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Biochanin-A as SIRT-1 modulator in preventing
statin-associated diabetogenesis: An in vitro study
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Abstract. The widespread use of statin therapy for hypercho-
lesterolemia has raised concerns due to its associated risk of
inducing diabetes. Biochanin-A (BA), an isoflavone, exhibits
potential in preventing diabetes and hyperlipidemia, yet its
efficacy in mitigating statin-induced diabetes remains unex-
plored. This gap prompts a crucial inquiry: Can BA reduce
the risk of diabetes associated with statin therapy? The present
study investigated the molecular mechanisms behind atorvas-
tatin's diabetogenic nature and evaluated the potential of BA to
counteract these effects. Insulin resistance was assessed using
L6 skeletal muscle cells and pancreatic beta cell apoptosis in
MIN-6 cells. Our hypothesis posits that atorvastatin exacerbates
free fatty acid accumulation, leading to the downregulation of
sirtuin-1 (SIRT-1) and decreased uncoupling protein (UCP) 3
expression, culminating in insulin resistance. Conversely, BA
is assumed to positively modulate SIRT-1 and downregulate
UCP2, thus offering a protective effect. In vitro studies using L6
and MIN-6 cells revealed that BA has increased cell viability
and shown optimal protection against the toxicity induced by
atorvastatin in both cell lines at different concentrations. BA
effectively inhibited the reduction in glucose uptake caused by
atorvastatin. Pre-treatment with BA upregulated proteins that
are involved in the insulin-signaling pathway and reversed the
expression levels of UCPs induced by atorvastatin. BA also
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enhanced insulin release, preserved mitochondrial function,
and prevented atorvastatin-induced apoptosis. Furthermore,
BA improved SIRT-1 expression, potentially through the nico-
tinamide phospho-ribosyl-transferase-nicotinamide adenine
dinucleotide + SIRT1-pathway, revealing that BA may play
a role in modulating cellular processes in statin-associated
SIRT-1 downregulation. BA can be considered a promising
molecule to counteract statin-induced diabetes, suggesting a
prospective therapeutic role in enhancing the safety profile of
statin therapy. This research lays the groundwork for future
clinical evaluations of BA as an adjunctive treatment for
patients at risk of statin-induced diabetes.

Introduction

Identifying the impact of cholesterol reduction agents and
cardiovascular morbidity in the scientific world was crucial.
Since then, statins, the cholesterol-lowering class of drugs, are
considered to have achieved remarkable results in this field and
are the most prescribed drugs worldwide (1,2). Statins offer a
considerable health benefit for both primary and secondary
prevention of cardiovascular diseases (3). Conversely, concerns
have been raised about the negative consequences of long-term
statin usage. In a significant percentage of individuals, statin
medications appear to be safe to utilize. However, individuals
with various other disease co-morbidities are more likely
to experience undesirable side effects from long-term statin
treatment. Though the advantages of statins exceed their
heightened risks, the FDA has recently added diabetes as
a black box label warning for statins (4). Statins have been
proven to double an individual's chance of developing diabetes
mellitus due to how they may interfere with insulin signaling
pathways, impair the function of pancreatic beta cells, and
possibly raise insulin resistance (5). The risk of developing a
new onset of diabetes rose by 46% after statin therapy in a
METSIM cohort study, and numerous studies point towards
the diabetogenicity of statins (6-8). It is concerning to realize
that individuals with cardiovascular disease consuming statins
are also vulnerable to other fatal conditions such as diabetes,
which necessitates severe consideration and further research
in this area. Globally and markedly more quickly, the burden
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of diabetes mellitus is increasing. Diabetes disease comprises
6.28% of the global population (9).

The specific mechanism(s) of diabetogenesis with statins
are unresolved. However, they may include decreased insulin
sensitivity, mitigated beta-cell function and elevated intra-
cellular cholesterol absorption (10,11). Insulin resistance
was found in a study with 10-week statin administration in
non-diabetic individuals, indicating the propensity of the risk
of developing diabetes (12). An interventional RCT study
testing rosuvastatin (JUPITER) revealed a slight but substan-
tial rise in diabetes incidence rates in individuals who received
statins over a median of 1.9 years (13). Individuals who are
at high-risk categories for developing diabetes had a greater
incidence of the disease with statin medication in a cohort
study indicating its likelihood of developing diabetes at a
faster rate (14). Statins produced insulin resistance by dimin-
ishing the phosphorylation of insulin receptor, insulin receptor
substrate-1, AKT, glycogen synthase 3 and downregulated
Glut-4 expression; and it was demonstrated that statin-induced
insulin resistance is independent of cholesterol biosynthesis
inhibition by a fatty acid-mediated effect on the insulin
signaling pathway (15). Statins cause increased IL-1f3 secre-
tion from macrophages. Long-term fluvastatin treatment of
obese mice led to impaired insulin-stimulated glucose uptake
in adipose tissue and disrupted insulin signaling in lipopoly-
saccharide (LPS)-primed 3T3-L1 adipocytes. This effect was
associated with an increase in caspase-1 activity (16).

Statins, while recognized for their cholesterol-lowering
benefits in coronary heart disease prevention, exhibit pleio-
tropic effects extending beyond lipid modulation. These
include improved endothelial function, atherosclerotic plaque
stabilization, reduced oxidative stress and inflammation and
inhibition of thrombogenic response. Furthermore, statins
demonstrate benefits beyond the cardiovascular system,
impacting the immune, central nervous and skeletal systems.
These pleiotropic effects are partially attributed to the inhibi-
tion of isoprenoids, particularly affecting small GTP-binding
proteins such as Rho, Ras, and Rac, essential for intracellular
signalling (17). Beyond their established cardiovascular bene-
fits, statins have shown promise in tackling critical conditions
including cancer and inflammatory bowel disease. Their poten-
tial extends to improving vascular tone, suggesting a broader
therapeutic scope than previously recognized (18,19). This
protective effect extends beyond cholesterol reduction, high-
lighting the pleiotropic benefits of statins. Rajangam et al (20)
demonstrated that acute rosuvastatin administration signifi-
cantly reduced doxorubicin-induced cardiotoxicity in rats,
evidenced by decreased cardiac marker enzymes and improved
antioxidant activity. Statins also exhibit pleiotropic properties
with potential applications in various neurological conditions,
including epilepsy. Interestingly, recent research suggests that
statins may interact synergistically with certain antiepileptic
drugs. For example, Rajangam et al (21) demonstrated that
atorvastatin potentiated the anticonvulsant effects of lacos-
amide in both electroshock and chemo-convulsant models
of epilepsy in mice. This synergistic effect was linked to
increased plasma concentrations of atorvastatin and a poten-
tial modulation of neuronal sodium channels (21). Further
demonstrating the pleiotropic benefits of statins, rosuvastatin
mitigated scopolamine-induced amnesia in mice, improving
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Figure 1. Chemical structure of Biochanin-A.

cognitive function in elevated plus maze and Morris water
maze tests (22).

Biochanin-A (BA) is one of the essential isoflavones that
can potentially prevent and treat numerous diseases by acting
on various human systems. BA is a plant-derived chemical
found in soy, red clover, peas and alfalfa. It has shown excellent
research outcomes in treating cancers, neurological disorders,
diabetes, airway disorders, hyperlipidemia, and numerous
other disorders/diseases (23). The chemical structure of BA is
shown in Fig. 1. By increasing SIRT-1 expression in pancreatic
tissue, BA considerably lowered blood glucose levels, glucose
tolerance, insulin resistance, and enhanced insulin sensi-
tivity, demonstrating a significant impact on type 2 diabetes
mellitus in a study on high-fat diet diabetic rats (24). It has
a significant effect on type 2 diabetes mellitus, which might
be linked with SIRT-1. Another study revealed the ability of
BA to prevent diabetes by diminishing the genes transforming
growth factor-p1 and protease-activated receptors 2, which
are responsible for diabetic nephropathy and reducing blood
glucose levels of diabetic animals (25). While BA has demon-
strated anti-diabetic effects in various studies (24,26-31) its
potential in mitigating statin-induced diabetes remains unex-
plored. Moreover, the molecular mechanisms underlying such
an effect remain to be elucidated.

Sirtuins are members of Sir2 genes which is a nicotinamide
adenine dinucleotide (NAD)*-dependent deacetylase family
of proteins. Among seven different sirtuins, sirtuin-1 (SIRT-1)
has direct and indirect involvement in insulin signaling, and
insulin resistance causing Type 2 diabetes mellitus (32). By
increasing SIRT-1 expression, the insulin sensitivity of skeletal
muscle can be improved. Previous studies have highlighted
the role of SIRT-1 in metabolism and shown that its regula-
tion can influence insulin resistance (33), and metformin
could be acting through SIRT-1 for insulin resistance by its
upregulation (34). It has been revealed that diabetic patients
have SIRT-1 downregulated in muscle tissue (35). SIRT-1 is a
protein that is dysregulated when a person is on a high-calorie
diet or when there is chronic exposure to high free fatty acids
(FFA) (36), which is the case in patients who are taking statin.
The increase in acetyl Co-A will lead to the accumulation of
FFA and result in the downregulation of SIRT-1 (33,37,38).
SIRT-1 inhibition can cause upregulation of uncoupling
proteins (UCP) UCP2 and UCP3 which will result in insulin
resistance and pancreatic beta cell death.

BA has not been investigated specifically for its use in
statin-induced diabetes. To date, only hydroxychloroquine
has been tested successfully for the same (39), but its poten-
tial mechanism has not been researched; only its action has
been confirmed. Mechanism for statin-induced diabetes has
not been well established. The present study addresses these
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Figure 2. Possible mechanism of statin-induced diabetes and Biochanin-A preventing the effects through modulating SIR-1 levels. NAMPT, nicotinamide
phospho-ribosyl-transferase; CoQ-10, co-enzyme Q10; SIRT-1, sirtuin-1; UCP, uncoupling protein.

critical gaps by investigating the mechanism of statin-induced
diabetes and, for the first time, establishing the role of SIRT-1
and UCPs in this context.

Statins cause insulin resistance due to the accumulation
of acetyl CoA which is diverted to the synthesis of FFA (15).
This excess accumulation of FFA is further exacerbated by the
downregulation of SIRT-1, preventing the metabolism of the
fatty acids (33,36-38). These accumulated fatty acids prevent
the phosphorylation of Insulin receptors resulting in insulin
resistance. The possible molecular pathway involving SIRT-1
is depicted in Fig. 2.

BA works to upregulate SIRT-1 in statin-induced diabetes
which in turn halts the apoptosis of pancreatic beta cells. It
also functions to prevent insulin resistance in muscle cells
by the same mechanism. The upregulation of SIRT-1 causes
the downregulation of UCP2 (40) which plays a role in
insulin resistance in pancreatic beta cells and muscle cells.
Statin treatment is known to lower the UCP3 level (15,41,42).
Insulin resistance was assessed using L6 skeletal muscle
cells and pancreatic beta cell apoptosis in MIN-6 cells.
MIN-6 cells, derived from mouse pancreatic beta-cells,
are a well-established in vitro model for studying beta-cell
function and dysfunction. Their responsiveness to glucose,
as evidenced by glucose-stimulated insulin secretion, makes
them particularly relevant for investigating statin-induced
diabetes, which is often characterized by impaired beta-cell
function. Furthermore, previous studies, including the authors'

own preliminary findings, have identified that MIN-6 cells
exhibit sensitivity to statin exposure, mimicking aspects of
statin-induced beta-cell dysfunction observed in vivo. This
sensitivity makes them a suitable model for investigating the
potential protective effects of BA in statin-induced diabetes.

L6 skeletal muscle cells were chosen for our study because
skeletal muscle is a major site of glucose disposal in the body,
accounting for a significant portion of insulin-stimulated
glucose uptake. Dysregulation of glucose metabolism in skel-
etal muscle is a key contributor to insulin resistance and type
2 diabetes. Importantly, statins have been shown to influence
skeletal muscle function and insulin sensitivity, highlighting
the relevance of L6 cells in the context of statin-induced
diabetes. By including L6 cells, it was aimed to capture
potential systemic effects of both statins and BA on glucose
metabolism beyond pancreatic beta-cells.

Prior to our study, there was limited understanding of the
mechanism behind statin-induced diabetes. While BA has
shown promise as an anti-diabetic agent in preclinical studies,
its specific potential to mitigate statin-induced diabetes was
largely unexplored. The present study directly addresses this
gap by investigating the effects of BA on cellular models of
statin-induced diabetes. Although some studies have explored
the influence of BA on metabolic pathways, its precise mecha-
nisms of action in the context of statin-induced diabetes were
not well-defined. The current research delves into these molec-
ular mechanisms, focusing particularly on SIRT-1, UCP2 and
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lipogenic pathways, to elucidate how BA might counteract the
diabetogenic effects of statins at a cellular level.

The present study contributes significantly to the field by
providing the first evidence, to the best of our knowledge,
of BA's potential to prevent statin-induced diabetes in an
in vitro setting. Novel insights into the molecular mechanisms
through which BA exerts its protective effects are provided,
highlighting potential therapeutic targets for further investiga-
tion. These findings lay the groundwork for future in vivo and
clinical studies to further validate the therapeutic potential
of BA and ultimately translate these findings into clinical
practice.

Statins continue to be essential in treating cardiovascular
conditions since their substantial benefits surpass potential
side effects. Therefore, statins are likely to maintain their
critical role in cardiac treatment strategies. However, diabetes
is a serious chronic disorder with severe complications, and
preventing added comorbidities is essential. For this purpose,
if an additional compound can prevent diabetes, it would be
of great benefit to millions of patients. The study would also
help establish the mechanism of statin-induced diabetes and
explore the role of SIRT-1 and UCPs in the disease.

Materials and methods

Cell culture and chemicals. The mouse pancreatic beta cell
line (MIN-6) and rat myoblast (L6) cell lines were procured
from the American Type Culture Collection (ATCC). The
cells were cultured in Dulbecco's Modified Eagle's medium
(DMEM,; Gibco; Thermo Fisher Scientific, Inc.). The MIN-6
culture medium was supplemented with 15% heat-inactivated
fetal bovine serum (FBS), 1% antibiotic-antimycotic solution
and 1X B-mercaptoethanol (all from Gibco; Thermo Fisher
Scientific, Inc.) in an atmosphere of 5% CO, and 95% humidity
at 37°C. Media was changed every 48 h. The cell was disso-
ciated with cell dissociating solution (0.2% trypsin, 0.02%
EDTA, glucose-free PBS).

L6 were maintained using DMEM with 10% FBS,
penicillin (100 IU/ml) and streptomycin (100 ug/ml) (both
from Gibco; Thermo Fisher Scientific, Inc.) in a humidified
atmosphere of 5% CO, at 37°C until confluent. The cell was
dissociated with cell dissociating solution (0.2% trypsin,
0.02% EDTA, glucose-free PBS). When L6 myoblasts reached
confluence, the medium was switched to the differentiation
medium containing DMEM and 2% horse serum (Gibco;
Thermo Fisher Scientific, Inc.). After 4 additional days, the
differentiated L6 cells had fused into myotubes. L6 myotubes
were used for treatment. All the chemicals were obtained from
Invitrogen; Thermo Fisher Scientific, Inc. unless otherwise
stated.

Cell viability assay. The effect of BA and atorvastatin on
the viability of L6 and MIN-6 cells was determined by
sulforhodamine B (SRB) assay (43). Briefly, a confluent
monolayer of cells was trypsinized, counted, and seeded in
a flat bottom 96-well plate at a density of 5x10° cells/well
with a culture medium. After 24 h, the residual medium
was replaced, and the cells were incubated in a new culture
medium containing different concentrations of atorvastatin
and BA. The pre-treatment with 0.0001 to 10 M of BA for

24 h and 100 nM of atorvastatin for 48 h in the L6 cells and
pre-treatment with 6.25 to 200 M of BA for 24 h and 50 uM
of atorvastatin for 48 h in MIN-6 cells were carried out for
the study. After desired incubation, cells were fixed with 50%
(w/v) cold TCA, and then plates were kept at 4°C for 1 h.
Following 1 h incubation, plates were washed with distilled
water four times and allowed to dry at room temperature
(RT). Dried plates were stained with 0.4% (w/v) SRB in 1%
(v/v) acetic acid for 30 min in dark. Excess and unbound SRB
dye was removed by repeated washing with 1% (v/v) acetic
acid, and plates were allowed to air dry. Absorbance was
measured at 540 nm using a microplate reader by solubilizing
the bound dye with 10 mM (w/v) Tris HCI.

Glucose uptake assay. A total of 5x10° L6 cells were seeded
per well in a 96-well plate using 100 ul of DMEM supple-
mented with 10% FBS. The cell culture was maintained
by replacing the medium every 2-3 days. On the 5th day,
the cells were differentiated into myotubes by substituting
the medium with DMEM containing 2% horse serum.
Subsequent daily medium replacements with low serum
facilitated myotube maturation over 3 days. Prior to the
assay, the medium was switched to serum-free DMEM. On
the assay day, cells were treated with various conditions,
including insulin or samples lacking serum or glucose, and
incubation was performed for specified durations. Glucose
uptake was assessed using a 2-deoxyglucose (2DG) uptake
assay (Glucose uptake Glo-Kit; cat no. J1341; Promega
Corporation) wherein cells were exposed to 0.1 mM 2DG in
PBS for 30 min at 25°C. The reaction was halted by adding
stop buffer followed by neutralization buffer, and then
2-Deoxy-D-glucose 6-phosphate (2DG6P) detection reagent
was added. After 1 h of incubation at 25°C, luminescence
was measured using a luminometer with integration ranging
from 0.3 to 1 sec. The Glucose Uptake Rate was calcu-
lated according to the following formula: Rate of glucose
uptake=[(2DG6P x (volume of sample) + (number of cells x
time of uptake)].

FFA estimation assay. DMEM, FBS, penicillin-streptomycin,
trypsin and the FFA Quantification Kit (cat no. MAKO044;
MilliporeSigma) were utilized. L6 cells (1x10°%) were harvested
and extracted using 200 ul of chloroform containing 1%
Triton-100, employing a micro-pestle. The resulting samples
underwent centrifugation at 13,000 x g for 10 min at 4°C to
eliminate insoluble material. The organic phase was carefully
transferred to a new tube and air-dried at 50°C to eliminate
chloroform, discarding the resultant pellet. Subsequently,
samples were subjected to drying using a nitrogen evaporator
to remove any residual organic solvent.

The dried lipids were reconstituted by dissolving them
in 200 ul of the FFA assay buffer, followed by sonication
or vortex until a homogeneous mixture was achieved. FFA
quantification was performed according to the manufacturer's
protocol (cat. no. MAKO044). In brief, 50 ul of the sample was
mixed with 2 yl of ACS and incubated for 30 min at 37°C. This
was followed by adding a master mix of 50 ul to each reaction.
The samples were thoroughly mixed and further incubated for
30 min at 37°C in the dark. Absorbance measurements were
received at 570 nm.
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Cholesterol estimation assay. Cells (1x10%) were extracted
using 200 ul of a mixture containing chloroform, isopropanol
and IGEPAL (7:11:0.1) in a micro-homogenizer. After extrac-
tion, samples were centrifuged at 13,000 x g for 10 min at 4°C
to eliminate insoluble material. The resulting organic phase
was carefully transferred to a new tube and air-dried at 50°C
to remove chloroform, with the pellet subsequently discarded.
Samples were dried using a nitrogen evaporator to eliminate
residual organic solvent.

The dried lipids were reconstituted by dissolving them in
200 ul of Cholesterol Assay Buffer (1X PBS with 50 mM cholic
acid), followed by sonication or vortex until a homogeneous
mixture was obtained. Cholesterol estimation was performed
using a modified protocol employing the Agape kit (choles-
terol quantification kit; cat. no. MAKO043; MilliporeSigma).
Specifically, 10 ul of the sample was mixed with 200 ul of
cholesterol assay reagent and incubated for 10 min at 37°C.
Absorbance was then measured at 510 nm.

Insulin release assay. The MIN-6 cell line, sourced from
ATCC, was cultured in DMEM supplemented with 10%
inactivated FBS, glutamine, BME, penicillin (100 IU/ml) and
streptomycin (100 gg/ml) until confluent. After dissociation
with cell dissociating solution (0.25% trypsin, 0.02% EDTA,
in PBS), cells were seeded at 0.8x10° cells/well in a 6-well
plate and incubated for 24 h at 37°C in a 5% CO, incubator.
The cells were then treated with BA samples for 24 h, followed
by statin treatment at 50 xM for 48 h. Subsequently, the media
was replaced with Krebs's buffer containing 5.8 mM glucose
and incubated for 4 h. Cell culture supernatants were collected
and subjected to ELISA for insulin quantification according
to the manufacturer's protocol (Mouse INS1 ELISA kit; cat.
no. RABO817; MilliporeSigma). In the ELISA procedure,
standards and samples were added to appropriate wells and
incubated for 2.5 h at RT or overnight at 4°C. After washing,
detection antibody and Streptavidin solution were added
successively, followed by incubation and washing steps. TMB
one-step substrate reagent was added, and after 30 min of
incubation in the dark, the reaction was stopped with a stop
solution. Absorbance was measured at 450 nm.

Mitochondrial membrane potential (MMP) assay. The MIN-6
cells were treated with 50 and 100 uM BA for 24 h, followed
by 50 uM atorvastatin treatment for 48 h post-incubation.
After treatment, the media was removed, and cells were gently
washed with 1X PBS. Subsequently, the cells were stained
with Rhodamine 123 (cat. no: R8004; MilliporeSigma)
and analyzed using a BD FACSCanto™ II flow cytometer
(BD Biosciences). The data were analyzed using FlowJo™
software (version 10.8; BD Biosciences).

Western blotting. The procedure involved initial sample prepa-
ration, where cells or tissues were harvested and homogenized
in a RIPA buffer (cat. no. 89901; Thermo Fisher Scientific, Inc.)
containing a protease inhibitor cocktail (cat. no. 11873580001,
Roche Diagnostics). Following centrifugation to remove debris,
protein concentration was determined using Bradford or BCA
assay. Subsequently, proteins were separated via SDS-PAGE
electrophoresis, loaded onto the gel alongside molecular weight
markers, and electrophoresed until dye migration was complete.
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Transfer of proteins to a PVDF or nitrocellulose membrane was
carried out using a wet or semi-dry transfer apparatus with an
appropriate transfer buffer. Post-transfer, the membrane under-
went blocking with 5% non-fat milk or BSA (cat. no. A7906;
MilliporeSigma) in TBST containing 0.1% Tween-20 to prevent
non-specific binding before being incubated with primary
antibodies overnight at 4°C. After washing, the membrane
was probed with HRP-conjugated secondary antibodies and
rewashed to remove unbound antibodies. Protein bands were
visualized using ECL Western Blotting Detection Reagent
(cat. no. RPN2106; GE Healthcare Life Sciences), and images
were captured with a ChemiDoc™ Imaging System (Bio-Rad
Laboratories, Inc.). Band intensity analysis was performed using
ImageJ software (version 1.53; National Institutes of Health).
Statistical analysis was conducted using GraphPad Prism
software (version 8.0; GraphPad Software, Inc.; Dotmatics) to
ascertain significant differences between experimental groups.
Positive and negative controls were included to validate assay
specificity, while housekeeping proteins served as loading
controls for normalization. Experiments were conducted with
sufficient biological and technical replicates to ensure robustness
and reproducibility of results.

Protein estimation for insulin receptor pathway and UCPs in
L6 cells was conducted by BCA protein assay kit (Invitrogen;
Thermo Fisher Scientific, Inc.). The cells were conventionally
sub-cultured and counted using a Hemocytometer. The cell count
was adjusted to 1x10° cells/2 ml. A total of 2 ml of cell suspension
was added to each dish in a 6-well plate and incubated until the
cells reached confluence. Cells were further cultured in DMEM
supplemented with 2% horse serum for 7 days with alternate-day
media change. The cells, post harvesting, were washed twice using
1X PBS. Cells were lysed to extract total protein using 300 pl
RIPA buffer containing 1X protease inhibitor. Cell contents were
incubated for 30 min by gentle mixing every 5 min at 4°C. Post
incubation, the cells were centrifuged at 14,123 x g for 15 min
for 4°C to obtain the protein lysates. The supernatant containing
the protein lysate was carefully transferred to a fresh tube, and
the protein concentration was determined using the BCA Protein
Assay Kit according to the manufacturer's instructions. A total
of 100 pg protein samples from each cell lysate were mixed with
5X loading dye and heated for 2 min at 95°C. Protein samples
were loaded and separated on 8-, 10- and 15% SDS-PAGE gel
using Mini protean Tetra cell (Bio-Rad Laboratories, Inc.).
Nitrocellulose membrane (0.2 uM) was equilibrated in transfer
buffer for 10 min at RT. Protein transfer was conducted for
15 min in Turbo Transblot (Bio-Rad Laboratories, Inc.) apparatus
at 2.5 A and 25 V. Blots were blocked in 3% BSA in TBST for
1 h at RT followed by incubation with respective primary anti-
bodies (antibody details provided in Tables I-III) at appropriate
dilutions overnight at 4°C. The blots were washed three times
with TBST for 5 min at RT. The blots were then incubated for 1 h
at RT with HRP-conjugated secondary antibodies (anti-Rabbit
1gG; HRP-conjugated; 1:10,000; cat. no. E-AB-1003; Elabscience
Biotechnology, Inc.).After three washes with TBST for 5 min
at room temperature, the blots were rinsed with ECL reagent
for 1 min in the dark, and the images were captured between
0.5-15 sec exposure in a Chemidoc XRS + imaging system. The
SDS-PAGE gel profile with the percentage of separating and
stacking gel, and primary antibody details for different protein
markers in the L6 cell line are provided in Fig. 3 and Table 1.
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Table I. SDS-PAGE gel profile with the percentage of separating and stacking gel, and antibody details for different protein

markers in the L6 cell line.

Separating gel Stacking gel Exposure
Protein markers percentage (%) percentage (%) Dilution Cat. no. Supplier time (sec)
GAPDH 10 5 1:1,000 E-AB-20072 Elabscience 15
IRS-1 8 5 1:500 E-AB-31831 Biotechnology, 1
Pan Akt 10 5 1:500 E-AB-12213 Inc. 15
GLUT4 10 5 1:500 E-AB-31558 10
PPAR-Gamma 10 5 1:1,000 E-AB-60059 15
UCP2 15 5 1:1,000 E-AB-70257 30
uCP3 10 5 1:1,000 E-AB-17514 5

Table II. SDS-PAGE gel profile with the percentage of separating and stacking gel, and antibody details for different protein

markers in the MIN-6 cell line.

Separating gel Stacking gel Exposure
Protein markers percentage (%) percentage (%) Dilution Cat. no. Supplier time (sec)
GAPDH 10 5 1:1,000 E-AB-20072 Elabscience 1
pS3 10 5 1:1,000 E-AB-32466 Biotechnology, 10
Nicotinamide phospho 10 5 1:600 E-AB-14435 Inc. 10
ribosyl-transferase
Sirtuin-1 10 5 1:2,000 E-AB-32901 20

Table III. SDS-PAGE gel profile with the percentage of separating and stacking gel, and antibody details for caspase-3 protein

markers in the MING cell line.

Protein Separating gel Stacking gel Exposure

markers percentage (%) percentage (%) Dilution Cat. no. Supplier time (sec)

GAPDH 10 5 1:1,000 E-AB-20072 Elabscience 0.5-10

Caspase-3 10 5 1:1,000 E-AB-66940 Biotechnology, 0.5-60
Inc.

MIN-6 cells were cultured using a similar procedure as the
L6 cells with the following modifications: The cell count was
adjusted to 10x10° cells/2 ml before plating in P35 dishes, and
20 pg of protein samples from each cell lysate were loaded per
lane for subsequent analysis. Apoptosis markers, SIRT-1 and
nicotinamide phospho-ribosyl-transferase (NAMPT) protein
expression were analyzed in the MIN-6 cell line.

The SDS-PAGE gel profile and details of SDS PAGE
loading for different protein markers in MIN-6 cell line are
presented in Fig. 4 and Table II. The SDS-PAGE gel profile
with the percentage of separating and stacking gel, and primary
antibody details for caspase-3 protein markers in the MIN-6 cell
line is given in Fig. 5 and Table III.

Statistical analysis. Experimental results are expressed as
the mean = SEM. One-way ANOVA using GraphPad Prism
software (version 8 and 8.4.2; Dotmatics) was used for statis-
tical analysis, followed by Dunnett's multiple comparison test

to assess the significance between groups or unless stated
otherwise. P<0.05 was considered to indicate a statistically
significant difference. All assays were performed with three
independent experiments (n=3), except for western blots,
where two independent experiments (n=2) were conducted for
the analysis of protein markers.

Results

Effect of BA and atorvastatin on the viability of L6 and
MIN-6 cells. The cytotoxic effects of atorvastatin on L6 and
MIN-6 cells were assessed via the SRB assay, revealing an
1C,, value of 86.3 nM for L6 cells and 41.22 uM for MIN-6
cells. Treatment of L6 cells with BA at varying concentra-
tions resulted in negligible cytotoxicity, with a maximum of
19.78% observed at 10 M. Subsequent co-treatment with
100 nM atorvastatin and BA led to a significant increase in
cell proliferation, reaching 23.93% at 10 uM concentration
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Figure 3. SDS PAGE loading details in the L6 cell line; 10% Separating
and 5% Stacking gel; Lane 1: Protein Ladder, Lane 2: Control, Lane 3:
Atorvastatin 100 nM, Lane 4: BA 10 xM + 100 nM Statin, Lane 5: BA 1 uM +
Statin 100 nM. BA, Biochanin-A.

in L6 cells (Fig. 6A). Similarly, in MIN-6 cells, BA demon-
strated a protective effect against statin-induced cytotoxicity,
with cell proliferation of up to 28.10% observed at 100 yuM
concentration of atorvastatin (Fig. 6B). Notably, BA exhib-
ited a dose-dependent response in both cell lines, with lower
concentrations failing to induce proliferation. These findings
suggest that BA may effectively counteract statin-induced
cytotoxicity and promote cell proliferation in both L6 and
MIN-6 cells. For subsequent studies, concentrations of 10 and
1 uM BA in combination with 100 nM of atorvastatin were
utilized in L6 cells, while 50 #M statin-induced cytotoxicity
treated with 100 and 50 M BA was employed in MIN-6 cells
to further elucidate its protective mechanisms.

Effect of BA and atorvastatin on the glucose uptake of
L6 cells. In the present study, the effect of BA and atorv-
astatin on glucose uptake in L6 skeletal muscle cells was
assessed using the 2-deoxyglucose uptake assay. The results
demonstrated a significant increase in glucose uptake upon
treatment with insulin (Fig. 7). Specifically, treatment with
1 yMinsulinresulted in a 2.07-fold increase in glucose uptake
compared with the untreated control (P<0.0001). When L6
cells were pre-treated with BA at concentrations of 1 and
10 uM for 24 h and subsequently treated with atorvastatin

75 kDa

25 kDa

Protein ladder

Figure 4. SDS PAGE loading details in the MIN-6 cell line; 10% Separating
and 5% Stacking gel; Lane 1: Protein Ladder, Lane 2: Control, Lane 2:
Atorvastatin 50 uM, Lane 3: BA 100 M + 50 xM Statin, Lane 4: BA 50 uM +
Statin 50 xM. BA, Biochanin-A.

(100 nM) for 48 h, a fold increases in glucose uptake of 0.49
and 0.82, respectively, was observed compared with control
cells. These findings indicate that while BA did increase
glucose uptake, its effectiveness was less than that of insulin
treatment alone.

Notably, atorvastatin treatment inhibited insulin-mediated
glucose uptake in L6 cells. However, pre-treatment with BA
mitigated the inhibitory effects of atorvastatin on glucose
uptake, suggesting that BA has a protective role against the
negative impact of atorvastatin on cellular glucose regulation.
These results were significant (P<0.0001 when compared with
the effect of insulin and statin alone), as determined by Tukey's
comparison test (Fig. 7).

Effect on insulin receptor pathway by western blotting on L6
cells. To evaluate the impact of atorvastatin and BA on the
insulin receptor pathway, western blot analysis was conducted
to assess the protein expression levels of key factors, including
IRS-1,pan-Akt, GLUT-4 and peroxisome proliferator-activated
receptor (PPAR)-gamma in L6 cells (Fig. 8A). The insulin
receptor substrate-1 is key in the signal transmission cascade
initiated by insulin. An increase in IRS-1 can enhance insulin
signaling and consequently boost cellular glucose absorption,
which might ameliorate insulin resistance. Western blot results
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Figure 5. SDS PAGE loading details: 10% separating and 5% stacking gel; Lane 1: Protein Ladder, Lane 2: Control, Lane 2: Statin 50 M, Lane 3: BA 100 uM +
50 uM Statin, Lane 4: BA 50 uM + Statin 50 M of caspase-3 protein markers in the MIN-6 cell line. BA, Biochanin-A.

showed that L6 cells pre-treated with 10 xM BA demon-
strated a significant upregulation of IRS-1, with levels rising
2.42-fold (Fig. 8A). This increase suggests that BA promotes
insulin signaling, potentially enhancing glucose uptake. Dose
dependency was noted, as the effect was specific to the 10 uM
concentration. Atorvastatin did not significantly affect IRS-1
expression.

The western blot analysis focused on pan-Akt, a crucial
protein kinase involved in metabolism and cell survival,
revealed that L6 skeletal muscle cells treated solely with
atorvastatin displayed a significant change in pan-Akt levels
but lesser when compared with the combination of BA groups.
By contrast, cells pre-treated with BA followed by atorvastatin
exhibited a significant 1.79-fold increase in pan-Akt expres-
sion, suggesting that BA may enhance Akt activation within
the insulin signaling pathway (Fig. 8A).

Western blot analyses demonstrated that pre-treatment of
L6 cells with 10 uM BA led to a substantial increase in GLUT4
protein levels, with a 2.76-fold upregulation observed (Fig. 8A).
This effect of BA on GLUT4 expression was dose-dependent,
indicating a potential mechanism for increased glucose uptake
and metabolism through the insulin signaling pathway.

PPAR-gamma is a nuclear receptor that plays a critical
role in regulating insulin sensitivity and glucose homeostasis.
PPAR activation in mature adipocytes induces the expression
of a number of genes involved in the insulin signaling cascade,
thereby improving insulin sensitivity. PPAR-gamma activation
results in a marked improvement in type 2 diabetic patients of
insulin and glucose parameters resulting from an improvement
of whole-body insulin sensitivity. BA at a dose of 10 M in
combination with atorvastatin 100 nm showed a dose-dependent
effect by upregulating the PPAR-gamma protein by 1.71-fold
(Fig. 8A). This indicates that BA can activate PPAR-gamma
significantly and modulate insulin signaling despite the statin
effect of downregulating this protein by 0.71-fold.

Pre-treatment of L6 cells with 10 M BA significantly upreg-
ulated IRS-1, pan-Akt and GLUT4 expression, by 2.42-fold,
1.79-fold and 2.76-fold, respectively. This suggests that BA
enhances insulin signaling and glucose uptake. Additionally, BA
(10 uM) in combination with atorvastatin (100 nm) increased
PPAR-gamma protein expression by 1.71-fold, indicating its
ability to modulate insulin sensitivity despite atorvastatin's
downregulation of PPAR-gamma. These findings highlight
the potential of BA to improve insulin sensitivity and glucose
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Figure 7. Estimation of rate of glucose uptake in L6 cells treated with various
concentrations of Biochanin-A and Atorvastatin. Atorvastatin inhibited the
insulin-mediated glucose uptake of L6 cells. Pre-treatment with Biochanin-A
reduced the inhibitory effects of Atorvastatin on glucose uptake, suggesting
the protective impact of Biochanin-A. All values are expressed as the
mean = SEM (n=3). ""P<0.0001 vs. atorvastatin; “P<0.0001 when compared
with insulin 1 #M by Tukey's comparison test.

homeostasis through multiple pathways. The western blot
images of these markers are specified in Fig. 8B.

Role of UCPs in modulating sSIRT-1 by BA and atorvas-
tatin-treated L6 cells. In evaluating the biochemical pathway
interactions between BA and atorvastatin, a key focus was on
the UCP levels (Fig. 9). Our in vitro experiments on L6 cells
revealed a significant upregulation of UCP2 by atorvastatin.
Western blotting demonstrated that atorvastatin elevated
UCP2 expression by 3.43-fold compared with the untreated
control group. This upregulation of UCP2, in the absence of
BA, was associated with a decrease in SIRT-1 protein levels,
aligning with our original hypothesis.

Subsequent treatment with BA in combination with atorv-
astatin produced a reversal of this effect, with normalization
of UCP2 expression to 1-1.08-fold relative to the control.
This suggests a mitigating influence of BA on the atorvas-
tatin-induced overexpression of UCP2, which may be through
the modulation of the SIRT-1 pathway (Fig. 9A and B).

Western blot analysis of BA and atorvastatin on UCP3
proteins in L6 muscle cells revealed that pre-treatment with
10 uM of BA significantly increased UCP3 levels, with a 2.6-fold
enhancement compared with untreated controls. Conversely,
cells exposed to 100 nM of atorvastatin alone exhibited a marked
decrease in UCP3 expression, down to 0.31-fold of control levels.

The statin treatment downregulated UCP3 expression
observably and BA treatment revealed upregulation of UCP3
in a dose-dependent manner. Overall, the results suggest that
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Figure 8. Western blot analysis of insulin receptor pathway proteins. (A) L6 cells were pre-treated with BA (1 or 10 xM) for 24 h and Atorvastatin (100 nM)
for 48 h. Cell lysates were subjected to western blot analysis using antibodies against IRS-1, AKT, GLUT4 and PPAR-gamma (loading control). Pre-treatment
with BA upregulated the levels of these proteins at 10 M. Densitometric analysis of protein expression normalized to GAPDH. Data are presented as the
mean + SEM (n=2). “P<0.01, “"P<0.001 and "*"P<0.0001 compared with control group, as indicated. Statistical significance was determined by one-way
ANOVA followed by Dunnett's post hoc test. (B) Representative western blot images of IRS-1, AKT, GLUT4 and PPAR-gamma in L6 cells treated with
atorvastatin alone and BA pre-treatment at 1 and 10 M, followed by atorvastatin exposure. The bands shown in this panel originate from different western
blots conducted under identical experimental conditions. A shared GAPDH control was used for comparison across the blots, which was necessary due to the
10-well capacity of the mini blot module. BA, Biochanin-A; PPAR, peroxisome proliferator-activated receptor.

the UCP2 and UCP3 expression is inversely associated under
the influence of these compounds. The data indicate that BA
may serve a protective role, modulating the negative effects
statins have on UCP3 expression.

Effect of BA on statin-induced FFA and cholesterol quantifi-
cation

FFA quantification. The result of the FFA estimation assay
demonstrated that the cells treated with atorvastatin alone
and its combination with BA had an increase in FFA content
compared with the control group. The L6 cells treated with
statin alone at 100 nM showed a maximum of 47.78 nM/ul

whereas BA at 1 and 10 uM respectively showed 40.18 and
39.33 nM/ul compared with control in FFA concentration. It
was found that there was a significant change in FFA content
in the statin-alone and combination groups when compared
with the control group indicating a modulation of FFA
accumulation by BA (Fig. 10).

Cholesterol quantification. The result of the cholesterol
quantification assay revealed that the cells treated with atorv-
astatin alone and its combination with BA had a reduction in
cholesterol content compared with the normal control group.
The L6 cells treated with statin alone at 100 nM showed a
minimum of 0.02 mg/ml, and BA at 1 and 10 xM respectively
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Figure 9. Densitometric analysis of protein expression normalized to
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showed 0.59 and 0.133 mg/ml levels of cholesterol concentra-
tion. These findings illustrate that the combination of BA with
atorvastatin does not hamper the cholesterol-lowering efficacy
of atorvastatin (Fig. 11).

Effect of BA on statin-induced insulin release in MIN-6 cells.
Cells were pre-treated with BA at 50 and 100 uM to evaluate the
effect on insulin secretion against statin treatment with response
to glucose stimulation at 5.8 mM. The results suggest the
dose-dependent increase in insulin levels at BA 50 and 100 uM
with 7.45 and 9.7 uU/ml compared with statin treatment with
4.2 pU/ml. Insulin level in untreated control was observed to be
9.9 pU/ml. BA treatment at 100 M shows a significant increase
in insulin levels compared with Statin (P<0.01).

The results suggest that BA can improve insulin release
against the statin effect of lowered insulin release, which indi-
cates that BA is an effective treatment choice in statin-induced
diabetes (Fig. 12).

Effect on MMP by flow cytometry. The results of the MMP
assay using Rhodamine dye suggest that atorvastatin produced
a decrease in cell fluorescence which indicates loss of MMP.
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Figure 10. Free fatty acid assay of L6 cells treated with Atorvastatin and
Biochanin-A. Data is presented as the mean = SEM (n=3). “P<0.001 and
“"P<0.0001 compared with the normal control group. Samples were
analyzed by one-way ANOVA with Dunnett post-hoc test.

However, when combined with BA, there was a significant
increase in cell fluorescence compared with atorvastatin
alone, indicating a potential protective effect of BA. The
pre-treatment with BA showed a dose-dependent enhancement
of MMP in MIN-6 cells compared with the normal control.
These results suggest that BA may have a beneficial role in
preserving mitochondrial function, potentially offering thera-
peutic benefits in conditions associated with mitochondrial
dysfunction (Fig. 13A and B).

Impact of BA and statin treatment on apoptosis marker
expression in MIN-6 cells

p53 protein expression. An upregulation of the pS3 marker
in the atorvastatin-alone treatment group compared with the
normal control group was revealed using western blotting.
The pre-treatment of BA with atorvastatin showed a decrease
in p53 levels at a 50 yuM dose. However, when the BA dose
was doubled to 100 #M, an increase in p53 levels was evident,
suggesting that high doses of BA might trigger cellular
responses to counteract DNA damage.

These findings indicate a complex interaction where low
doses of BA protect against apoptosis induced by statin treat-
ment and potentially protecting pancreatic beta cells from
statin-induced toxicity. This dual action of BA, with an initial
downregulation followed by upregulation of p53 at higher
concentrations, warrants further exploration into the pathway
mechanisms, particularly the analysis of p53 downstream
targets (Fig. 14A and B).

Caspase-3 protein expression. The western blot results of
MIN-6 cells pre-treated with BA at concentrations of 50 and
100 M suggest a significant downregulation of Caspase-3 by
1.26 and 1.91-fold, respectively, compared with the control
group. The BA treatment exhibited a dose-dependent effect
on Caspase-3 protein expression. By contrast, atorvastatin at a
concentration of 50 uM showed an upregulation of Caspase-3
by 4.03-fold compared with the control group. These results
suggest that atorvastatin induces apoptosis in the MIN-6 cells
at 50 yM concentration (Fig. 14A and B).

Interestingly, BA in combination with atorvastatin prevented
cell apoptosis. This observation indicates a protective effect
of BA against atorvastatin-induced apoptosis. Furthermore,
this analysis confirms the reason for the increased levels of
p53 observed in the present study. The elevated levels of p53
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Figure 11. Cholesterol estimation assay of L6 cells treated with
Atorvastatin and Biochanin-A. Data is presented as the mean + SEM (n=3).
“*"P<0.0001compared with the normal control group. Samples were analyzed
by one-way ANOVA with Dunnett post-hoc test.
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Figure 12. Effect of Biochanin-A and atorvastatin on insulin release using
Insulin release assay in MIN-6 cells. All values are expressed as the
mean + SEM (n=3). “"P<0.001 and """P<0.0001 vs. glucose 5.8 mM by
Tukey's comparison test.

indicate the activation of a feedback mechanism at higher
combination doses of BA.

Effect of BA and statin in modulating SIRT-1 by western
blotting

SIRT-1 protein expression. The western blot findings for
MIN-6 cells subjected to pre-treatment with BA in combi-
nation with statin at concentrations of 100 and 50 uM
indicate a respective upregulation of SIRT-1 protein by 1.62
and 1.13-fold compared with the control. Additionally, the
upregulation observed in the BA combination groups with
atorvastatin was 2.35-fold and 1.64-fold higher at 100 and
50 uM respectively, compared with atorvastatin alone at
50 uM. Notably, the combination group with 100 uM BA
demonstrated a significant increase in upregulation, indi-
cating a dose-dependent effect when compared with the
statin-alone-treated group. Atorvastatin treatment resulted
in a reduction in the expression of SIRT-1 compared with
the control and BA combination groups. The BA treatment
improved the SIRT-1 expression in the combination group of
atorvastatin indicating that BA can be considered as SIRT-1
modulator/activator (Fig. 15A and B).

NAMPT protein expression. The western blot results of MIN-6
cells pre-treated with BA at 100 M concentrations suggest a
significant upregulation of the NAMPT protein by 1.92-fold
compared with the control and 3.92-fold when compared
with atorvastatin alone group. Atorvastatin at a concentra-
tion of 50 M resulted in a 0.49-fold regulation of NAMPT
expression compared with the normal control group. BA
combination groups upregulated NAMPT expression, whereas
atorvastatin alone downregulated its expression, highlighting
the contrasting effects of these treatments (Fig. 15A and B).

Discussion

Atorvastatin is a widely prescribed medication that effectively
lowers cholesterol levels and reduces the risk of cardiovas-
cular disease by inhibiting HMG-coA reductase enzyme
involved in cholesterol production (44). However, previous
research has suggested a potential link between statin use
and an increased risk of developing diabetes mellitus (4-8).
This has raised concerns about the long-term impact of
statins on glucose metabolism and has prompted the explora-
tion of alternative approaches to mitigate this risk. In light
of the risk-benefit analysis, statins are certainly here to stay.
Thus, it is essential to discover an agent that could prevent
these undesirable effects of statins without compromising
their efficacy when used in combination. Several studies have
demonstrated a significant association between statin use and
the development of new-onset diabetes. The exact mecha-
nisms underlying this relationship are not fully understood,
but proposed hypotheses include impaired insulin secretion,
increased insulin resistance, and disruptions in intracellular
glucose metabolism (11). Understanding the precise path-
ways through which statins may impact glucose homeostasis
is crucial for improved risk stratification and management of
patients on statin therapy.

The present study evaluated the effect of BA in
preventing statin-induced type-2 diabetes mellitus by
analyzing insulin resistance in L6 skeletal muscle cells and
pancreatic beta cell death in MIN-6 cells. The emphasis on
skeletal muscle is due to its central role in glucose control
and energy balance, as it is the main site for postprandial
glucose uptake. Disruptions in this system can lead to
type 2 diabetes (45). The use of L6 and MIN-6 cell lines
offers a dual approach, providing insights into both insulin
action within muscle tissue and beta cell health, two critical
determinants in disease progression.

By employing the SRB assay (43), the optimal concentra-
tions of atorvastatin and BA to induce functional inhibition
in MIN-6 and L6 cell lines were determined, paving the way
for further investigations. Subsequently, experiments were
conducted following the established workflow in our labora-
tory. Similar to a prior study demonstrating the stimulatory
impact of BA on 2-NBDG glucose uptake assay (46), the
current findings from the 2-DG assay revealed an improved
glucose uptake in L6 cells among the group pre-treated with
BA. Multiple studies have shown that atorvastatin inhibits
the glucose uptake of the cells (47-49). The present findings
agree with the literature, as BA was able to reduce the effect of
statins decreasing glucose uptake, while atorvastatin restricted
the insulin-mediated glucose uptake of L6 cells.
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Figure 13. (A) Histogram with a mean fluorescence of the treated groups. (B) The MMP analysis of MIN-6 cells treated with Atorvastatin and Biochanin-A.
Statin treatment produced a decreased MMP whereas the combination of Biochanin-A with statin has improved the MMP of the cells. All values are expressed
as the mean = SEM (n=3). “"“P<0.0001 when compared with the control group and "#P<0.0001 compared with Atorvastatin treated group. Statistical analysis
is performed by One-way ANOVA followed by Tukey's multiple comparison tests. MMP, mitochondrial membrane potential.

It was noted that statin inhibits the insulin-mediated glucose
uptake of the cell through impairment of the intracellular
insulin receptor signaling (50) or by excessive accumulation
of FFA in skeletal muscle as a result of HMG-CoA reductase
enzyme and pathway inhibition (51). Statin decreases the
GLUT-4 translocation (49,52,53) and impaired AKT activa-
tion (53,54) in muscle cells leading to impairment of glucose

transport in myotubes and producing disrupted insulin
receptor pathway signaling. Our protein expression analysis
revealed that there was dose-dependent upregulation of IRS-1,
GLUT-4 and PPAR-vy proteins in pre-treatment with BA in
combination with atorvastatin at 10 uM concentration. AKT
protein expression was elevated with pre-treatment of BA but
not in a dose-dependent manner. However, atorvastatin when
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Figure 14. Quantitative representation of western blot analysis of apoptosis
markers expression normalized to GAPDH on MIN-6 cells. (A) Pre-treatment
with Biochanin-A downregulated the levels of Caspase-3 and upregulated
p53 at 100 M. Data is presented as the mean + SEM (n=2). Samples were
analyzed by one-way ANOVA with Dunnett post hoc test. (B) Representative
western blot images of GAPDH, p53 and caspase-3 in MIN-6 cells treated
with atorvastatin alone, as well as BA pre-treatment at 100 and 50 uM,
followed by atorvastatin exposure. The bands shown in this panel originate
from different western blots conducted under identical experimental condi-
tions. A total of 2 separate GAPDH controls were used for comparison with
the respective protein blots (p53 and caspase-3), ensuring consistency across
experiments. The blotting procedure was adapted to the 10-well capacity
of the mini blot module. "P<0.05, “P<0.01 and ““P<0.001 compared with
control group. BA, Biochanin-A.

treated alone inhibited IRS-1 and PPAR-y protein expres-
sion levels. Atorvastatin produced no changes in the level of
GLUT-4 but showed an increase in the AKT expression when
compared with control. The combination of BA with atorvas-
tatin enhanced IRS-1 expression in skeletal muscle, improving
the efficiency of the insulin signaling pathway, and resulting in
increased glucose uptake by muscle cells in response to insulin.
The number of glucose transporters on the cell membrane is
increased, leading to enhanced glucose uptake in response to
insulin, as GLUT-4 protein levels are upregulated when BA
is administered. BA in combination with a statin medication
upregulates Akt protein expression in skeletal muscle, thereby
enhancing the efficiency of the insulin signaling pathway
and facilitating glucose uptake. When PPAR gamma protein
expression is upregulated in skeletal muscle, it enhances insulin
sensitivity and glucose uptake by promoting the transcription
of genes involved in glucose metabolism and insulin signaling,
thus improving overall insulin signaling pathway efficiency.
SIRT-1 protein has involvement in insulin signaling,
and insulin resistance causing type-2 diabetes mellitus (32).
The metabolic defect of skeletal muscle is responsible for
insulin resistance (55). Decreased level of SIRT-1 protein in
muscle tissue leads to insulin resistance (56). By increasing
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Figure 15. Quantitative representation of western blot analysis of SIRT-1
and NAMPT markers expression normalized to GAPDH on MIN-6 cells.
(A) Pre-treatment with BA upregulated the levels of these proteins at
100 M. Data is presented as the mean + SEM (n=2). Statistical analysis
was performed using one-way ANOVA with Tukey's multiple comparison.
(B) Representative western blot images of GAPDH, SIRT-1 and NAMPT
in MIN-6 cells treated with atorvastatin alone, as well as BA pre-treatment
at 100 and 50 pM, followed by atorvastatin exposure. The same GAPDH
control used for p53 in Fig. 14B is also used here for comparison with SIRT-1
and NAMPT protein expression. The bands originate from different western
blots conducted under identical experimental conditions. This approach was
necessary due to the 10-well capacity of the mini blot module, which required
the use of a shared GAPDH control. "P<0.05 compared with control; “P<0.05,
#P<0.01 compared with statin-alone group. SIRT-1, sirtuin-1; NAMPT,
nicotinamide phospho-ribosyl-transferase; BA, Biochanin-A.

SIRT-1 expression in skeletal muscle, insulin sensitivity can
be improved (33). It is proven that diabetic patients have
downregulated SIRT-1 in muscle tissue (36).

UCPs are mitochondrial inner membrane proteins, respon-
sible for cellular respiration. UCP2 is present in the pancreatic
B cell, liver and heart. UCP3 is selectively expressed in skeletal
muscle cells (57). SIRT-1 is known to repress the UCP2 gene,
binding directly to UCP2 promoter (40). After glucose stimula-
tion, § cells fail to increase the level of ATP due to upregulation
of UCP2 (58). UCP2 and UCP3 are involved in mitochondrial
function and metabolic regulation. UCP2 negatively regulates
insulin secretion in pancreatic f cells, while UCP3, primarily
in skeletal muscle, plays a role in fatty acid metabolism (33).
It was shown that UCP3 levels are lowered by statin (15). The
accumulation of FFA is inhibited by UCP3. According to a
study, silencing of UCP-2 was associated with an upregulation
of GLUT-4, increased glucose uptake, and reduced intracel-
lular lactate levels, indicating improvement of oxidative
glucose metabolism (59). When statin is administered, there
will be an accumulation of FFA and downregulation of SIRT-1
protein, which will cause an upregulation of UCP2 levels. BA
is known to upregulate SIRT-1 protein and thereby reverse the
effect (33). It was hypothesized that BA may be able to inhibit
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statin-induced diabetes, possibly by modulating SIRT-1 via
downregulating UCP2 and upregulating UCP3.

The expression study on L6 cells revealed that atorvastatin
enhances UCP2 protein levels compared with the control. By
contrast, the combination of BA with atorvastatin reduced the
UCP?2 expression up to 1-1.08-fold compared with the control.
The increase in UCP2 expression observed in the statin-alone
group may be attributed to the reduced expression of the
SIRT-1 protein, as hypothesized. The levels of SIRT-1 were
assessed in our in vivo samples to confirm the findings.

The effect of BA on statin-induced FFA accumulation on
L6 cells was analyzed using the FFA Quantification Kit. The
colorimetric assay is based on an enzymatic cycling reaction
that selectively detects FFA in the presence of other lipids,
measuring the absorbance at 570 nm. Post incubation, the
cells were treated with BA for 24 h (1 and 10 xM) followed by
atorvastatin treatment (100 nm) for 48 h. Research indicates
that an increase in plasma-FFA concentrations is a significant
factor contributing to the occurrence of insulin resistance in
skeletal muscle tissue (60,61). Atorvastatin administration
can cause FFA accumulation in the cells due to the inhibition
of the HMG CoA reductase enzyme and further mevalonate
formation in the cholesterol synthesis pathway. This accu-
mulation of FFA may be the foremost reason for the insulin
resistance in muscle cells connecting to the path of SIRT-1
and UCP2. Using atorvastatin, a hypothesized metabolic
repercussion is the elevation of FFA in the bloodstream.
Atorvastatin's mechanism of action fundamentally involves
the inhibition of HMG-CoA reductase, an enzyme central to
the cholesterol synthesis pathway. This suppression leads to a
decrease in intracellular cholesterol, which sets off a regula-
tory response that activates sterol regulatory element-binding
proteins (SREBP) (62). As SREBPs are transcription factors
that govern lipid biosynthesis, their increased activity
heightens the expression of lipid-associated genes, including
those facilitating fatty acid synthesis. The subsequent rise
in FFA levels may contribute to metabolic complications,
emphasizing the complexities of statin's lipid homeostasis and
its potential consequences for insulin sensitivity (63,64). The
FFA estimation assay revealed that there was a significant
change in FFA content in the statin-alone and combination
groups when compared with the control group.

The present study utilized a cholesterol quantification
assay kit to evaluate the impact of BA and atorvastatin on
cellular cholesterol levels in L6 cells. Cholesterol in the
bloodstream exists in two primary forms: Free cholesterol
and cholesterol esters (65). This assay provides a streamlined
and efficient methodology to quantify both forms separately
or combined as total cholesterol using a coupled enzymatic
reaction that colorimetrically determines cholesterol concen-
tration (66). The experimental data revealed that treatment
with atorvastatin, both alone and in combination with BA,
effectively reduced cholesterol content in cells when compared
with the untreated control. Importantly, the presence of BA
did not disrupt the cholesterol-lowering capability of the statin.
This suggests the potential compatibility of BA as an adjunct
therapy with statins, as it does not interfere with the primary
lipid-lowering effect of atorvastatin and might even offer addi-
tional therapeutic benefits without compromising cholesterol
management.
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The functional impact of BA on pancreatic beta-cell
activity was assessed by measuring insulin release from
MIN-6 cells. Employing a mouse insulin solid-phase sand-
wich ELISA, which utilizes a pre-coated antibody specific to
insulin on a microplate to capture the hormone released by
the cells, insulin levels were quantified after treatments. The
results depicted a dose-dependent augmentation in insulin
secretion with BA treatment, demonstrating increased levels
of 7.45 and 9.7 pU/ml at 50 and 100 M, respectively. This
contrasted with the lowered insulin secretion witnessed with
atorvastatin treatment alone, which amounted to 4.2 ¢U/ml,
suggesting a suppressive effect of the statin on insulin release.
Compared with the untreated control, which had an insulin
level of 9.9 uU/ml, BA at 100 M restored insulin secretion
to a level statistically comparable to that of untreated cells.
This significant enhancement over the atorvastatin-only treat-
ment (P<0.01) underlines the potential of BA as a modulatory
agent capable of countering statin-induced reduction in insulin
release. Consequently, these findings propose that BA could
serve as a protective adjunct in statin-associated diabetes,
offering a novel avenue to manage the glucose metabolic side
effects associated with statin therapy.

The MMP is a critical indicator of cellular health and
mitochondrial function (67). In the present study, flow
cytometric analysis with Rhodamine dye revealed that ator-
vastatin produced a decrease in MMP, shown by reduced
cell fluorescence, which is consistent with studies of statins
exerting a negative impact on mitochondrial integrity (42,68).
Conversely, pre-treatment with BA mitigated this effect, as
evidenced by a significant increase in fluorescence intensity
in the cells treated with the combination of atorvastatin and
BA, indicating enhanced MMP. These protective effects of
BA were further substantiated by a dose-dependent restora-
tion of MMP in MIN-6 cells, suggesting that BA potentially
counteracts the mitochondrial dysfunction commonly associ-
ated with statin use. This aligns with previous studies that
report the mitochondrial protective roles of isoflavones and
BA (23,69,70). Our observations propose that BA could serve
as a novel therapeutic agent to prevent or reverse mitochon-
drial damage, particularly in conditions that are characterized
by mitochondrial dysfunction. This aligns with the increasing
interest in plant-derived compounds as modulators of mito-
chondrial health and could have far-reaching implications for
patients experiencing adverse effects from statin therapy.

Effect on p53 and Caspase-3 as apoptosis markers on
MIN-6 cells was performed. Western blot analysis revealed an
upregulation of the p53 marker in cells treated with Atorvastatin
alone, which is consistent with the known cellular stress
responses elicited by this statin (71). Intriguingly, co-treatment
with BA at a 50 yM concentration reduced p53 levels. This
might reflect that BA may exert a protective effect on the cells
at this dose, perhaps by ameliorating the atorvastatin-induced
stress. By contrast, a higher BA dose (100 xM) resulted in the
upregulation of p53 expression relative to the atorvastatin-alone
group. The increase in p53 expression could signify a threshold
beyond which BA shifts from a protective role to a more stim-
ulatory one in DNA damage response against apoptosis. The
reduction of p53 expression at lower BA concentrations aligns
with the compound's putative role in mediating cellular protec-
tive pathways. Specifically, these results can be interpreted as
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evidence that BA can confer resistance against statin-induced
cellular stress in a dose-dependent manner. Given the central
role of p53 in coordinating the cell's response to DNA damage
and the subsequent decision between repair and apoptosis,
the varying effects of BA on p53 expression warrant further
exploration. Further exploring the downstream targets and
consequences of p53 modulation will shed additional light on
the precise molecular interactions at play. In conclusion, the
bidirectional regulation of p53 by BA depending on dosage,
suggests a complex interaction that can either potentiate or
mitigate the apoptotic signals in the context of statin treat-
ment. The observation of reduced apoptosis marker levels at
lower BA doses holds promise for the compound's therapeutic
potential in preventing pancreatic beta-cell apoptosis due
to statin therapy. Future studies should aim to decipher the
downstream effectors of p53 that contribute to these protective
effects, thereby enhancing our comprehension of BA's cellular
impact and informing its potential utility in clinical settings.

Caspase-3 is an essential enzyme within the caspase
family and is known for its critical function in apoptosis, the
controlled mechanism by which cells systematically disas-
semble and die (72). Activated through both the internal (about
the mitochondria) and external (connected to death receptors)
apoptotic signaling routes, caspase-3 acts as the principal
effector, responsible for apoptosis within the cell. The activa-
tion of caspase-3 thus represents a central event in the apoptotic
program, marking the point at which various signaling
pathways converge to execute cell death (73). Both p53 and
caspase-3 are instrumental in managing the cellular response
to various stress or damage that necessitate cell removal.
When p53 becomes activated due to such stressors, it prompts
the upregulation of genes involved in cell death, including
those influencing caspase-3 pathways. As a result, caspase-3
is activated to dismantle vital cellular components, effectively
carrying out cell termination. This relationship between
p53 and caspase-3 is key to determining cellular outcomes,
wherein p53-induced activation of apoptotic agents culmi-
nates in the execution of apoptosis through caspase-3 (74). The
western blot results of MIN-6 cells pre-treated with BA at 100
and 50 uM suggest a significant downregulation of caspase-3,
compared with the control group. The BA treatment exhibited
a dose-dependent effect on caspase-3 protein expression. By
contrast, atorvastatin at a concentration of 50 yM showed an
upregulation of caspase-3 compared with the control group.
These results suggest that atorvastatin induces apoptosis in
the MIN-6 cells at 50 uM concentration. Interestingly, BA
in combination with atorvastatin prevented cell apoptosis.
This observation indicates a protective effect of BA against
atorvastatin-induced apoptosis. Furthermore, this analysis
confirms the reason for the increased levels of p53 at higher
doses of BA in combination with statin observed in the present
study. The elevated levels of p53 indicate the activation of a
feedback mechanism at higher combination doses of BA.

In summary, BA exhibits a dose-dependent downregula-
tion of caspase-3, suggesting its anti-apoptotic effect on MIN-6
cells. By contrast, atorvastatin induces apoptosis, while BA, in
combination with atorvastatin, prevents cell apoptosis. These
findings provide insights into the potential protective role of
BA and its interaction with atorvastatin in regulating apoptosis
pathways in pancreatic cells.

The present study has delved into the role of sirtuins,
particularly SIRT-1, which is part of the sirtuin family, known
for its NAD*-dependent deacetylase activity. The significance
of SIRT-1 in modulating insulin signaling pathways and its
relevance to the pathogenesis of insulin resistance and type 2
diabetes mellitus has been demonstrated through our research
as well as previous studies. The regulatory influence of SIRT-1
over metabolism and insulin resistance has been firmly estab-
lished (33,75-77). The observed downregulation of SIRT-1
in the muscle tissues of diabetic patients elucidates a critical
aspect of metabolic dysfunction associated with diabetes (35).
The current findings align with existing literature that
proposes a correlation between high-calorie diets or persistent
exposure to elevated levels of FFA and the subsequent down-
regulation of SIRT-1. This is particularly relevant for patients
undergoing statin therapy, wherein the mechanism of action
for statin-induced diabetes may partially stem from the statins'
effect on the modulation of SIRT-1.

In our experimental model using MIN-6 cells, BA,
when administered alongside atorvastatin, led to a remark-
able upregulation of SIRT-1 protein levels, as quantified by
western blot analysis. An increase in the presence of 100 and
50 uM BA was observed compared with untreated controls.
This upregulation was also observed compared with the cells
subjected to atorvastatin alone, thereby suggesting that BA
plays a potential modulatory role in enhancing SIRT-1 expres-
sion. These results suggest that the administration of BA may
counteract the suppression of SIRT-1 induced by statin treat-
ment, offering a promising therapeutic prospect for individuals
facing challenges with diabetes related to statin therapy.

Given the decrease in SIRT-1 expression with atorvas-
tatin treatment, it was concluded that upregulation of SIRT-1
through pharmacological agents such as BA might serve as
a viable therapeutic strategy to manage or possibly prevent
statin-induced diabetes. Therefore, BA emerges as a putative
SIRT-1 activator/modulator, marking an exciting avenue for
further research and clinical exploration.

NAMPT is a critical regulator of SIRT-1 activity, acting as
a key enzyme in the NAD"* biosynthetic pathway and directly
influencing SIRT-1's deacetylase function (78). Increased
levels of NAMPT lead to elevated NAD* availability, which
is essential for SIRT-1 activation. The interaction between
NAMPT and SIRT-1 significantly impacts insulin signaling
pathways; upregulation of NAMPT enhances SIRT-1 activity,
promoting insulin sensitivity and improving glucose homeo-
stasis (79). Conversely, dysregulation of NAMPT expression
has been associated with metabolic dysfunction, including
insulin resistance (75). By supporting SIRT-1 activation,
NAMPT can help mitigate these negative effects, under-
scoring its potential therapeutic role in conditions such as
type 2 diabetes. Our protein expression analysis aligns with
this notion, as a similar trend is observed in the present
results. Pre-treatment with BA, particularly at higher doses,
upregulated NAMPT expression in a manner similar to that of
SIRT-1, validating BA as a SIRT-1 modulator in statin-induced
diabetes. UCPs are critical in the regulation of mitochondrial
function and cellular energy balance. UCP2, in particular, is
involved in the regulation of insulin secretion by pancreatic
B-cells. The activity of UCP2 is modulated by SIRT-1, which
represses the UCP2 gene by binding directly to its promoter.
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When SIRT-1 is downregulated, as can occur with statin treat-
ment, this repression is relieved, leading to an upregulation
of UCP2. An increase in UCP2 levels can impair the (3-cell's
ability to generate ATP in response to glucose stimulation, as
UCP?2 uncouples the mitochondrial proton gradient, reducing
the efficiency of oxidative phosphorylation and ATP synthesis.
This uncoupling can result in diminished insulin secretion due
to a lack of adequate ATP to drive the process.

On the other hand, UCP3, also located in the mitochondrial
inner membrane, is suggested to mitigate FFA accumulation
by promoting their oxidation and reducing their toxic effects
intracellularly. Statins have been found to decrease UCP3
levels, which could exacerbate the accumulation of FFAs,
leading to lipotoxicity and further contributing to insulin
resistance.

The introduction of BA appears to counteract these
effects. By upregulating SIRT-1, BA could potentially reverse
the statin-induced upregulation of UCP2, thereby restoring
normal mitochondrial function and insulin secretion in (3-cells.
Additionally, the effects of BA on SIRT-1 and possibly on
UCP3 could help in reducing the accumulation of FFAs, which
is important in maintaining insulin sensitivity. Therefore, in
the context of statin-induced metabolic disturbances, BA
may offer a protective effect by modulating the expression of
SIRT-1 and UCP proteins, ultimately improving the regulation
of cellular energy metabolism and insulin secretion.

The observed elevated level of UCP2 expression in the
atorvastatin-treated group compared with the normal control
aligns with the known effect of decreased SIRT-1 activity
induced by statins. Since SIRT-1 typically represses UCP2,
reduced SIRT-1 activity would relieve this repression, leading
to an increase in UCP2. As UCP2 acts as a negative regulator
of insulin secretion by uncoupling oxidative phosphorylation
in B-cells, this could potentially contribute to an unfavourable
metabolic profile leading to diabetes. Conversely, BA's positive
modulation of SIRT-1 appears to counteract the effect of ator-
vastatin, as evidenced by the decreased UCP2 gene expression
when both are administered in combination. This suggests that
BA could be beneficial in preventing the atorvastatin-induced
upregulation of UCP2, possibly aiding in the maintenance of
[-cell function and insulin secretion.

Regarding UCP3, decreased gene expression was noted in
the atorvastatin-treated group. Since UCP3 is involved in fatty
acid oxidation and can help to minimize the toxic effects of
FFA accumulation, downregulation by statins might exacerbate
lipid-related metabolic issues. Intriguingly, the co-treatment
with BA reversed this effect, leading to upregulation of UCP3
gene expression. This upregulation indicates a potential
protective role of BA, which might contribute to preventing
FFA accumulation and associated insulin resistance.

The present findings suggest that BA could represent a
novel preventative strategy for statin-induced diabetes. This
is significant because statin-induced diabetes is a recognized
adverse effect of statin therapy, which is widely prescribed
for cardiovascular disease prevention. Identifying effective
strategies to mitigate this risk is crucial for improving patient
outcomes. The mechanisms by which BA exerts its protective
effects, particularly its influence on SIRT-1, UCP2, and lipo-
genic pathways are particularly promising. The upregulation
of SIRT-1 by BA highlights its potential in enhancing insulin
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sensitivity and protecting pancreatic 3-cells, both of which
are crucial for managing diabetes. The downregulation of
UCP2 further suggests that BA may improve mitochondrial
efficiency and reduce oxidative stress, thereby improving
overall metabolic health. These pathways are known to play
critical roles in glucose metabolism and insulin sensitivity,
suggesting that BA may target fundamental processes
underlying statin-induced diabetes. BA might have broader
therapeutic applications, potentially benefiting patients
with various forms of diabetes and metabolic syndrome as
the pathways modulated by BA are also relevant to other
metabolic disorders. The potential for BA to be used as an
adjunct therapy alongside statins is an exciting prospect.
This could allow patients to benefit from the well-established
cardiovascular benefits of statins while minimizing the risk of
developing statin-induced diabetes. However, it is essential to
acknowledge that these findings stem from an in vitro study.
Further research, particularly in vivo studies and ultimately
clinical trials, are necessary to confirm these findings and
translate them into clinical practice.

Overall, the present study provides encouraging prelimi-
nary evidence to support further investigation into BA as a
potential therapeutic option for preventing statin-induced
diabetes. If confirmed in future studies, BA could have a
significant impact on public health by improving the safety
and efficacy of statin therapy.

The current findings suggest that BA alone exerts significant
anti-diabetic effects, indicating its potential as a monotherapy
in statin-induced diabetic conditions. Investigating the use of
BA as an adjunct to existing therapies for diabetic and statin
induced diabetic conditions are a promising avenue for future
research. This could involve preclinical studies exploring
synergistic effects with commonly used drugs. Based on its
mechanism of action, combining BA with agents that target
SIRT-1, UCPs, insulin release pathway and lipogenic pathway
could be particularly effective. Combining BA with statins
could reduce the statin toxicity and prevent the development of
diabetes. Further research, including clinical trials, is crucial
to determine the optimal dosage, long-term safety, and most
effective clinical application of BA.

These results suggest that BA could serve as a mitigating
agent against certain metabolic complications such as diabetes
associated with statin therapy, through its combined effects
on SIRT-1 and UCP proteins. These insights suggest that
incorporating BA with atorvastatin treatment may enhance
patient outcomes by reducing the possible side effects related
to insulin sensitivity.

The conclusion from our in vitro study necessitates addi-
tional investigation in more complex biological systems to
confirm and substantiate the findings. Further research should
focus on validating these results in vivo, using appropriate
animal models to determine if BA can effectively and safely
prevent statin-induced diabetes. Ex vivo studies using animal
or human tissues could provide valuable insights into the
effects of BA on relevant tissues and cell types involved in
statin-induced diabetes. Incorporating more complex 3D cell
culture models, such as organoids, into future in vitro studies
could provide a more physiologically relevant system to inves-
tigate the effects of BA. Ultimately, clinical trials are essential
to determine the therapeutic potential of BA in preventing


https://www.spandidos-publications.com/10.3892/br.2025.1969

18 VEEDU et al: In vitro ASSESSMENT OF BIOCHANIN-A AGAINST STATIN-INDUCED DIABETES

statin-induced diabetes in humans. Further research is needed
to determine the bioavailability and pharmacokinetics of BA in
humans, which will be crucial for designing adequate clinical
trials. Advanced mechanistic studies are warranted to fully
elucidate the molecular pathways and interactions involved
in BA's protective effects against statin-induced diabetes.
Investigating the interaction of BA with other metabolic path-
ways and its potential synergistic effects when combined with
other antidiabetic agents is also recommended. Conducting
long-term studies to assess the chronic effects of BA, including
its impact on insulin sensitivity, pancreatic f-cell function and
overall metabolic health will provide additional information.
By developing and optimizing BA formulations to enhance
its bioavailability and stability, ensuring effective delivery
and sustained therapeutic action is necessary. Furthermore,
dose-response studies, comparative studies, influence of
genetic and environmental factors on the response to BA treat-
ment, testing in different patient subpopulations and safety
studies are recommended research directions that will help to
build a robust understanding of BA's therapeutic potential and
its clinical application in managing statin-induced diabetes.

A limitation of the present study is that the western blot
experiments were conducted in duplicate due to resource
constraints associated with outsourcing. While the results are
consistent with other findings in the present study, the lack of
triplicate experiments limits statistical robustness. Ongoing
in vivo studies aim to confirm these findings and address
reproducibility concerns. Future investigations will incorpo-
rate triplicate western blot analyses to enhance reliability. It
is important to note that the current findings offer a valuable
foundation for understanding the potential of BA; it is essential
to acknowledge that these results reflect cellular responses in
an isolated environment. Input from experts in endocrinology
and histology would add significant value to the present study.
Their perspectives could provide deeper insights into the endo-
crine mechanisms and histological changes associated with
BA's effects. Extrapolating these findings to predict whole-body
homeostasis requires further investigation. The research's
in vivo phase is currently planned by the authors to address
this aspect. The in vivo phase will include a comprehensive
examination of animal tissues, focusing on endocrine function
and histopathological analysis to assess the systemic effects
of BA. This next stage will allow us to evaluate the effects of
BA within the complexity of a living organism, providing a
more comprehensive understanding of its therapeutic poten-
tial. While our in vitro study provides a strong foundation,
these future research directions will be crucial for translating
the current findings into potential therapeutic strategies for
preventing statin-induced diabetes in humans.

In conclusion, the adverse effects of statin therapy, particu-
larly its association with an increased risk of new-onset diabetes
mellitus, represent a significant concern in clinical practice.
The present study has underscored the complex interplay
between statin-induced modulation of key metabolic proteins
and the consequential disturbance in glucose homeostasis.
Specifically, the downregulation of SIRT-1 and the resulting
upregulation of UCP2 in response to statin treatment emerge
as influential factors contributing to insulin resistance, while
the decrease in UCP3 exacerbates the detrimental build-up of
FFA, leading to the risk of metabolic dysfunction.

The present study sheds light on the promising role of
BA in preventing these adverse effects. The findings suggest
that BA effectively upregulates SIRT-1, thereby reducing the
untoward upregulation of UCP2. This action is paired with the
upregulation of UCP3 and insulin receptor pathway proteins,
indicating an enhancement in fatty acid oxidation and glucose
uptake, the key determinants in preserving insulin sensitivity
and metabolic balance.

Moreover, this investigation contributes to an improved
understanding of the molecular mechanisms behind
statin-induced diabetes, laying a foundation for the development
of adjunct or combination therapeutic strategies. The observed
benefits of BA offer a compelling rationale for its incorporation
into treatment regimens, representing a possible intervention to
safeguard patients from the paradoxical diabetogenic effects of
statins, while still focussing on their cardioprotective proper-
ties. Further clinical studies are necessary to establish optimal
dosing and comprehensively assess the long-term efficacy and
safety of BA in combination with statins. Nevertheless, the
current understanding of BA's pharmacodynamics, such as its
specific interactions within metabolic pathways and its modu-
lation of mitochondrial function, demands a comprehensive
exploration in future studies. Despite the promising results,
BA's translation from experimental models to clinical practice
is not without challenges. The bioavailability and pharmacoki-
netics of BA in humans remain to be fully elucidated. Dosage
optimization, long-term safety and potential interactions with
other medications must be thoroughly assessed. Furthermore,
while extensive research has investigated the pathways involved
in the onset of prediabetes, the identification of precise mecha-
nisms through which BA can affect these pathways in patients
at risk for diabetes necessitates detailed inquiry. The evidence
presented highlights the preventive strategy to manage diabetes
associated with statin therapy. It is expected that such integrative
methods will contribute to a holistic approach to cardiovascular
care, along with lipid management by preserving the metabolic
health of patients.
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