A \
| 4
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Biochemical Investigation of Therapeutic Efficacy of Berberine-
Enriched Extract in Streptozotocin-Induced Metabolic Impairment

Muhammad Sajid Hamid Akash,* Sahrish Yaqoob, Kanwal Rehman,™ Amjad Hussain,
Zunera Chauhdary, Ahmed Nadeem, Asif Shahzad, Muhammad Ajmal Shah,

and Pharkphoom Panichayupakaranant
I: I Read Online

[l Metrics & More |

Cite This: ACS Omega 2024, 9, 15677-15688

ACCESS |

Article Recommendations ‘

ABSTRACT: Metabolic disorders pose significant global health challenges, s -
necessitating innovative therapeutic approaches. This study focused on the “?' ©?? R BEE
multifaceted therapeutic potential of berberine-enriched extract (BEE) in

mitigating metabolic impairment induced by streptozotocin (STZ) in a rat stz 7, T ST et

model and compared the effects of BEE with berberine (BBR) and metformin

(MET) to comprehensively evaluate their impact on various biochemical
parameters. Our investigation reveals that BEE surpasses the effects of BBR
and MET in ameliorating metabolic impairment, making it a promising
candidate for managing metabolic disorders. For this, 30 male Wistar rats were
divided into five groups (n = 6): control (CN), STZ, STZ + MET, STZ +
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BBR, and STZ + BEE. The treatment duration was extended over 4 weeks,
during which various biochemical parameters were monitored, including
fasting blood glucose (FBG), lipid profiles, inflammation, liver and kidney
function biomarkers, and gene expressions of various metabolizing enzymes. The induction of metabolic impairment by STZ was
evident through an elevated FBG level and disrupted lipid profiles. The enriched extract effectively regulated glucose homeostasis, as
evidenced by the restoration of FBG levels, superior to both BBR and MET. Furthermore, BEE demonstrated potent effects on
insulin sensitivity, upregulating the key genes involved in carbohydrate metabolism: GCK, IGF-1, and GLUT2. This highlights its
potential in enhancing glucose utilization and insulin responsiveness. Dyslipidemia, a common occurrence in metabolic disorders,
was effectively managed by BEE. The extract exhibited superior efficacy in regulating lipid profiles. Additionally, BEE exhibited
significant anti-inflammatory properties, surpassing the effects of BBR and MET in lowering the levels of inflammatory biomarkers
(IL-6 and TNF-a), thereby ameliorating insulin resistance and systemic inflammation. The extract’s superior hepatoprotective and
nephroprotective effects, indicated by the restoration of liver and kidney function biomarkers, further highlight its potential in
maintaining organ health. Moreover, BEE demonstrated potent antioxidant properties, reducing oxidative stress and lipid
peroxidation in liver tissue homogenates. Histopathological examination of the pancreas underscored the protective effects of BEE,
preserving and recovering pancreatic f-cells damaged by STZ. This collective evidence positions BEE as a promising therapeutic
candidate for managing metabolic disorders and offers potential benefits beyond current treatments. In conclusion, our findings
emphasize the remarkable therapeutic efficacy of BEE and provide a foundation for further research into its mechanisms, long-term
safety, and clinical translation.
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1. INTRODUCTION

Plant-based secondary metabolites, notably alkaloids, play a
significant role in the treatment of metabolic disorders due to
their diverse pharmacological properties.” These bioactive
compounds, found in various botanical sources, have shown
promising effects in managing metabolic disorders, such as
obesity, diabetes mellitus (DM), and dyslipidemia. Alkaloids
such as berberine, present in Berberis species, exhibit antiobesity
effects by modulating adipogenesis and lipid metabolism. This is
achieved through the activation of AMP-activated protein kinase
(AMPK) and the inhibition of peroxisome proliferator-activated
receptor y (PPARy).” Alkaloids have shown potential in

improving insulin sensitivity and glucose uptake in diabetic
patients, partly by enhancing glucose transporter type 4
(GLUT4) translocation.” The use of alkaloid-rich extracts has
been linked to improved lipid profiles, reduced hepatic steatosis,
and enhanced insulin signaling, making them promising
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candidates for managing dyslipidemia and DM." These studies
highlight the therapeutic potential of plant-based alkaloids as
natural remedies for metabolic disorders, paving the way for
further research and development in this field.

Berberine is a quaternary protoberberine alkaloid with a
vibrant yellow color having intensely bitter taste, commonly
isolated from plant matrices using various extraction techni-
ques.” Berberine-rich plants, such as Berberis lycium from the
Berberidaceae family, are widely distributed in Pakistan and other
countries, making them valuable traditional sources of this
alkaloid. It possesses potent anti-inflammatory and antimicro-
bial properties, making it effective against various diseases and
inflammation-related conditions.’ Additionally, berberine has
gained attention for its role in managing DM and associated
metabolic disorders.’ It exhibits significant antihyperglycemic
and hypo-lipidemic activities, contributing to improved
glycemic control and lipid profile.” Apart from these effects,
berberine has shown its potential in the treatment of
complications associated with DM, such as diabetic nephrop-
athy, diabetic neuropathy, and diabetic cardiomyopathy.®
Furthermore, recent studies indicate that berberine plays a
protective role in preserving the B-cells of the pancreatic islets,
which are responsible for insulin production.” The wide-ranging
medicinal properties of berberine make it a fascinating natural
compound with immense potential for therapeutic applications
in the management of metabolic disorders and associated
complications.'

Berberis extract and pure berberine demonstrate comparable
efficacy, as they both exhibit similar effects. However, the use of
the berberis extract is more cost-effective compared to the pure
compound. Berberis extract is derived from the whole plant or
specific parts, containing not only berberine but also a
combination of other bioactive compounds, which may
contribute to its effectiveness. This synergy of multiple
compounds in the extract can enhance the overall therapeutic
benefits, leading to comparable outcomes to pure berberine.'"
Moreover, the presence of other phytochemicals in the berberis
extract may provide additional health benefits beyond what pure
berberine can offer alone. These coexisting compounds might
act synergistically to enhance the absorption, bioavailability, and
cellular uptake of berberine, potentially improving its overall
pharmacological actions. Additionally, using the extract reduces
the need for extensive purification steps involved in obtaining
pure berberine, thereby reducing the production costs.

The existing body of knowledge on plant-based alkaloids,
particularly berberine, has witnessed significant expansion in
recent years. Recent studies have delved into the diverse
pharmacological properties of berberine, shedding light on its
potential therapeutic applications.”'> However, a critical
examination of the literature reveals notable gaps in
comprehensively exploring the therapeutic effects of the
berberine-enriched extract (BEE) against metabolic impair-
ment, particularly in experimental animal models. Recent studies
have emphasized the need for more detailed investigations into
the biochemical profiling of BEE and its distinct impact on
metabolic disorders.*”"* Our study seeks to address this gap by
undertaking a thorough examination of the biochemical effects
of BEE in the context of metabolic impairment utilizing a well-
established experimental model. By delving into the specific
biochemical mechanisms and outcomes associated with BEE
administration, we aim to provide a more comprehensive
understanding of its therapeutic potential, thereby contributing
to the current knowledge base and offering insights that can

guide future research and potential clinical applications. This
study aims to bridge the existing gap by elucidating the unique
biochemical profile of BEE and its implications for mitigating
metabolic disorders, enriching the scientific discourse on plant-
based alkaloids.

In this study, our objective was to assess the therapeutic
potential of BEE in mitigating streptozotocin (STZ)-induced
metabolic disorder in rats, utilizing it as an experimental animal
model. We aimed to compare the therapeutic effects of BEE with
those of Berberine (BBR), a known compound with potential
metabolic benefits. We hypothesized that BEE could effectively
ameliorate the STZ-induced metabolic disorder by modulating
and restoring normal levels of glycemic index, lipid profile, liver
and kidney function markers, and inflammatory mediators more
efficiently when compared to BBR. Furthermore, in addition to
its overall effectiveness, we explored how BEE influenced the
mRNA expressions of carbohydrate metabolizing enzymes and
insulin sensitizing hormones. We anticipated that BEE would
exert a more profound impact on the regulation of these targets
compared to BBR. The findings may pave the way for future
applications of BEE as a promising therapeutic agent in the
management of metabolic imbalances and associated complica-
tions.

2. MATERIALS AND METHODS

2.1.Drugs and Chemicals. Metformin (MET) was sourced
from Merck Limited. Streptozotocin (STZ), ketamine, agarose,
ethidium bromide, chloroform, and isopropanol were procured
from Sigma, USA. The cDNA kit (WizScript), cyber green
master (WizPure), and primers were obtained from Thermo
Fisher Scientific-US. Various enzyme-linked immunosorbent
assay (ELISA) kits, including the insulin ELISA kit (catalogue
number: 1S130D, Calbiotech), and HbA1lc ELISA kit (catalogue
number: SG 10984, Elabsciences), HDL ELISA kit (catalogue
number: E-BC-K222-S, Elabsciences), Cholesterol ELISA kit
(catalogue number: BD090618, Human diagnostics), Trigly-
ceride ELISA kit (catalogue number: BD090618, bioactive),
Catalase ELISA kit (catalogue number: E-BC-K106, Elabscien-
ces), superoxide dismutase ELISA kit (catalogue number: E-BC-
K020, Elabsciences), and glutathione peroxidase ELISA kit
(catalogue number: E-EL-R2491, Elabsciences), Malondialde-
hyde ELISA kit (catalogue number: E-EL-0060, Elabsciences),
and IL-6 ELISA kit (catalogue number: E-EL-R001S,
Elabsciences), and TNF-a ELISA kit (catalogue number: E-
EL-R0019, Elabsciences), were employed in the study.

2.2. Berberine-Enriched Extract. The green method of
extraction plays a vital role in ensuring the production of
enriched extracts that are not only effective and safe but also
environmentally friendly.'* As consumers show a growing
interest in natural products with sustainable origins, the green
extraction approach becomes even more relevant and advanta-
geous in the development of high-quality enriched extracts for
various applications, including pharmaceuticals, functional
foods, and nutraceuticals.'**"> For this study, BBR and BEE
were provided by Pharkphoom Panichayupakranant at the
Phytomedicines and Pharmaceutical Biotechnology Excellence
Centre, Faculty of Pharmaceutical Sciences, Prince of Songkla
University, Thailand. The green extraction method was
employed for the preparation of BEE, as previously outlined.'®

2.3. Experimental Design. In this experimental inves-
tigation, around 30 Wistar albino rats weighing between 200 and
350 g were employed. The rats were distributed into S groups,
each comprising 6 rats, and were individually housed in cages at
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Table 1. Primer Sequences for RT-PCR Analysis

gene sequence (5’ to 3')

gene forward
GCK TGGTTCCTGTCCACCATTAGTT
IGF-1 GCTCCAAAGCAGACAAAAATACCC
GLUT-2 GCAGCCTTGGTTAAGAAGGTCA

reverse basic product size
CCAGGTCAGTGCCTTAGTGC 120 bp
GGTCTGGGCACAAAGATGGA 110 bp
CTTCTGACATGTTGCGTGCG 125 bp

the animal facility of Government College University,
Faisalabad, Pakistan. The animal facility maintained standard
environmental parameters, including an ambient temperature
ranging from 20 to 24 °C, a relative humidity of 65 + 5%, and a
12 h light—dark cycle, ensuring consistent and controlled
conditions. Prior to the initiation of the experiments, the rats
underwent a one-week acclimatization phase, during which they
received a commercially available rat chow diet and had
unrestricted access to water ad libitum.

The groups were classified as follows:

Group 1: Control group (CN): normal animals treated with
normal saline.

Group 2: Diabetic control group—Animals treated with STZ
at the dose of 40 mg/kg intraperitoneally to induce metabolic
impairment.

Group 3: Positive control or standard group—Animals
treated with STZ at the dose of 40 mg/kg intraperitoneally
and MET at the dose of 500 mg/kg per orally, which served as
the standard reference treatment for comparison.

Group 4: Animals received oral administration of BBR at a
dose of 50 mg/kg and intraperitoneal injection of STZ (40 mg/
kg).

Group 5: Animals received oral administration of BEE (50
mg/kg) and intraperitoneal injection of STZ (40 mg/kg).

These groups were constituted to assess and compare the
therapeutic efficacy of BEE and BBR in managing STZ-induced
metabolic disorders in an experimental animal model. The
selected doses of BBR and BEE were administered orally, while
STZ was administered intraperitoneally to induce the targeted
metabolic condition.

2.4. Induction of Metabolic Impairment. Insulin
resistance was induced in the experimental animals by subjecting
them to a high-fat diet (per 100 g of diet contained 521 kcal with
60% of energy derived from fat, 20% from protein, and 20% from
carbohydrates) for a duration of 4 weeks. After a 12 h fasting
period, a low dose of STZ (40 mg/kg) was administered via
intraperitoneal injection. The rationale for administering STZ
after the 4-week period of the high-fat diet was to induce insulin
resistance in the experimental animals. The high-fat diet serves
to create a metabolic environment conducive to insulin
resistance, and the subsequent administration of STZ
exacerbates this condition. This sequential approach aims to
model a more comprehensive representation of metabolic
impairment, simulating a scenario closer to the multifactorial
nature of insulin resistance observed in metabolic disorders. To
prevent hypoglycemic shock in the diabetic groups, a 5% glucose
solution was administered. Conversely, the nondiabetic groups
received citrate buffer alone at a dose of 1 mL/kg i.p., with a pH
of 4.5. Rat blood samples were obtained by tail vein puncture at
72 h after STZ administration. Blood glucose levels were
determined using the On-Call glucometer and glucose strip
method. Rats with plasma glucose levels >200 mg/dL were
classified as diabetic animals and were incorporated into the
study, followin7g a method previously outlined with some
modifications.'” This method facilitated the identification and

inclusion of diabetic rats, serving as subjects in the study to
assess the impacts of induced insulin resistance and the
therapeutic interventions under investigation.

2.5. Biochemical Analysis. The fasting blood glucose level
was determined using the glucose strip method, with blood
samples collected from the tail vein of experimental rats at
predefined time points, including the 0-, 7-, 14-, 21-, and 28-day
intervals. A glucometer (On-Call Extra) was utilized for these
measurements, adhering to the manufacturer’s instructions.
After the 4-week period, blood samples were obtained through
cardiac puncture under ketamine (24 mg/kg) anesthesia. Blood
samples were allowed to coagulate at room temperature for 20
min, followed by centrifugation at 3000g for 15 min. The
resulting serum was then carefully stored at —20 °C until further
analysis. The subsequent analysis of these blood samples
included parameters such as blood glucose, insulin, HbAlc,
high-density lipoprotein (HDL), cholesterol, triglycerides
(TGs), high-density lipoprotein (LDL), TNF-q, IL-6, aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
blood urea nitrogen (BUN), and creatinine. Evaluation of
these biochemical parameters was performed using their
respective assay kits on a biochemical analyzer (Microlab-300,
ELITech Group) and a microplate ELISA reader (BioTek 800
TS absorbance reader, Agilent Technologies). Strict adherence
to the manufacturer’s instructions for these assay kits ensured
accuracy during the analysis process.

2.6. Preparation of Tissue Homogenates for Estima-
tion of Oxidative Stress and Lipid Peroxidation. After the
treatment period, liver tissues were promptly collected and
stored in an icebox to maintain a low temperature and prevent
cellular component alterations. Muscle samples, prepared for
tissue homogenates, were homogenized by using a tissue
homogenizer with a 0.01 M phosphate buffer (1:9 ratio of
tissue to buffer) to achieve a homogeneous cellular suspension.
The homogenates underwent a 10 min incubation on ice for
stabilization, inhibiting enzymatic reactions. Centrifugation at
14,000¢ for 10 min effectively separated cellular debris, settling
at the tube bottom, from clear supernatants kept for analysis.
This process, driven by high centrifugal forces, facilitated the
extraction of uncontaminated, clear supernatants. These
meticulously collected supernatants were utilized for ELISA
tests, ensuring a precise evaluation of specific components and
biomarkers.

In the meticulous evaluation of oxidative stress biomarkers
within the liver tissue homogenates, a comprehensive analysis
was undertaken focusing on catalase (CAT), glutathione
(GSH), superoxide dismutase (SOD), and malondialdehyde
(MDA). The ELISA kit assay method was employed to analyze
these biomarkers, and absorbance readings were precisely
recorded at 450 nm by using a microplate ELISA reader.

2.7. Estimation of mRNA Expression in the Transcrip-
tional Regulation of Glucose Metabolism and Insulin
Secretion. To extract RNA from tissue homogenates, TRIzol
reagent (Biobasic BS410A-MA18DROJ) was utilized following
the TRIzol method, ensuring efficient total RNA extraction
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Figure 1. Fasting blood glucose (A), insulin (B), and glycated hemoglobin (C) analyses were conducted by using different statistical methods. For
fasting blood glucose, a two-way analysis of variance (ANOVA) was employed. For insulin and glycated hemoglobin, one-way ANOVA was used. Post
hoc analysis was performed using Bonferroni’s multiple comparison test to compare all pairs of columns. * When compared with control group. ® When
compared with STZ group. © When compared with MET group. ¢ When compared with MET and BRE groups. Abbreviations: | CN: control, STZ:
Streptozotocin, MET: Metformin, BBR: Berberine, BEE: Berberine-enriched extract.

while maintaining its integrity. Subsequently, 2% agarose gel
electrophoresis was used to evaluate the RNA quality. Extracted
total RNA (2 pg) underwent reverse transcription into cDNA
using the Revert Aid cDNA synthesis kit (Thermo Scientific).
For gene expression quantification, quantitative polymerase
chain reaction (QPCR) was performed with specific thermal
cycling conditions: initial denaturation at 95 °C for S min,
followed by 40 cycles of denaturation at 95 °C for 15 s, annealing
at 60 °C for 20 s, and extension at 72 °C for 20 s. Table 1
presents sequence and size details of expected PCR products for
reference and target genes (GCK, IGF-1, and GLUT2). Genes
were selected based on their relevance to pancreatic function
and metabolism. PCR initiation at 94 °C for S min, with
subsequent cycling for 35—40 cycles, involved denaturation at
94 °C for 30 s, annealing at 52—55 °C for 30 s, and extension at
72 °C for 1 min. Gel electrophoresis with 1.5% agarose and

staining with ethidium bromide facilitated the visualization of
PCR products by using an image analyzer system.

2.8. Histopathological Analysis. Following the fourth
week of the experimental period, animals were euthanized under
anesthesia, and the pancreas was isolated for histopathological
examination. Tissues were fixed in a 10% formalin solution,
dehydrated, embedded in paraffin wax, and sectioned at a
thickness of 5 ym using a microtome. The sections were then
stained with hematoxylin and eosin (H&E), deparaffinized,
hydrated, and observed under a microscope.

3. RESULTS

3.1. Biochemical Analysis of Glycemic Index Bio-
markers. The results indicated that rats treated with STZ had
the highest FBG levels, which were significantly different from
each other. Conversely, rats treated with BEE showed the lowest
FBG levels. Among the different time intervals, the maximum

15680 https://doi.org/10.1021/acsomega.4c00696
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Figure 2. Serum levels of HDL (A), cholesterol (B), triglycerides (C), and LDL (D) were analyzed using one-way ANOVA. Post hoc analysis was
conducted using Bonferroni’s multiple comparison test to compare all pairs of columns. * When compared with control group. ® When compared with
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Figure 3. Serum levels of IL-6 (A) and TNF-a (B) analyzed using one-way ANOVA. Post hoc analysis was performed using Bonferroni’s multiple
comparison test to compare all pairs of columns. * When compared with control group. ® When compared with STZ group. ¢ When compared with
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Figure 4. Serum levels of AST (A), ALT (B), BUN (C), and creatinine (D) were analyzed using one-way ANOVA. Post hoc analysis was performed
using Bonferroni’s multiple comparison test to compare all pairs of columns. * When compared with control group. ® When compared with STZ group.
¢ When compared with MET group. ¢ When compared with MET and BRE groups. Abbreviations: | AST: aspartate aminotransferase, ALT: alanine
aminotransferase, BUN: blood urea nitrogen, CN: control, STZ: Streptozotocin, MET: Metformin, BBR: Berberine, BEE: Berberine-enriched extract.

FBG was recorded on the 28th day (Figure 1A). Furthermore,
the interaction effect analysis showed that the control group
exhibited the maximum FBG on the 28th day, while the BEE-
treated group had the lowest FBG levels on the same day. At the
end of the treatment period, MET, BBR, and BEE significantly
reduced FBG levels compared to those of the STZ group.
However, the most pronounced effects were observed in the
BEE-treated group, with a significant difference in FBG levels
compared with the BBR-treated group. Additionally, both BEE
and BBR treatment improved insulin sensitivity in the
experimental animals (Figure 1B), with enhanced serum insulin
levels in these groups. Among the treatments, BEE exhibited a
more significant effect on serum insulin levels compared to both
MET and BBR. Furthermore, BEE and BBR treatments
demonstrated a more efficient reduction in the percent content
of HbAlc in experimental animals compared to MET (Figure
1C). Notably, BEE exhibited better efficacy in reducing HbAlc
levels compared to BBR.

3.2. Biochemical Analysis of Lipid Profile. In this study,
we investigated the therapeutic effects of BBR and BEE on
various lipid profile biomarkers, including HDL, cholesterol,
TGs, and LDL (Figure 2). The results showed that STZ
significantly increased the level of cholesterol, TGs, and LDL
and decreased HDL level in comparison to the control group.
This study revealed that both BEE and BBR demonstrated
significant (P < 0.001) therapeutic effects by effectively
regulating the levels of HDL, cholesterol, TGs, and LDL in
STZ intoxicated rats in comparison to the MET group. These
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findings suggest that BEE and BBR could be beneficial in
managing dyslipidemia and promoting a healthier lipid profile.
Interestingly, when we compared the therapeutic efliciency of
BEE with that of BBR, we observed that BEE exhibited greater
efficacy in improving the serum levels of HDL (Figure 2A) and
reducing the serum levels of cholesterol (Figure 2B), TGs
(Figure 2C), and LDL (Figure 2D) in comparison to BBR.
These findings suggest that BEE may be a particularly promising
agent for enhancing HDL levels, known for its protective effects
against cardiovascular diseases. Furthermore, BEE'’s ability to
effectively reduce cholesterol, TGs, and LDL levels implies its
potential in combating dyslipidemia and related metabolic
disorders.

3.3. Biochemical Analysis of Inflammatory Mediators.
In the development and pathogenesis of diverse metabolic
disorders, inflammation plays a pivotal role. As depicted in
Figure 3, the administration of STZ markedly elevated the levels
of inflammatory markers IL-6 (Figure 3A) and TNF-a (Figure
3B) in comparison to the control group. These observations
underscored the pro-inflammatory impact of STZ and its role in
instigating an inflammatory response. However, in the groups
subjected to treatment with MET, BBR, and BEE, a noteworthy
decrease in the serum levels of IL-6 and TNF-a was evident
when compared with the STZ-treated group. These outcomes
indicate the effective attenuation of the inflammatory response
induced by STZ through all three treatments, offering potential
benefits in alleviating the adverse effects of inflammation on
metabolic health. Notably, BEE demonstrated a more profound
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Figure 5. Contents of glutathione (A), SOD (B), CAT (C), and MDA (D) in liver tissue homogenate were analyzed using one-way ANOVA. Post hoc
analysis was performed using Bonferroni’s multiple comparison test to compare all pairs of columns. * When compared with control group. ® When
compared with STZ group. © When compared with MET group. ¢ When compared with MET and BRE groups. Abbreviations: | SOD: superoxide
dismutase, CAT: catalase, MDA: malondialdehyde, CN: control, STZ: Streptozotocin, MET: Metformin, BBR: Berberine, BEE: Berberine-enriched
extract.

therapeutic effect, exhibiting superior efficacy in reducing the 3.5. Biochemical Analysis of Kidney Function Bio-
serum levels of IL-6 and TNF-a compared with BBR. This markers. The kidneys play a critical role in filtering waste and
suggests that BEE may possess enhanced anti-inflammatory maintaining the fluid and electrolyte balance in the body. In
properties, positioning it as a promising candidate for the metabolic impairment, the measurement of serum BUN and
management of inflammation-associated metabolic disorders. creatinine is essential, as they serve as indicators of normal

3.4. Biochemical Analysis of Liver Function Bio- kidney function. As depicted in Figure 4C,D, the STZ-treated

group exhibited significantly elevated levels of serum BUN and
creatinine compared to the control group. However, the
administration of MET, BBR, and BEE in STZ-exposed rats
resulted in a remarkable recovery in the serum levels of BUN and
creatinine, suggesting the ameliorating effect of these treatments
on STZ-induced kidney dysfunction. Remarkably, both BBR
and BEE showed more profound effects in improving kidney

function by effectively restoring the normal levels of BUN and

l(;;glese Ic;ve];Ee};lzyme:Ss’.T;I oweverzi thet adlm Cllmtstratlon :’f MTE}T ’ creatinine when compared with MET. This suggests that BBR
» 0 n “exposed rats led to a moteworthy and BEE may have superior therapeutic efficacy in combating

re'st_oral.tion in the serum levels of AST and ALT, %ndicating_the STZ-induced kidney impairment. Moreover, BEE exhibited
mitigating effect of these treatments on STZ-induced liver

dysfunction. These results demonstrate the potential of MET,

markers. In the context of metabolic impairment, the
measurement of serum AST and ALT levels is pivotal as they
function as indicators of normal liver function. As illustrated in
Figure 4A,B, the group treated with STZ displayed significantly
heightened levels of serum AST and ALT in comparison to the
control group. These observations signify that exposure to STZ
resulted in liver dysfunction, as evidenced by the elevated levels

even better and more efficient therapeutic effects compared to
BBR, indicating its potential as a potent renal protective agent.

BBR, and BEE in restoring liver function and mitigating the 3.6. Biochemical Analysis of Endogenous Antioxidant
adverse effects of STZ on hepatic health. Remarkably, both BBR Enzyme Capacity and Lipid Peroxidation. Oxidative stress
and BEE showed more profound effects in improving liver and lipid peroxidation play crucial roles in the development of
function by effectively restoring the normal levels of AST and metabolic disorders. In this study, we observed that STZ
ALT when compared to MET. Moreover, BEE exhibited even significantly decreased the levels of important antioxidant
better and more efficient therapeutic effects compared to BBR, enzymes, including GSH (Figure 4A), SOD (Figure SB), and
indicating its potential as a potent liver protective agent. CAT (Figure SC), while increasing the content of MDA (Figure
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Pancreas

Figure 7. Histopathological examination of pancreas. (A) Normal rat pancreatic tissue. (B) STZ showing a severely injured pancreatic view in which /-
cells of pancreatic islets have been shrunk. (C) Effect of MET in which -cells of pancreatic islets have been recovered to some extent. (D, E) Recovery
of B-cells of pancreatic islets after administration with BBR and BEE, respectively.

4D) in liver tissue homogenates compared to the control group.
These findings suggest an imbalance between oxidative stress
and antioxidant defense mechanisms induced by STZ, which
contributes to liver tissue damage. However, treatment with
MET significantly elevated the levels of antioxidant enzymes and
reduced the levels of MDA when compared to the STZ-treated
group. This indicates the potential of MET in mitigating
oxidative stress and decreasing lipid peroxidation, leading to
improved antioxidant capacity and cellular protection against
oxidative damage. Remarkably, both BBR and BEE demon-
strated more effective restoration of the normal levels of
antioxidant enzymes and MDA as compared to MET. This
suggests that BBR and BEE possess stronger antioxidant
properties, which could contribute to their therapeutic effects
in countering oxidative stress and lipid peroxidation induced by
STZ. Moreover, BEE exhibited even better therapeutic effects
compared to BBR, indicating its potential as a potent antioxidant
agent.

3.7. Biochemical Analysis of mRNA Expression and
Quantification of Carbohydrate Metabolizing and
Insulin Sensitizing Enzymes. We meticulously examined
the mRNA expression levels of pivotal genes, including GCK,
IGF-1, and GLUT?2, which play essential roles in the intricate
regulation of carbohydrate metabolism and insulin stimulation.
As illustrated in Figure 6, the group subjected to STZ treatment
displayed a significant downregulation (P < 0.05) in the mRNA
expression levels of GCK, IGF-1, and GLUT2 compared to the
control group. This notable decrease in the expression of these
critical genes, intricately involved in carbohydrate metabolism

and insulin signaling, provides evidence of compromised cellular
glucose utilization and a reduction in insulin sensitivity, thereby
reflecting the detrimental impact of STZ on carbohydrate
metabolism. Remarkably, the simultaneous administration of
MET, BBR, and BEE with STZ led to a substantial increase (P <
0.05) in the expression of GCK, IGF-1, and GLUT2 compared
to the STZ-treated group. This observed upregulation suggests
the promising potential of these treatments in restoring the
disrupted carbohydrate metabolism induced by STZ exposure.
By augmenting the expression of GCK, IGF-1, and GLUT?2,
MET, BBR, and BEE may contribute significantly to the
improvement of glucose metabolism and heightened insulin
sensitivity—vital factors in maintaining a state of healthy
carbohydrate homeostasis. Noteworthy is the comparative
analysis among the treatments, where BEE demonstrated
more pronounced effects in increasing the mRNA expressions
of GCK, IGF-1, and GLUT2 compared to BBR. This heightened
expression induced by BEE suggests its potential to enhance
glucose utilization and insulin responsiveness, presenting a
potential avenue for mitigating the adverse effects of STZ on
carbohydrate metabolism.

3.8. Histopathological Analysis of Pancreas. Histopa-
thology of the pancreas was conducted to assess the effect of
BBR and BEE on the pancreatic tissue of rats (Figure 7). In the
STZ-induced metabolic impairment model, the destruction of
f-cells within the pancreatic islets was evident, as observed by
the shrinkage of cells compared to that in the control group.
STZ, known for its selective toxicity toward pancreatic f-cells,
induced significant damage to these insulin-secreting cells,

https://doi.org/10.1021/acsomega.4c00696
ACS Omega 2024, 9, 15677—15688


https://pubs.acs.org/doi/10.1021/acsomega.4c00696?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00696?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00696?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00696?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00696?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00696?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00696?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00696?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

contributing to impaired glucose homeostasis. Remarkably,
treatment with both BBR and BEE resulted in the recovery of -
cells in the pancreatic islets. This observation suggests that BBR
and BEE have beneficial effects on preserving the structural
integrity and functionality of -cells, which play a crucial role in
regulating blood glucose levels. The presence of intact and
recovered f-cells in the pancreatic islets of the BBR- and BEE-
treated groups implies their potential to protect against STZ-
induced damage and promote the restoration of insulin-
secreting capacity. Notably, BEE demonstrated a more
pronounced therapeutic effect in this regard compared with
BBR. The presence of well-preserved S-cells in the BEE-treated
group suggests its superior ability to mitigate the destructive
effects of STZ on pancreatic tissue and fS-cell function.

4. DISCUSSION

Metabolic disorders represent a significant public health concern
worldwide. The present comprehensive preclinical investigation
aimed to assess the therapeutic potential of BEE in STZ-induced
metabolic disorder using a rat model and compare its effects with
those of BBR and MET. The results of this study revealed the
remarkable efficacy of BEE in mitigating metabolic impairment
by regulating glucose homeostasis, improving lipid profiles,
reducing inflammation, and preserving pancreatic and hepatic
health. These findings hold significant implications for the
development of natural and effective therapeutic interventions
for metabolic disorders.

The assessment of FBG levels at different intervals throughout
the experimental period served as a critical indicator of the
treatment’s effects on glucose metabolism. STZ-induced
metabolic disorder resulted in elevated FBG levels, indicative
of impaired glucose homeostasis. However, treatment with BEE,
BBR, and MET effectively restored FBG levels, demonstrating
their antidiabetic properties (Figure 1). Notably, BEE exhibited
superior therapeutic effects in comparison to BBR and MET,
indicating its potential as a potent intervention for managing
hyperglycemia in metabolic disorders. Our findings align with
previously published literature.'® BEE has demonstrated efficacy
comparable to metformin in lowering blood glucose and
managing type 2 diabetes, and notably, no specific side effects
have been reported. Therefore, it could serve as an effective and
safe complementary therapy for diabetic patients."”

Dyslipidemia is a common co-occurring condition in
metabolic disorders, contributing to cardiovascular complica-
tions. The assessment of lipid profiles revealed the beneficial
effects of BEE on lipid regulation. BEE exhibited superior
therapeutic efficacy compared with BBR and MET in regulating
the levels of HDL, cholesterol, TGs, and LDL (Figure 2). This
indicates its potential in reducing the risk of atherosclerosis and
cardiovascular events in metabolic disorder management. The
regulation of lipid profiles by BEE may be attributed to its impact
on key enzymatic and signaling pathways involved in lipid
metabolism. The results of our study showed similar results to
previously reported literature.”” Hyperlipidemia represents a
clinical risk condition that heightens the susceptibility to various
severe diseases, including atherosclerosis and coronary heart
disease, consequently escalating costs for the public health
system. In recent years, numerous natural products have been
identified for their high effectiveness in alleviating hyper-
lipidemia. One such natural compound, BBR, exhibits a potent
lipid-lowerin§ effect by reducing elevated levels of plasma
cholesterol.”’ In the pathogenesis of metabolic disorders,

inflammation plays a pivotal role in contributing to insulin
resistance and tissue damage.

The downregulation of inflammatory biomarkers such as IL-6
and TNF-q, holds significant therapeutic implications for
metabolic disorders. These biomarkers are key contributors to
insulin resistance and tissue damage, common features in
conditions such as DM and dyslipidemia. By attenuating the
levels of IL-6 and TNF-a, our study suggests that BEE exhibits
potent anti-inflammatory properties. This aligns with previous
findings that highlight the role of inflammation in metabolic
dysfunction.”” The ability of BEE to surpass the effects of BBR
and MET in reducing these inflammatory markers suggests an
enhanced anti-inflammatory potential. These outcomes are
consistent with studies indicating the anti-inflammatory proper-
ties of berberine.”> The collective evidence underscores the
therapeutic promise of BEE in alleviating inflammation
associated with metabolic disorders, providing a foundation
for further investigations into its clinical applications. The results
of our study demonstrated that BEE effectively lowered the
levels of inflammatory markers, IL-6, and TNF-q, surpassing the
effects of BBR and MET. The potent anti-inflammatory
properties of BEE indicate its potential in ameliorating insulin
resistance and reducing systemic inflammation, which are
critical factors in managing metabolic disorders and their
complications. Our results are supported by the previously
published papers.'®

Furthermore, BEE exhibited significant hepatoprotective and
nephroprotective effects, as indicated by the restoration of liver
and kidney function biomarkers. The superior efficacy of BEE in
improving AST, ALT, BUN, and creatinine levels suggests its
potential for preserving liver and kidney health (Figure 3).
These findings are particularly relevant, as metabolic disorders
can lead to hepatic and renal dysfunction, adding to the burden
of the disease. The previous research also reported that
berberine has potential to ameliorate the hepatic toxicity
induced by STZ.”* The researchers also reported that berberine
has significant potential to reduce renal toxicity induced STZ.*

Oxidative stress occurs when there is an imbalance between
the production of reactive oxygen species (ROS) and the body’s
ability to neutralize them with antioxidants. This imbalance can
lead to damage to cellular components, including lipids,
proteins, and DNA, contributing to various pathological
conditions. The measurement of oxidative stress markers
provides insights into the extent of this imbalance and its
implications for cellular health. The significant antioxidant
properties of BEE, as demonstrated by elevated levels of
antioxidant enzymes (GSH, SOD, and CAT) and reduced levels
of MDA (Figure 4), further underscore its potential in
combating oxidative-stress-induced damage, a common feature
in metabolic disorders. The ability of BEE to scavenge free
radicals and mitigate oxidative stress contributes to its
therapeutic efficacy in preserving cellular health and function.
Berberine has potential to increase the content of antioxidant
enzymes and ultimately reduce oxidative stress which is major
cause of metabolic disorders.”® The study revealed significant
downregulation by berberine in both mRNA and protein
expression of inflammatory biomarkers. In the experimental
model, treatment with BRE and berberine resulted in a
remarkable recovery of antioxidant enzyme levels. Additionally,
BEE demonstrated a mitigating effect on the levels of the
antioxidant enzymes. These findings collectively suggest the
potential use of berberine as an economical phytomedicine for
the treatment of inflammatory disorders.'®
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In addition to improving FBG levels, BEE exhibited favorable
effects on insulin sensitivity. The enriched extract demonstrated
the capacity to upregulate key genes involved in carbohydrate
metabolism, namely, GCK, IGF-1, and GLUT2 (Figure S). The
restoration of insulin sensitivity is vital in managing metabolic
disorders, as it facilitates efficient glucose uptake and utilization
in peripheral tissues. The pronounced effects of BEE on gene
expression indicate its ability to enhance insulin signaling
pathways and improve insulin sensitivity, making it a promising
agent for addressing insulin resistance. The study of our result
was affirmed by the previously published papers.”” The
upregulation of genes, particularly GCK, IGF-1, and GLUT2,
is pivotal in understanding the molecular mechanisms under-
lying the therapeutic effects of BEE in our study. The increased
expression of these genes suggests a positive impact on
carbohydrate metabolism and insulin sensitivity. Significantly,
the dose-dependent effects of BEE on gene upregulation provide
valuable insights into its potential for tailored therapeutic
interventions. Our study acknowledges the importance of
exploring optimal dosages to maximize beneficial outcomes,
aligning with previous research highlighting the dose-dependent
nature of berberine’s effects.”® This nuanced approach adds
depth to the discussion, emphasizing the need for further
investigation to optimize the BEE dosage for enhanced
therapeutic efficacy.

The histopathological assessment of the pancreas (Figure 6)
further corroborated the therapeutic effects of BEE. In our study,
the observed recovery of pancreatic -cells in the BEE-treated
group, as revealed by H&E staining, holds paramount
significance for metabolic health. The preservation and recovery
of f-cells in the pancreatic islets indicate the potential of BEE to
protect against streptozotocin-induced damage and maintain
insulin-secreting capacity. Since pancreatic -cells play a crucial
role in regulating blood glucose levels, the observed structural
improvements further support the therapeutic efficacy of BEE in
ameliorating metabolic impairment and sustaining pancreatic
health. This finding aligns with the improvement in glucose
metabolism observed with BEE treatment and supports its role
in preserving pancreatic health. Berberine plays a significant role
in the amelioration of pancreatic tissues in STZ-treated rats for
the treatment of diabetes.”” Berberine demonstrates robust anti-
inflammatory, antioxidant, antidiabetic, and anticancer proper-
ties across various tissues and organs. Treatment with berberine
effectively alleviated histopathological indications of inflamma-
tion and necrosis in the pancreas. Furthermore, the admin-
istration of BEE resulted in a reduction in oxidative stress, as
evidenced by decreased levels of pancreatic MDA. When
administered intraperitoneally, BEE demonstrated the capability
to prevent and reverse pancreatic tissue damage in animal
models. These effects correlated with a decrease in inflammatory
markers and a reduction in pro-inflammatory signaling. Given
that insulin resistance and pancreatitis pose a risk for malignant
transformation leading to metabolic disorders, the ability of
berberine to prevent and reverse insulin sensitivity in
experimental animals with metabolic impairment is particularly
noteworthy.”® Overall, the comprehensive preclinical inves-
tigation highlights the multifaceted therapeutic potential of BEE
for managing metabolic disorders. BEE exhibited superior
effects compared to BBR and MET in regulating glucose
homeostasis, improving lipid profiles, reducing inflammation,
and preserving pancreatic and hepatic health. The collective
results suggest that BEE holds promise as a potent and natural
alternative for managing metabolic disorders, offering potential
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benefits beyond traditional treatments. Future research should
focus on elucidating the underlying mechanisms through which
BEE exerts its therapeutic effects as well as its long-term safety
and efficacy. Clinical trials in human subjects are warranted to
validate their efficacy and safety for clinical use. Furthermore,
exploring combination therapies and optimizing BEE formula-
tions to enhance their bioavailability and therapeutic potential
could open new avenues for metabolic disorder management.
The identification of specific biomarkers associated with BEE’s
therapeutic effects may aid in patient stratification and
personalized treatment approaches.

5. CONCLUSIONS

In this comprehensive preclinical investigation, we explored the
therapeutic potential of BEE in STZ-induced metabolic disorder
using a rat model and compared its effects with BBR and MET.
The results demonstrated that BEE exhibited remarkable
therapeutic efficacy, surpassing the effects of BBR and MET,
in ameliorating metabolic impairment, improving glucose
homeostasis, regulating lipid profiles, reducing inflammation,
and preserving pancreatic and hepatic health. The significant
upregulation of key genes involved in carbohydrate metabolism,
including GCK, IGF-1, and GLUT2, by BEE highlighted its
ability to enhance glucose utilization and insulin sensitivity. This
was supported by reduced oxidative stress, lipid peroxidation,
and improved antioxidant enzyme activity in liver tissue
homogenates, further affirming the extract’s potent antioxidant
properties. Histopathological examination of the pancreas
revealed that BEE effectively preserved and recovered pancreatic
P-cells, indicating its potential in mitigating STZ-induced
damage and promoting insulin-secreting capacity. The beneficial
effects of BEE extended to liver and kidney functions, as
evidenced by the restoration of normal levels of AST, ALT,
BUN, and creatinine, indicating its potential in maintaining
organ health. In conclusion, this study establishes BEE as a
promising therapeutic candidate for managing metabolic
disorders. Overall, BEE exhibited superior therapeutic efficacy
compared with BBR and MET in addressing STZ-induced
metabolic disorders in rats. BEE effectively improved glucose
homeostasis, regulated lipid profiles, reduced inflammation,
preserved pancreatic and hepatic health, and upregulated key
genes involved in carbohydrate metabolism. However, further
research is essential to unravel its mechanisms, determine long-
term safety, and pave the way for clinical translation, ultimately
offering new hope for individuals affected by metabolic
disorders.
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