (61.26%),
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Fig. 5. Repeated administration of Ceiba pentandra extract given orally improved glucose tolerance (OGTT) in MSG-treated animals. N = 7. **p <
0.001, ***p < 0.001 significant difference as compared to the Naive group; $p < 0.05 significant difference as compared to the diseased group.
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given orally.

and heart (37.9%). Atorvastatin significantly increased GSH levels in the liver and heart by 36.45% and 29.9%, respectively.
Regarding the SOD level, MSG treatment only significantly decreased its activity in the liver (p < 0.05) and the adipose tissue (p <
0.001). None of the drugs administered reversed this dysregulation. However, Cp at the dose of 150 mg/kg induced a significant (p <
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Fig. 6. Repeated administration of Ceiba pentandra methanol extract improved insulin sensitivity in MSG-treated animals. N = 7. *p < 0.05, **p <
0.01, ***p < 0.001 significant differences as compared to the Naive group; $p < 0.05, $$p < 0.01, $$$p < 0.001 significant differences as compared
to the diseased group. Atorv = reference group - atorvastatin 80 mg/kg, Cp 75 and Cp 150 = Ceiba pentandra methanol extract at the doses of 75 and
LSO mg/kg given orally.
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Fig. 7. Ceiba pentandra methanol extract reversed the elevated systolic (a) and diastolic (b) blood pressure and heart rate (HR, c) in MSG-treated
rats. N =7. *p < 0.05, ***p < 0.001 significant difference compared to the naive group; $p < 0.05, $$p < 0.01, $$$p < 0.001 significant differences
compared to the diseased control group. Naive = NaCl + distilled water, Control = diseased group, MSG + DMSO 4%, Atorv 80 = reference group -
MSG + Atorvastatin 80 mg/kg, CP 75 = treated group 1, MSG+75 mg/kg CP and CP 150 = treated group 2, MSG+150 mg/kg CP.

0.01) increase (68.28%) in SOD activity in the pancreas.

Concerning MDA, MSG administration increased the level of lipid peroxidation in the liver (p < 0.01) and the adipose tissue (p <
0.001). The extracts were not able to correct the dysregulation in the liver but in adipocytes, both doses of Cp significantly (p < 0.05)
inhibited the lipid peroxidation by about 40%. Furthermore, Cp significantly (p < 0.05) reduced the MDA formation in the heart
(47.01%) and pancreas (58.82%). In adipose tissue, atorvastatin also significantly (p < 0.01) reduced MDA levels by 53.88% compared
to the diseased control group.
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Table 1

Ceiba pentandra mitigate oxidative stress and nitric oxide in tissues from MSG-treated animals.

Heliyon 9 (2023) e13689

Organ Treatment GSH (mmol/g protein) SOD (mmol/g protein) MDA (pmol/g tissue) NO (pmol/g tissue)
Pancreas Naive 0.0451 + 0.004 0.0018 + 0.000 0.0353 + 0.003 0.334 + 0.074
Control 0.0445 + 0.006 0.0013 + 0.000 0.0525 + 0.002 0.930 + 0.060%**
Atorv 0.0619 + 0.004 0.0009 + 0.000 0.0347 + 0.005 0.480 + 0.100%%%
Cp 75 0.0702 + 0.014 0.0014 + 0.000 0.0349 + 0.005 0.325 + 0.051%%%
Cp 150 0.0545 + 0.069 0.0043 + 0.000%* 0.0216 + 0.005% 0.103 + 0.027%%%
Liver Naive 0.276 + 0.023 0.0049 + 0.000 0.0138 + 0.004 0.281 + 0.041
Control 0.178 + 0.003* 0.0025 + 0.000** 0.0475 + 0.006* 0.339 + 0.034
Atorv 0.281 =+ 0.025% 0.0042 + 0.000° 0.0544 + 0.005 0.313 + 0.039
Cp 75 0.256 + 0.017 0.0033 + 0.000 0.0546 + 0.005 0.290 + 0.027
Cp 150 0.290 + 0.023* 0.0035 + 0.000 0.0331 + 0.011 0.298 + 0.028
Adipose Tissue Naive 0.0246 + 0.001 0.0262 + 0.003 0.0039 =+ 0.000 0.0203 + 0.002
Control 0.0066 + 0.000%** 0.0011 + 0.002*** 0.0062 + 0.000* 0.0482 + 0.01
Atorv 0.0114 + 0.003 0.0008 + 0.001 0.0028 + 0.000%* 0.0401 + 0.020
Cp 75 0.0129 + 0.001 0.0017 + 0.000 0.0037 + 0.000* 0.0717 + 0.002
Cp 150 0.0171 + 0.004% 0.0019 =+ 0.000 0.0037 + 0.000% 0.0989 + 0.122
Heart Naive 0.111 + 0.011 0.0044 + 0.002 0.0241 + 0.002 0.0139 + 0.007
Control 0.0886 + 0.002 0.0012 + 0.000 0.0242 + 0.002 0.0104 + 0.010
Atorv 0.1265 + 0.002* 0.0087 + 0.002 0.0137 + 0.002 0.0098 + 0.007
Cp 75 0.1325 + 0.014% 0.0065 + 0.001 0.0128 + 0.001°* 0.0257 + 0.019
Cp 150 0.1428 + 0.011%% 0.0075 + 0.003 0.0192 + 0.002 0.1161 + 0.019%%%
Muscle Naive 0.0866 + 0.005 0.0167 + 0.007 0.0159 =+ 0.003 0.0853 + 0.004
Control 0.0969 + 0.005 0.0012 + 0.002 0.0265 + 0.007 0.0330 + 0.009
Atorv 0.1335 + 0.008%* 0.0018 + 0.001 0.0243 + 0.005 0.0741 + 0.007
Cp 75 0.1346 + 0.004%% 0.0110 + 0.002 0.0301 =+ 0.002 0.1035 + 0.022
Cp 150 0.0779 + 0.006 0.0111 + 0.002 0.0150 =+ 0.002 0.1062 + 0.040

N = 7. *p < 0.05, **p < 0.01, ***p < 0.001 significant differences as compared to the naive group; *p < 0.05, ¥*p < 0.01, ¥*%p < 0.001 significant
differences as compared to the diseased control group. Naive = NaCl + distilled water, Control = diseased group, MSG + DMSO 4%, Atorv = reference
group-MSG + Atorvastatin 80 mg/kg, CP 75 = treated groupl, MSG+75 mg/kg CP and CP 150 = treated group2, MSG+150 mg/kg CP.

3.8. Effects of Ceiba pentandra on the inflammatory status in tissues of MSG-treated rats

As shown in Fig. 8, the TNF-a level was significantly increased in the pancreas (p < 0.05) and adipose tissue (p < 0.01) of control
rats compared to the naive group (Fig. 8a and b). Following treatment with atorvastatin or Cp the parameter only significantly (p <
0.05, p < 0.01) reduced in adipose tissue, with a maximal effect of 43.47% obtained with the dose of 150 mg/kg of Cp.

Concerning IL-1f, MSG administration significantly (p < 0.05) increased the content by 29.68% in the pancreas while no change
was observed in the adipose tissue (Fig. 8c and d). Atorvastatin and Cp at both doses induced a reduction of IL1-f in the pancreas but
this reverse effect was significant (p < 0.05) only with Cp at 150 mg/kg. Treatment with extract instead tends to increase the IL-1f
content in the adipose tissue as compared to both naive and control animals (Fig. 8c and d).

Table 1 illustrates that MSG administration increased NO levels in the pancreas (p < 0.001) and decreased in the heart (p < 0.01).
Cp in a dose-dependent manner and atorvastatin significantly p < 0.001 reversed this parameter in the pancreas. The maximal effect of
88.88% was observed with Cp at the dose of 150 mg/kg. In the heart, only Cp at 75 mg/kg significantly (p < 0.001) reversed the
inhibitory effect of MSG on NO by 90.97%.

3.9. Effects of Ceiba pentandra on cardiometabolic risk in MSG-treated animals

Early administration of MSG to neonate rats resulted in a significant (p < 0.001) and drastic increase in the cardiometabolic risk
score of animals as they became adults. Four weeks of treatment with Cp at both doses used and atorvastatin significantly (p < 0.001)
reduced the score compared to the diseased control group. The maximal effect of 77.11% was obtained with CP at the dose of 150 mg/
kg (Fig. 9).

4. Discussion

The present study was undertaken to assess the ability of Ceiba pentandra stem bark methanol extract to mitigate MSG-induced
cardiometabolic syndrome (CMS). The popularity of MSG as a food additive is worldwide recognized and it is the most extensively
consumed food additive [35]. It is incorporated in the composition of many processing food products and for daily house cooking
dishes [35,36]. Many studies have reported the deleterious effects of MSG consumption including memory and hepatic dysfunctions,
obesity, and insulin resistance [35,37]. Fouda et al. (2020) [38] recently observed the development of arterial hypertension in this
model. Thus, the MSG model gathers all the characteristics of the CMS. Therefore, demonstrating its usefulness as a tool for the
evaluation of different aspects of the CMS.

Concordantly, results obtained in this study showed that early administration of MSG to neonate rats induced a massive accu-
mulation of abdominal fat, increase in adipocyte size, altered lipid profile (dyslipidemia), insulin resistance, and elevation in arterial
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Fig. 8. Repeated oral administration of the methanol extract of Ceiba pentandra reduced the TNF-a level in the adipose tissue and the IL-1f content
in the pancreas of MSG-treated rats. N = 7. *p < 0.05, **p < 0.01 significant differences as compared to the naive group; $p < 0.05, $$p < 0.01
significant differences as compared to the diseased control group. Atorv = reference group - atorvastatin 80 mg/kg, Cp 75 and Cp 150 = Ceiba
pentandra methanol extract at the doses of 75 and 150 mg/kg.

hypertension. These observations align with many authors’ findings [37-41] and reflect not only obesity but precisely a state of CMS.
In fact, a drastic increase in cardiometabolic risk scores was observed in MSG-treated rats. Cp and atorvastatin as well, significantly
reduced this score, suggesting their curative effects on the CMS.

To understand the mechanism underlining the pharmacological activity of the plant extract, we assessed its effect on the different
parameters characterizing the CMS. Despite the drastic increase in adiposity index observed in this model, MSG did not induce a
significant change in body mass and food intake but significantly increased the Lee index. In an attempt to understand this fact, we
analyzed the naso-anal length. MSG significantly reduced the naso-anal distance. In fact, many reports have shown that administration
of high doses of MSG to neonates causes injuries in the arcuate nuclei leading to a low growth hormone secretion that further leads to a
growth delay and a reduced naso-anal length [42,43] despite a normal food intake [44]. The above results suggest that MSG-induced
obesity is not related to an enhanced food intake and further advocate the non-alteration of the leptin signaling pathway in this model.
Therefore, the development of obesity in this model might be rather a result of a positive energy balance.

Treatment with C. pentandra methanol extract (Cp) significantly reduced the animals ‘body weight without altering food intake.
These results suggest that the plant extract may possess slimming effects. Moreover, lipid profile was improved following Cp
administration. The anti-lipidemic effect of Cp was demonstrated in a previous study [18]and it’s similar to that exhibited by ator-
vastatin. The lipid-lowering effect of Cp might be at least responsible for the drop in the adiposity index, the reduction of abdominal fat
accumulation, and the curtailment of adipocyte size. It is well known that dysregulation of insulin signaling can lead to hyper-
triglyceridemia and subsequent generalized dyslipidemia [45]. Conversely, dyslipidemia induces insulin resistance. Thus, the
lipid-lowering effect of Cp can be a result or a starting point of insulin sensitization.

To verify if the insulin sensitization and lipid-lowering effect of Cp could interplay in the global biological properties of CP, we
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Fig. 9. Repeated oral administration of the methanol extract of Ceiba pentandra reduced the cardiometabolic risk score in MSG-treated animals. N =
7. ***p < 0.001 significant difference as compared to the Naive group; $$$p < 0.001 significant difference as compared to the diseased control
group. Atorv = reference group - atorvastatin 80 mg/kg, Cp 75 and Cp 150 = Ceiba pentandra methanol extract at the doses of 75 and 150 mg/kg.

tested the insulin sensitivity using insulin tolerance, TyG index, and 1/KITT index. In this study, an impairment in glucose tolerance,
and an insulin resistance state were noticed in rats that received only MSG. Insulin resistance was evidenced by a reduced insulin
tolerance, an elevated TyG index, and an increased 1/KITT index. These parameters were all improved in animals orally administered
with the plant extract and reflect the insulin-sensitizing activity of Cp. This finding corroborates the observations of Fofié et al. (2018)
[20] on another model of insulin resistance. But whether Cp improves glucose homeostasis by acting at the central or peripheral level is
still to be clarified.

Another mechanism involved in the metabolic dysregulation elicited by MSG is inflammation. Type 2 diabetes and obesity have
been associated with moderate to severe inflammation in the pancreas and adipose tissue [46,47]. Early injection of MSG to neonate
rats resulted in increased production of TNF-« in the pancreas and adipose tissue in adulthood. Besides, IL-1p production was increased
in the pancreas but not in the adipose tissue while NO levels significantly increased in the pancreas and moderately in the adipose
tissue. Taken together, these results show an inflammatory state in both pancreas and adipose tissue. It is well-known that TNF-«
inhibits adipose tissue insulin sensitivity either by impairing insulin receptor signaling or by downregulating the glucose transporter
type 4 (GLUT4) [48]. Treatment with Cp curbed these inflammatory states, suggesting that the anti-inflammatory effect of Cp may
contribute to its insulin-sensitizing effect.

Oxidative stress appears as a cornerstone of almost all metabolic, cellular, and molecular dysfunctions. Redox imbalance was
mostly observed in the liver and adipose tissue of MSG-treated rats as evidenced by a low GSH level, a diminished SOD activity, and an
increased generation of MDA, the end-product of lipid peroxidation. The imbalance between prooxidant species and antioxidant
defense mechanism elicited by MSG injection was reversed by the treatment with Cp. This result highlights once more that this plant
extract possesses antioxidant activity, as demonstrated in previous studies. This activity may be justified by the high polyphenol and
flavonoid compounds found in this plant extract [19,20,49].

It has been demonstrated that oxidative stress and insulin resistance play a pivotal role in the development of obesity-related
cardiovascular diseases including arterial hypertension [49]. Moreover, tachyarrhythmia has been reported in animals challenged
with MSG [35]. In this study, MSG exposure led to a significant increase in blood pressure and heart rate that was almost completely
reversed by the plant extract. Effects of Cp on hemodynamic parameters can be explained by its insulin-sensitizing activity or its
antioxidant activity. Indeed, cardiac GSH levels were significantly increased in animal groups that received the plant extract. In
addition, it was found that Cp increased cardiac and skeletal muscle NO content that was lowered by MSG. NO is a ubiquitous signaling
molecule that regulates cardiovascular homeostasis mainly through vasodilation [50,51]. The blood pressure lowering effect and the
normalization of heart rate exhibited by the extract might result from its ability to increase NO bioavailability in cardiovascular tissues
and suggest a possible antihypertensive effect of Cp. However, this needs to be ascertained in future studies.

It is worth noticing that results concerning NO are conflicting in this study. In the pancreas, liver, and adipose tissues, NO was
increased while in the heart, and muscle a reduction was instead observed. Further studies are necessary to clarify the tissue-dependent
effect of the plant extract.

5. Conclusions

The present study was undertaken to assess whether Cp can reverse a cardiometabolic syndrome condition. From the results
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obtained, Cp prevented abdominal obesity, adipocyte hypertrophy, reduced hypertriglyceridemia, and hypercholesterolemia. This
plant extract also reversed oxidative stress in adipose tissue and liver by increasing GSH and SOD levels, resulting in the reduction of
lipid peroxidation. In addition, Cp lowered inflammation in the pancreas and adipose tissue. These various pharmacological properties
of Cp, may underline the improved glucose homeostasis, insulin sensitivity, and blood pressure lowering effect, thus, the reduction of
cardiometabolic risk in MSG-treated animals. These pharmacological activities could be attributed to the unique or synergistic action
of chemical compounds found in this plant extract, and further support the use of the methanol extract of C. pentandra as a treatment
against cardiometabolic syndrome.
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