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Abstract
Medicinal plants have long been used for phyto therapy, and various herbal medicines have been used for diabetes
treatment. The bioactive components of several medicinal plants are known to critically impact on carbohydrate metab-
olism. High-fat diet and eventual type 2 diabetes are associated with several comorbidities, such as hepatic and cardiac
disorders. This study was aimed at assessing the antihyperglycemic effects of biochanin A in a high-fat diet–strepto-
zotocin–induced type 2 diabetes rat model. The levels of different hyperglycemic markers were assessed. A significant
reduction in the levels of glucose, insulin resistance, hemoglobin, and glucose-6-phosphate, and activities of fructose-
1,6-bisphosphatase and glycogen phosphorylase, was found after administration of 10 mg/kg bw orally. Furthermore, the
biochanin A–treated hyperglycemic rats exhibited significantly higher activities of hexokinase and glycogen synthase
and hepatic levels of glycogen. Histopathological analysis of the liver and pancreas revealed that biochanin A signifi-
cantly protected these organs from glucotoxicity. Thus, reductions in blood glucose levels and modification of the
activity of the carbohydrate-metabolizing enzymes revealed that biochanin A exhibits potential antihyperglycemic
effects.

Keywords Experimental diabetesmellitus . Medicinal plants . Metabolic disorders . Pharmacognosy . Phytomedicine

Introduction

Being a chronic metabolic disorder, worldwide prevalence of
diabetes mellitus (DM) is expected to reach 4.4% by 2030
(Arjunan et al. 2020). The International Diabetes Federation
estimates around 693 million people to suffer from DM glob-
ally by 2045, with the highest prevalence in China, India, and

the USA (Cho et al. 2018). DM patients are characterized by
impaired insulin signaling, which leads to abnormally high
blood glucose levels. DM patients usually suffer from insulin
deficiency. Type 1 DM (T1DM) patients suffer from β-cell
destruction, while type 2 DM (T2DM) patients exhibit re-
duced β-cell function and insulin resistance. Globally, 90–
95% of the DM patients suffer from T2DM (Idu et al. 2021).
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Obesity, a highly prevalent ailment of the modern society,
is closely associated with DM (Balaji et al. 2017). Previous
studies have demonstrated that prolonged consumption of
high-fat diet (HFD) leads to several metabolic syndromes,
including DM (Idu et al. 2021; Balaji et al. 2017). HFD con-
sumption is also associated with a rise in oxidative stress,
hyperlipidemia, inflammation, hypertension, etc. (Parim
et al. 2015; Uddandrao et al. 2020b).

Despite effective T2DM management through various
non-pharmacological (diet and exercise) and pharmacolog-
ical (antidiabetic agents) approaches, its morbidity and
mortality rates are still of grave concern. This has warrant-
ed the discovery of novel antidiabetic agents derived from
plant sources and with better efficacy and safety profiles.
Recently, several nutraceuticals and natural therapeutics
have emerged to counter T2DM (Uddandrao et al. 2022).
Several plant-based compounds have attracted a lot of at-
tention as potentially viable hypoglycemic agents
(Uddandrao et al. 2020a) owing to their effectiveness,
low costs, and minimal side effects (Gothandam et al.
2019). The beneficial effects of phytoconstituents in this
context (Kotturu et al. 2021) suggest that the consumption
of biochanin A may be of benefit in metabolic diseases.

Biochanin A (1) is an O-methylated isoflavonoid found
in various plants, including soy, peanuts, chickpea, alfalfa
sprouts, etc. (Harini et al. 2012). Biochanin A has been
strongly associated with numerous biological and pharma-
cological activities, including antidiabetic (Oza and
Kulkarni 2018), antiobesity (Rathinasamy et al. 2020), an-
ticancer (Yu et al. 2019), antiallergic, and anti-
inflammatory (Ko et al. 2011). A previous study has dem-
onstrated the preliminary cardio-protective effect of
biochanin A against myocardial infarction (MI) via atten-
uation of isoproterenol- induced oxidative stress
(Sangeethadevi et al. 2021). Recently, biochanin A has
been shown to be involved in the alleviation of impairment
in insulin signaling in HFD-fed mice (Arjunan et al. 2020).
Another study by Rani et al. (2021) showed that biochanin
A helps alleviate insulin resistance and hyperglycemia and
modify HO-1 and hepcidin. The current study was aimed
at elucidating the effects of biochanin A on the activities
of the enzymes implicated in glucose metabolism in order
to determine its antihyperglycemic effects and the under-
lying mechanism of action.

Materials and Methods

Chemicals

Biochanin A was obtained from Sigma Chemical Company
(Lot # S39234V). Insulin and fasting blood glucose kits were
obtained from Bio-Merieux (RCS, Lyon, France) and Stanbio
Laboratory (USA), respectively. All the reagents were of an-
alytical grade.

Animals

Twenty-four male Sprague-Dawley rats (body weight: 180–
200 g) were obtained fromArulmigu KalasalingamCollege of
Pharmacy, Virudhunagar, India, and kept under standard lab-
oratory conditions (temperature: 22 ± 2 °C; moisture: 40–
60%). All experiments were performed in accordance with
the Institute Animal Ethical Committee of Arulmigu
Kalasalingam College of Pharmacy, Virudhunagar, Tamil
Nadu, India (Approval No: AKCP/IAEC/83/20-21).

High-Fat Diet Composition

The preparation of HFD was followed as per standard proce-
dure (Rani et al. 2021).

Establishment of HFD-STZ-Induced T2DM Rat Models

To establish the T2DM rat model, the rats were fed with HFD
for 2 weeks. The control rats were administered normal diet.
HFD-fed and control rats were administered with STZ (35
mg/kg i.p.) and vehicle (citrate buffer (pH 4.5); 1 ml/kg),
respectively. Three days post-STZ injection, glucose levels
of experimental rats were determined. The rats having a serum
glucose level of ≥ 200 mg/dl were considered to have diabetes
andwere selected for further analysis. Once diabetes diagnosis
was confirmed, biochanin A treatment was initiated.

Experimental Design

The rats were divided into the following four groups:

Group 1: normal control rats
Group 2: diabetic control rats
Group 3: diabetic +10 mg/kg bw of biochanin A admin-
istered in a vehicle solution (normal saline) orally for 30
days using an intragastric tube (Harini et al. 2012;
Rathinasamy et al. 2020).
Group 4: Diabetic +5 mg/kg bw of gliclazide adminis-
tered in a vehicle solution (normal saline) orally for 30
days using an intragastric tube.
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Quantification of Hyperglycemic Markers

Plasma Glucose and Insulin Levels

The body weight and the total amount of food consumed by
each rat were measured (data not shown). The animals were
starved overnight and anesthetized prior to collecting blood
samples by using the retro-orbital puncture strategy. The sam-
ples were then incubated at room temperature for 15 min.
Thereafter, the collected samples were centrifuged for
15 min at 700 × g for plasma isolation. Commercially avail-
able kits were used to determine the insulin and glucose levels.

Fasting Blood Glucose, Hemoglobin, and Glycosylated
Hemoglobin Levels

The oral glucose tolerance test (OGTT) was used to assess the
fasting blood glucose (FBG) levels. Briefly, 2 g/kg bw glu-
cose was administered using an orogastric tube to the over-
night starved rats. The glucose level was estimated in the
blood samples collected at 0, 30, 60, and 120min after glucose
administration. Hemoglobin (Hb) and glycosylated hemoglo-
bin (GHb) levels were determined using commercially avail-
able kits.

Activity of Carbohydrate-Metabolizing Enzymes and Liver
Glycogen Level

Liver, kidneys, and muscle of experimental rats were extract-
ed, washed using ice-cold saline, and homogenized in 0.1 M
Tris-HCl buffer (pH 7.4). For the determination of enzyme
activity, the supernatant was used. Glucose-6-phosphatase,
fructose-1,6-bisphosphatase, and hexokinase were quantified
using methods previously described by Koida and Oda
(1959), Gancedo and Gancedo (1971), and Kinney LaPier
and Rodnick (2001), respectively. The activities of glycogen
phosphorylase and synthase were examined using the
methods previously described by Cornblath et al. (1963) and
Leloir and Goldenber (1962), respectively. Finally, hepatic
glycogen levels were quantified using the method previously
described by Ong and Khoo (2000).

Histopathological Analysis

From the sacrificed rats, liver and pancreas tissue was collect-
ed and straightaway cleaned with saline to remove blood
stains, and 10% formalin was used to fix the tissues. Then,
the tissues were subjected to embedding in paraffin and 5-μm-
thick sections were prepared from the paraffinized samples
and stained using hematoxylin and eosin stain. The
histoarchitectural changes of liver and pancreas in the pre-
pared sections were examined using light microscope.

Statistical Analysis

SPSS (version 10.0) software was used to perform statistical
analysis. The results were expressed as the mean ± SD. One-
way analysis of variance (ANOVA) and least significant dif-
ference (LSD) test were used to assess the significance of
intergroup differences. Statistical difference was defined as p
value < 0.05.

Results and Discussion

Figure 1 shows the changes in bw of rats of all groups. HFD
intake markedly elevated the BW of the rats (p < 0.05).
Furthermore, compared to the HFD-STZ group, groups ad-
ministered with BCA or glyclazide exhibited a significant
reduction in the rise of the bw (p < 0.05).

Table 1 depicts the plasma levels of glucose and insulin as
well as degree of insulin resistance in all groups. The HFD-
STZ group exhibited significantly higher insulin resistance
and plasma glucose levels and lower plasma insulin levels.
Treatment with BCA or glyclazide led reversed these alter-
ations observed in diabetic rats.

Compared to the control group, the HFD-STZ group ex-
hibited significantly higher glucose tolerance. In the control
group, post-glucose load and blood glucose levels reached a
peak at 60 min, followed by a decline to near basal levels at
120 min. On the contrary, in the HFD-STZ group, once the
glucose levels reached a peak, they did not decline even at
120 min post-glucose load. Treatment with biochanin A or
glyclazide led to significantly decreased blood glucose levels

Fig. 1 Effect of biochanin A on body weight of control and experimental
rats. Values are mean ± SD, n = 6. Values are statistically significant at *p
< 0.05. aSignificantly different from control. bSignificantly different from
HFD-STZ control
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at 60 min post-glucose load compared to untreated diabetic
rats (Fig. 2).

Table 2 summarizes the levels of hemoglobin and glycated
hemoglobin in all groups. The HFD-STZ group exhibited sig-
nificantly reduced levels of hemoglobin and higher levels of
glycated hemoglobin compared to the normal control group.
These altered levels were restored after biochanin A or
glyclazide treatment.

Tables 3, 4, 5 and 6 depict the levels of hexokinase
(Table 3), fructose-1,6-bisphosphatase (Table 4), and
glucose-6-phosphatase (Table 5) in all groups. The HFD-
STZ group exhibited significantly reduced levels of hexoki-
nase and higher levels of fructose-1,6-bisphosphatase and
glucose-6-phosphatase compared to the control group; how-
ever, these levels normalized post biochanin A or glyclazide
treatment.

Table 6 and Fig. 3 A and B show the tissue glycogen levels
and activities of glycogen phosphorylase and synthase in all
groups. Compared to the normal group, the HFD-STZ group
exhibited significantly reduced levels of glycogen in liver and
muscle and higher glycogen levels in the kidneys.
Furthermore, the HFD-STZ group exhibited significantly re-
duced activity of glycogen synthase and higher activity of
glycogen phosphorylase compared to control rats (Fig. 3A,
B). Treatment with biochanin A or glyclazide markedly re-
stored the altered glycogen levels and activities of glycogen
phosphorylase and synthase in diabetic rats.

Figures 4 and 5 indicate the histopathological changes in
the liver and pancreas of control and experimental diabetic
rats. Normal control rats showed normal nucleus with sinusoi-
dal cards around the central vein (Fig. 4A). Diabetic rats
showed severe morphological alterations in the liver such as
hepatocyte hypertrophy, bile duct hyperplasia, and an in-
creased number of intracytoplasmic acidophilus pellets (Fig.
4B). Diabetic rats treated with biochanin A or glyclazide
showed no major alterations in liver structure and were near
normalcy (Fig. 4C, D). On the other hand, there were no
remarkable alterations in the pancreatic architecture observed
in normal control rats (Fig. 5A), whereas severe necrosis and
mild atrophy of islets were found in the diabetic rats. The islets
were shrunken in the diabetic rats when compared with con-
trol rats (Fig. 5B). Diabetic rats treated with BCA or
glyclazide showed notable expansion of islets and significant-
ly reduced injuries in pancreas (Fig. 5C, D).

The current study was aimed at assessing the
antihyperglycemic effects of biochanin A on HFD-STD-
induced diabetic rat models and compared them with those
of the second-generation sulfonylurea drug gliclazide, which
has been demonstrated to be safe and effective in clinical
trials. The results indicated that biochanin A exhibits the effi-
cacy in lowering blood glucose levels and improving the an-
tioxidant and lipid profiles of rats with diabetes.

The rats with HFD-STZ treatment–induced diabetes in this
study showed significantly higher plasma glucose levels and

Table 1 Effect of BCA on plasma
glucose, plasma insulin, and
insulin resistance

Parameters Glucose (mg/dl) Insulin (μU/ml) Insulin resistance

Normal control 84.27 ± 1.8 18.4 ± 1.2 1.82 ± 0.57

Diabetic control 356.1 ± 18.5a,* 11.8 ± 1.2a,* 6.12 ± 1.5a,*

BCA-treated group 118.8 ± 8.89b,* 16.4 ± 0.5a,* 2.3 ± 0.31b,*

Gliclazide-treated group 132.2 ± 3.7b,* 16.19 ± 0.72b,* 1.77 ± 0.26b,*

Values are mean ± SD, n = 6

*p < 0.05, indicating statistically significant values
a Significantly different from control
b Significantly different from HFD-STZ control

Fig. 2 Effect of biochanin A on
oral glucose tolerance test of
control and experimental rats.
Values are mean ± SD, n = 6.
Values are statistically significant
at *p < 0.05. aSignificantly
different from control.
bSignificantly different from
HFD-STZ control
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insulin sensitivity and lower insulin than the normal controls,
indicating that the diabetic rat model was established success-
fully. In humans, insulin plays a role in maintaining glucose
homeostasis, which is mainly due to its direct effects on the
liver, white adipocytes, and skeletal muscle, wherein it either
increases glucose utilization and transport or suppresses glu-
coneogenesis gene expression or lipolysis and promotes gly-
cogen synthesis (Hatting et al. 2018). The loss of sensitivity to
insulin or insulin resistance is the most commonmanifestation
of T2DM (Sathibabu Uddandrao et al. 2019). In the current
study, biochanin A–treated diabetic rats exhibited lower plas-
ma glucose levels and insulin resistance and higher glucose
tolerance and insulin levels compared to the diabetic controls.
These results indicated that the effect of biochanin A is
comparable to that of gliclazide in lowering glucose levels
and insulin resistance. Moreover, the findings corroborate
those of Oza and Kulkarni (2018) who reported that a high
dose of biochanin A (40 mg/kg) markedly reduced insulin
resistance and increased glucose tolerance, in addition to in-
creasing SIRT1 expression in pancreatic tissues, in diabetic
rats. Future studies need to elucidate the underlying mecha-
nism by which biochanin A increases insulin secretion to re-
duce plasma glucose levels and increase glucose tolerance and
to determine the optimum biochanin A dose.

Uncontrolled DM is characterized by persistent hypergly-
cemia, which leads to protein glycation (non-enzymatic
glycosylation) (Saravanan et al. 2014). During DM, the

glycation of HB is possible due to overindulgence of glucose
presence in the blood that reacts with hemoglobin. Previous
studies have shown that glycation rate is associated with blood
glucose levels (Harini et al. 2012). HbA1c accounts for 3.4 to
5.8% of total hemoglobin in normal individuals. However, in
individuals with hyperglycemia, HbA1c levels increase sig-
nificantly. A previous study showed that HbA1c increased up
to 16% in diabetic patients and that HbA1c level can be used
as a reliable glycemic index (Sherwani et al. 2016). Increased
protein glycosylation is one of the consequences of insulin
insufficiency, which leads to downregulation of Hb and up-
regulation of glycosylated Hb. According to the International
Expert Committee and American Diabetes Association, the
GHb levels of ≥ 48 nmol/mol and 39–46 nmol/mol are indic-
ative of DM and prediabetes, respectively (Cho et al. 2018). In
this study, diabetic rats exhibited higher GHb levels, which
suggested poor glycemic regulation in these rats. HFD-STZ-
fed rats treated with biochanin A or glyclazide showed a
marked reduction in the GHb levels, which may be attributed
to the antihyperglycemic effect of biochanin A. These results
corroborated with the results of previous studies (Harini et al.
2012; Arjunan et al. 2020).

Impaired insulin secretion or action or both are also
linked to imbalances in carbohydrate metabolism, leading
to inadequate glucose utilization, eventually resulting in
hyperglycemia. Therefore, to strengthen the finding of the
current study regarding biochanin A efficacy, we

Table 2 Effect of BCA on
hemoglobin and glycosylated
hemoglobin levels

Parameters Normal control Diabetic control BCA-treated group Gliclazide-treated group

Hb (g/dl) 12.9 ± 0.47 9.47 ± 0.59a,* 12.2 ± 0.4b,* 12.27 ± 0.83b,*

G H B (mg/g Hb) 0.2 ± 0.04 0.3 ± 0.04a,* 0.18 ± 0.01b,* 0.21 ± 0.04b,*

Values are mean ± SD, n = 6

*p < 0.05, indicating statistically significant values
a Significantly different from control
b Significantly different from HFD-STZ control

Table 3 Effects of BCA on
hexokinase levels in control and
experimental animals

Groups Hexokinasea

Serum Muscle Liver Kidney

Normal control 12.3 ± 0.78 0.77 ± 0.08 120.8 ± 8.14 0.65 ± 0.04

Diabetic control 8.8 ± 0.83b* 0.41 ± 0.02b* 69.9 ± 4.7b* 0.43 ± 0.03b*

BCA-treated group 10.8 ± 0.82c* 0.58 ± 0.052c* 104.8 ± 4.9c* 0.51 ± 0.04c*

Gliclazide-treated group 10.93 ± 0.89c* 0.61 ± 0.02c* 108.7 ± 2.9c* 0.53 ± 0.02c*

Values are mean ± SD, n = 6

*p < 0.05, indicating statistically significant values
a Hexokinase in μmol glucose phosphorylated per minute per mg protein
b Significantly different from control
c Significantly different from HFD-STZ control
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determined the levels of the key carbohydrate-metabolizing
enzymes in the treated and untreated control groups.
Endogenous glucose production occurs mainly through
two pathways: gluconeogenesis and glycogenolysis
(McManus et al. 2005). The co-ordination between these
two pathways and the activities of glycolytic and gluconeo-
genic enzymes are crucial for glucose homeostasis regula-
tion (Sullivan and Forbes, 2019). Here, we assessed the
levels of a glycolytic enzyme (hexokinase), two gluconeo-
genic enzymes (glucose-6-phosphatase and fructose-1,6-
bisphosphatase), and glycogen metabolic enzymes in all
groups. Hexokinase activity is impaired in DM patients
possibly due to insulin insufficiency (Saravanan et al.
2009). On the contrary, DM patients exhibit increased ac-
tivities of fructose-1,6-bisphosphatase and glucose phos-
phatase due to impaired insulin secretion or action.
Fructose-1,6-bisphosphatase catalyzes an irreversible and
rate-limiting step (fructose-1,6-bisphospate➔fructose) and
maintains glucose homeostasis in the liver and kidney
(Ramalingam et al. 2020). Studies have suggested that the

application of fructose-1,6-bisphosphatase inhibitors can
be used as a strategy to control blood sugar in DM (Kaur
et al. 2017) because it affects gluconeogenesis without af-
fecting glycolysis. The other enzyme glucose phosphatase,
which hydrolyzes glucose-6-phosphate, stimulates glucose
release from the tissues. The increased activity of these two
enzymes in diabetes signifies that targeting these enzymes
could be valuable in DM treatment (Saravanan et al. 2014).
In this study, diabetic rats exhibited higher glucose phos-
phatase and fructose-1,6-bisphosphatase levels and lower
levels of hexokinase than the normal control. Biochanin A
treatment significantly restored the activities of these en-
zymes, which might be due to the inhibition of ATP-
sensitive K+ channels and enhanced insulin release from
remnant β-cells. Our results corroborated those of a previ-
ous study (Harini et al. 2012; Ramalingam et al. 2020).

Insulin not only plays a role in glucose uptake in tissues,
but specifically stimulates glycogen synthesis by activating
glycogen synthase and suppressing glycogen phosphorylase
(Saravanan et al. 2014). Glycogen synthase removed non-

Table 4 Effects of BCA on
fructose-1,6 bisphosphatase
levels in control and experimental
animals

Groups Fructose-1,6-bisphosphatasea

Serum Muscle Liver Kidney

Normal control 10.8 ± 0.63 33.5 ± 1.66 8.9 ± 0.81 42.3 ± 1.4

Diabetic control 18.3 ± 0.76b* 46.4 ± 2.6b* 20.9 ± 1.66b* 60.4 ± 3.9b*

BCA-treated group 11.3 ± 0.79c* 37.8 ± 1.4c* 12.02 ± 0.67c* 47.6 ± 3.8c*

Gliclazide-treated group 13.7 ± 0.82c* 35.4 ± 1.8c* 12.71 ± 0.83c* 48.3 ± 11.2c*

Values are mean ± SD, n = 6

*p < 0.05, indicating statistically significant values
a Fructose-1,6-bisphosphatase in μmol Pi liberated per minute per mg protein
b Significantly different from control
c Significantly different from HFD-STZ control

Table 5 Effects of BCA on glucose 6-phosphatase levels in control and
experimental animals

Groups Glucose-6-phosphatasea

Serum Liver Kidney

Normal control 4.4 ± 0.41 2.6 ± 0.26 13.8 ± 1.8

Diabetic control 7.16 ± 0.8b* 4.6 ± 0.32b* 30.6 ± 4.1b*

BCA-treated group 4.91 ± 0.73c* 2.6 ± 0.5c* 22.3 ± 3.2c*

Gliclazide-treated group 5.05 ± 0.58c* 2.9 ± 0.49c* 17.9 ± 2.5c*

Values are mean ± SD, n = 6

*p < 0.05, indicating statistically significant values
a Glucose-6-phosphatase in μmol Pi liberated per minute per mg protein
b Significantly different from control
c Significantly different from HFD-STZ control

Table 6 Effects of BCA on the glycogen content in control and
experimental animals

Groups Glycogen
(mg/g wet tissue)

Liver muscle Kidney

Normal control 12.83 ± 0.64 9.8 ± 0.9 8.9 ± 0.1

Diabetic control 9.15 ± 0.68a* 6.4 ± 0.4a* 12.3 ± 0.8a*

BCA-treated group 12.09 ± 0.66b* 8.2 ± 0.7b* 9.5 ± 0.7b*

Gliclazide-treated group 12.27 ± 0.52b* 8.1 ± 0.5b* 9.2 ± 0.1b*

Values are mean ± SD, n = 6

*p < 0.05, indicating statistically significant values
a Significantly different from control
b Significantly different from HFD-STZ control
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oxidative glucose in the tissues by transferring glucose from
UDP-glucose to glycogen. Glycogen phosphorylase separates
glucose molecules by cleaving a (1–4) linkage of glycogen
(McManus et al. 2005). In the current study, diabetic rats

exhibited lower hepatic and muscle glycogen levels and
higher renal glycogen levels. This finding may be attributed
to altered activities of glycogen phosphorylase and synthase in
muscle and liver of the diabetic rats, which, in turn, may be
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Fig. 3 Effect of biochanin A onA liver and Bmuscle glycogen phosphorylase and glycogen synthase of control and experimental rats. Values are mean
± SD, n = 6. Values are statistically significant at *p < 0.05. aSignificantly different from control. bSignificantly different from HFD-STZ control

Fig. 4 Biochanin A protected the liver from the glucotoxicity which was confirmed by histopathology.ANormal control, B diabetic control,C diabetic
+ biochanin A, and D diabetic + gliclazide. H&E, 40×. Arrow marks indicate histopathological alterations



attributed to insulin deficiency, as they depend on insulin for
influx of glucose. Furthermore, the elevated glycogen levels in
the kidney of diabetic rats may be attributed to higher glucose
influx during hyperglycemia, as renal tissue is independent of
insulin action (Sullivan and Forbes, 2019). Earlier, Harini
et al. (2012) reported in their study that biochanin A has a
significant antihyperglycemic efficacy potential at a dose of
10 mg/kg bodyweight in STZ alone induced diabetic rats. In
this study, the authors reported that biochanin A attenuates
DM by enhancing glycolytic enzymes and controlling glucose
metabolism (Harini et al. 2012). Similarly, our study also
found the significant antidiabetic potential of biochanin A in
STZ-HFD-induced diabetic rats. However, the difference be-
tween these two studies is that STZ alone can lead to type 1
DM but in addition to STZ, supplementation of HFD can help
to develop type 2 DM characteristics such as insulin resis-
tance, altered lipid profile, and other effects of hyperglycemia
(Magalhães et al. 2019).Our results exemplified that
biochanin A administration enhances insulin release from
pancreatic β-cells and alters glycogen levels in diabetic rats
by modulating the activities of glycogen metabolic enzymes.

However, further animal studies are warranted to ascertain the
potential of biochanin A in modulating the activity of
carbohydrate-metabolizing enzymes and better understand
its mechanism of action.

Conclusion

Overall, our results suggested that biochanin A supplementa-
tion restores the plasma levels of glucose and insulin, and the
activities of key enzymes involved in carbohydrate metabo-
lism in HFD-STZ-induced diabetic rats by altering insulin
secretion from pancreatic beta cells. This leads to enhanced
glycolysis and reduced gluconeogenesis, resulting in allevia-
tion of hyperglycemia.
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Fig. 5 Diabetic rats treated with biochanin A displayed significant reduction of damages that happen due to HFD-STZ in pancreas.ANormal control,B
diabetic control, C diabetic + biochanin A, and D diabetic + gliclazide. H&E, 40×. Arrow marks indicate histopathological alterations
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