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Abstract

Background: Gentamicin (GM), a commonly used aminoglycoside anti-biotic, is effective against various bacterial infections.
However, its clinical use is often limited due to its significant nephrotoxic side effects. Nephrotoxicity results from oxidative
stress, inflammation, and apoptosis of renal cells. In previous research, Biochanin A (BCA), a natural isoflavone found in vari-
ous plants, has demonstrated antioxidant, anti-inflammatory, and anti-apoptotic properties. This study explores the potential
protective effects of BCA against GM-induced nephrotoxicity.

Objectives: To investigate the protective effects of BCA on GM-induced nephrotoxicity in male Wistar rats by assessing
kidney function, oxidative stress markers, inflammatory response, and apoptotic regulation.

Materials and Methods: Male Wistar rats were divided into four groups, each group containing six animals: Group | as
the control, Group 2 received BCA alone [50 mg/kg, intraperitoneal (IP)], Group 3 received GM alone (100 mg/kg, IP), and
Group 4 received BCA (50 mg/kg, IP) along with GM (100 mg/kg, IP). At the end of the experiment day (on the |2th day),
the animals were sacrificed, the organs were removed, and used for the following parameters.

Results: GM administration significantly increased the levels of creatinine, urea, uric acid, blood urea nitrogen (BUN), and
lipid peroxidation levels and decreased the levels of antioxidant enzymes. Administration with BCA has significantly mitigated
kidney function markers and oxidative stress while enhancing antioxidant activities. Furthermore, GM-induced rats exhibited
significant upregulation in proinflammatory cytokines, proapoptotic proteins, and downregulation of anti-apoptotic proteins.
Administration of BCA significantly downregulated proinflammatory cytokines and proapoptotic proteins and upregulated
anti-apoptotic proteins in GM-induced rats. These results underscore the utility of necrotic and apoptotic markers in the
early detection of tubular kidney damage.

Conclusion: This study conclusively demonstrates that BCA protects the kidneys from GM-induced oxidative stress, inflam-
mation, and apoptosis of renal tubular cells, offering promise for mitigating GM-induced nephrotoxicity.
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Introduction environmental contaminants, can harm the body’s organs to
some extent (Kanna et al., 2015). Around 3.2% of adverse
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Gentamicin (GM) belongs to aminoglycosides and is
extensively used as an anti-biotic to treat contagions triggered
by gram-negative bacteria (Brereton et al., 2018). Due to its
risk of potential renal toxicity, GM is deterred despite high
anti-bacterial efficiency (Mohamed et al., 2019). Up to
10-25% of individuals treated with GM have been reported
to have AKI; this includes patients who just got one dose of
the medication (Hayward et al., 2018; Sun et al., 2018).
However, the exact mechanism of GM-induced renal cellular
damage is yet unknown; the drug’s harmful effects on the kid-
ney have been associated with the induction of hydroxyl radi-
cals (-OH), superoxide anion (O,”), and hydrogen peroxide
(H,0,) (Aurelien-Cabezas et al., 2023). GM-induced nephro-
toxicity in preclinical research is characterized by histologic
alterations such as interstitial fibrosis, tubular damage, and
tubular atrophy (Moghadam et al., 2017; Otunctemur et al.,
2013). Oxidative stress and nitrosative stress are significant
contributors to the adverse effects induced by aminoglyco-
sides such as GM in the kidneys (Balakumar et al., 2010).
Despite conflicting evidence regarding their therapeutic
effectiveness, the utilization of compounds possessing thera-
peutic properties has demonstrated success in mitigating
nephrotoxicity caused by GM (Boroushaki et al., 2019;
Saleem et al., 2019).

Biochanin A (BCA) (4'-methoxy-5,7-dihydroxy isofla-
vone) is a naturally occurring isoflavone isolated from the
stem and leaves of red clover (7rifolium pratense L.) (Yan et
al., 2021; Yu et al., 2019). Other plants that contain BCA
include Carqueja (Genista tridentata L.), peanuts (Arachis
hypogaea), and soy (Glycine max L.) (Pinto et al., 2020),
chickpeas (Cicer arietinum L.), and alfalfa (Medicago sativa
L.) (Deavours & Dixon, 2005; Li et al., 2015). In addition,
BCA is present in red clover, cabbage, alfalfa, and many other
herbal products (Yu et al., 2019). BCA is commonly recog-
nized for a wide range of medicinal features, primarily to
treat osteoporosis, asthma, and (Ko et al., 2011) arthritis
(Felix et al., 2020; Liao et al., 2021) for its one of the most
predominant therapeutic anti-inflammatory effects by inhibit-
ing the initiation of tumor necrosis factor-alpha (TNF-a),
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB), and other proinflammatory signaling and tran-
scription factors (Puthli et al., 2013). In our study, we have
assessed the outcome of the protective effect of BCA on
GM-mediated nephrotoxicity in male Wistar rats.

Materials and Methods

Chemicals

BCA (purity —>96.5%) and GM were procured from Sigma—
Aldrich, USA. Mouse enzyme-linked immunosorbent assay
(ELISA) kits, including NF-xB, TNF-a, interleukin-6 (IL-6),
and cyclooxygenase-2 (COX-2), were acquired from
BOSTER in the USA. Primary anti-bodies such as Bax,

Bcl-2, caspase-3, and B-actin were procured from Abcam in
the USA. Secondary anti-bodies were obtained from Sigma-—
Aldrich in the USA. All chemicals used were of analytical
grade and procured from Sigma—Aldrich in the USA.

Experimental Groups

In this study, 24 male Wistar rats, aged 32 days and weighing
between 180 and 200 g, were used. The experimental period
lasted 12 days, and the animals were randomly divided into
four groups.

Group 1: Control animals.

Group 2: BCA control (50 mg/kg b.wt.) for 12 days.
Group 3: GM (100 mg/kg/day) intraperitoneal (IP) for 12
days.

Group 4: Both GM (100 mg/kg b.wt.) and BCA (50 mg/kg
b.wt.), with BCA administered 1 h after GM injection,
using saline as the vehicle for BCA.

Measuring Kidney Function Markers Level in
Blood Serum

Standard diagnostic kits were purchased from IDEXX,
Biological Products Trading Co., Ltd., China. Automatic
Analyzer (IDEXX Catalyst One®) was used to determine the
levels of creatine, urea, uric acid, and blood urea nitrogen
(BUN) in blood serum. In urea, 1.0 mL of buffered enzyme
solution, and 10 pL of sample were added, mixed thoroughly,
and incubated at 37°C for 5 min. In parallel, 10 pL of the stan-
dard and 10 pL of distilled water (blank) were processed under
the same conditions. To each tube, 1.0 mL of color-developing
reagent was added and mixed well. After exactly 5 min of incu-
bation at 37°C, 1.0 mL of distilled water was added to each
tube, and the developed color was measured at 600 nm.

In uric acid, 1 mL of enzyme reagent and 25 puL of sample
were added and mixed by gentle inversion. In parallel, 25 uL of
standard and 25 uL of distilled water (blank) were processed
under the same conditions. The tubes were incubated at 37°C
for 5 min, and the developed color was measured at 510 nm.

In creatine, to a reagent mixture containing 0.5 mL of pic-
ric acid solution and 0.5 mL of sodium hydroxide, 0.1 mL of
serum was added. The tubes were mixed thoroughly and
incubated for 20 s. With the spectrophotometer set to zero
absorbance using distilled water, the absorbance was mea-
sured at 510 nm after 20 s (A1) and again at exactly 45 s (A2).
The change in absorbance (A2 — A1) was calculated for both
the test and standard samples to determine the creatinine con-
centration in the test sample.

In BUN, 1.0 mL of sample and 1.0 mL of urease reagent
were added to each tube and mixed thoroughly by gentle inver-
sion or vortexing. Incubate all tubes at 37°C for 10—15 min to
facilitate the enzymatic conversion of urea to ammonia. For
color development, 1.0 mL of phenol solution and 1.0 mL of
sodium hypochlorite solution were added to each tube, mixed
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well, and allowed the reaction to proceed at room temperature
for 10 min to form a colored complex and read at 540 nm.

Enzymatic Antioxidant
Thiobarbituric Acid Reactive Substances (TBARS)

In a centrifuge tube, 0.5 mL of homogenate was mixed with 1
mL of TBARS (0.6%) and 3 mL of phosphoric acid (1%). The
solution was subsequently heated for 45 min in a boiling
water heating system. After cooling, the mixture was centri-
fuged for 20 min at 20,000 rpm, vortexed for 1 min, and 4 mL
of n-butanol was added. After transferring to a new tube, the
organic layer and its absorbance were read at 532 nm. The
TBARS standard curve was created with concentrations rang-
ing from 0 to 40 uM (Hosseinzadeh et al., 2005).

Superoxide Dismutase (SOD) Activity

A 0.5 mL of tissue homogenate was diluted with water to a total
volume of 1.0 mL. To this, 2.5 mL of ethanol and 1.5 mL of
chilled chloroform were added. The mixture was shaken for 90
s at 4°C and then centrifuged. The assay mixture, comprising
1.2 mL of sodium pyrophosphate buffer, 0.1 mL of phenazine
methosulphate, and 0.3 mL of nitroblue tetrazolium, was com-
bined with the enzyme extract. The reaction was initiated by
adding 0.2 mL of nicotinamide adenine dinucleotide hydrogen
(NADH) and incubated at 30°C for 90 s. The reaction was ter-
minated by adding 1.0 mL of glacial acetic acid. The resulting
mixture was shaken with 4.0 mL of n-butanol and left to stand
for 10 min before centrifugation. The absorbance of the n-buta-
nol layer was measured at 510 nm (Kakkar et al., 1984).

Catalase (CAT) Activity

To measure CAT activity, 0.1 mL of tissue homogenate was
combined with 0.4 mL of H,O,. The reaction was stopped at
time intervals of 15, 30, 45, and 60 s by adding 2.0 mL of a
dichromate-acetic acid mixture. The samples were then
boiled for 10 min, cooled, and the developed color was read
at 620 nm (Sinha, 1972).

Glutathione Peroxidase (GPx) Activity

The assay began by mixing 0.2 mL of tris buffer with 0.2 mL
of reduced glutathione (GSH) and 0.1 mL of H,O,. The reac-
tion mixture was incubated at 37°C for 10 min. A control
sample without homogenate was also prepared. The reaction
was stopped by adding 0.5 mL of 10% trichloroacetic acid
(TCA), followed by centrifugation (Beutler et al., 1963). The
supernatant was then used to measure GSH content using
Ellman’s method (1959).

Measurement of GSH

GSH was quantified using Ellman’s method (1959). A 0.5 mL
sample of tissue homogenate was precipitated with 2.0 mL of

5% TCA. After centrifugation, 2.0 mL of the supernatant was
mixed with 1.0 mL of Ellman’s reagent and 4.0 mL of 0.3 M
disodium hydrogen phosphate solution. The yellow color
formed was measured at 412 nm using a spectrophotometer.

ELISA Assay

ELISA kits are commonly used in research to measure specific
proteins and biomarkers in biological samples. In this context,
ELISA kits from BOSTER, USA, were utilized to assess vari-
ous inflammatory markers such as NF-kB, TNF-a, COX-2,
and IL-6 in serum (Sun et al., 2018). In the protocol, 50 puL of
the sample and 50 uL of an anti-body cocktail were added to
the experimental wells and incubated at 37°C for 1 h. The wells
were then washed with 100 pL of 3,3',5,5'-tetramethylbenzi-
dine substrates and incubated for 10 min. Finally, 100 pL of
stop solution was added, and the color development was read at
optical density (OD) 450 nm using an ELISA reader. The levels
of IL-6, TNF-a, NF-kB, and COX-2 in the serum were
expressed as picograms per milligram of protein.

Western Blot

Lowry’s method was used to evaluate the protein content of
kidney tissues that had been lysed using radioimmunoprecipi-
tation assay (RIPA) buffer. After adding the loading buffer, the
50-ug protein sample was boiled for 5 min and then electro-
phoresed using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Following electrophoresis, the
proteins were transferred to a nitrocellulose membrane (Bio-
Rad). After blocking the membrane with 4% bovine serum
albumin (BSA), the primary anti-body was allowed to incubate
at 4°C for a whole night. In this study, the main anti-bodies
used were Bax, Bcl2, caspase-3, and B-actin at a 1:1,000 ratio.
After three washes with PBST (phosphate buffer saline with
tween-20), the membrane was kept for 1 h at 4°C with a horse-
radish peroxidase (HRP)-labeled secondary anti-body
(1:7,500). Using enhancing chemiluminescence method (ECL)
specific protein bands were detected (Chakrabarti et al., 2018).

Statistical Analysis

The results were presented as mean values with their corre-
sponding standard deviations (SD). Statistical analysis was
conducted using one-way analysis of variance (ANOVA), fol-
lowed by Duncan’s Multiple Range Test, performed with the
SPSS software package. A significance level of p < 0.05 was
set to identify statistically significant differences.

Results

Effect of BCA on GM-induced Kidney Function
Markers in Blood Serum

Administration of GM (100 mg/kg, IP) resulted in a notable
upregulation in the amount of BUN, urea, uric acid, and
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Table I. Effect of BCA on GM-induced Kidney Function Markers in the Serum of Control and Experimental Rats.

Parameters Control BCA Control GM BCA + GM
Urea (mg/dL) 26.49 + 2.68° 25.79 + 2.262 67.92 + 5.63° 36.30 + 3.75¢
Uric acid (mg/dL) 1.32+£0.112 1.30 £ 0.122 2.45 + 0.20° 1.72 £ 0.15¢
Creatinine (mg/dL) 0.82 £ 0.06° 0.85 £ 0.072 1.96 £ 0.17° 0.98 + 0.08¢
BUN (mg/dL) 32.46 +2.762 34.15 + 2.90° 78.62 + 6.69° 43.19 £ 3.68¢

Notes: Values are stated as means * standard deviation (SD) for six rats in all groups. Values with various superscripts (a, b, c) significantly vary at p <
0.05, as determined by Dunnett’s Multiple Range Test (DMRT). BCA, Biochanin A; BUN, blood urea nitrogen; GM, gentamicin.
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Figure |. Biochanin A (BCA) Attenuates the Gentamicin (GM)-mediated Expression of Apoptotic Protein in the Kidney Tissue. A. Effect of BCA on

GM-induced Bax, Bcl-2, and Caspase-3 Protein Expression in Kidney Tissue by Western Blot Analysis. B. Densitometry Analysis of Apoptotic Markers
Normalized by B-actin.

Note: Values are stated as means + standard deviation (SD) for three rats in all groups. Values with various superscripts (a, b, c) vary significantly at
p < 0.05, as determined by Dunnett’s Multiple Range Test (DMRT).

creatinine levels as compared to the control group. In con- creatinine, and uric acid compared to GM alone (Table 1).
trast, the treatment of BCA (50 mg/kg, IP) to GM (100 mg/kg, Additionally, there were no significant changes observed in
IP) group significantly reduces the levels of BUN, urea, the group administered with BCA (50 mg/kg, IP) alone.
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Table 2. Effect of BCA on GM-induced Antioxidant Status in Kidney Tissue of Control and Experimental Rats.

Parameters Control BCA Control GM BCA + GM
TBARS (nmol/mg protein) 7.38 £ 0.64* 7.29 + 0.522 18.36 + 2.69° 10.58 £ 2.73¢
SOD (U!/mg protein) 7.63 £ 0.802 7.87 £ 0.832 4.09 £ 0.85° 6.10 £ 0.78¢
CAT (U%mg protein) 40.17 £ 6.392 41.86 £7.63* 22.87 + 4.95° 32.21 + 4.05¢
GPx (U3/mg protein) 6.83 + 0.46? 6.96 £ 0.592 4.28 + 0.68° 6.25 £ 0.73¢
GSH (mg/100 g wet tissue) 5.24 £ 0.632 5.01 £0.72 3.28 £ 0.95> 4.84 + 0.45¢

Notes: U' = concentration of the enzyme required to prevent the chromogen production by 50% in | min. U2 = mmol of hydrogen peroxide (H,0,)
consumed | min. U3 = mg of utilized reduced glutathione (GSH) in | min. Values are stated as means * standard deviation (SD) for six rats in all groups.
Values with various superscripts (a, b, ) significantly vary at p < 0.05, as determined by Dunnett’s Multiple Range Test (DMRT). BCA, Biochanin A; CAT,
catalase; GM, gentamicin; GPx, glutathione peroxidase; SOD, superoxide dismutase; TBARS, thiobarbituric acid reactive substances.

Table 3. Effect of BCA on GM-induced Inflammatory Markers in the Serum of Control and Experimental Rats.

Parameters Control BCA Control GM BCA + GM

TNF-a 52.14 + 6.562 51.93 + 5.672 107.28 + 8.34° 76.09 + 8.53¢
IL-6 89.4] +8.19 88.57 + 9.24 148.17 + 12.08° 102.48 + 9.57¢
NF-xB 38.19 + 3.68° 3747 + 478 89.28 + 7.62° 49.36 + 5.83¢
COX-2 26.19 +2.832 25.57 +2.38° 79.16 + 8.31° 39.94 + 4.81¢

Notes: Values are stated as means * standard deviation (SD) for six rats in all groups. Values with various superscripts (a, b, c) significantly vary at p <
0.05, as determined by Dunnett’s Multiple Range Test (DMRT). BCA, Biochanin A; COX-2, cyclooxygenase-2; GM, gentamicin; IL-6, interleukin-6; NF-kB,
nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-a, tumor necrosis factor-alpha.

Effect of BCA on GM-induced Antioxidant Activity
in Kidney Tissue

The effect of BCA on GM-induced AKI was associated with
its antioxidant activity. We measured various anti-oxidation-
related and oxidation markers, including TBARS, SOD, CAT,
GPx, and GSH. As shown in Table 2, the GM (100 mg/kg, IP)
group exhibited a significant increase in TBARS levels to
18.36 nmol/mg protein, while the activities of CAT, SOD,
GPx, and GSH were significantly reduced to 7.63 U/mg pro-
tein, 4.09 U!/mg protein, 22.87 U*mg protein, 4.28 U3*/mg
protein, and 3.28 mg/100 g wet tissue, respectively. Treatment
with BCA to GM treated group has shown decreased TBARS
levels and increased activities of CAT, SOD, GPx, and GSH
as compared to the GM alone treated group. Additionally,
BCA alone did not cause any significant changes in TBARS,
SOD, CAT, GPx, and GSH activities compared to Group 1.

Effect of BCA on GM-induced Inflammatory
Markers in the Serum

AKI is associated with an inflammatory response and oxida-
tive tissue damage. As shown in Table 3, we examined the
release levels of inflammatory cytokines in the serum of
experimental animals by ELISA assay. Animals treated with
GM (100 mg/kg, IP) alone showed a significant increase in
NF-kB, COX-2, IL-6, and TNF-a levels compared to control
rats. Conversely, treatment with BCA (50 mg/kg, IP)

significantly reduced the GM-induced inflammatory cytokine
response compared to the GM alone group. Notably, no sig-
nificant changes in inflammatory cytokine levels were
observed in the group treated with BCA (50 mg/kg, IP) alone.

Effect of BCA on GM-induced Apoptotic Protein
Expression in the Kidney Tissue

As shown in Figure 1, the GM (100 mg/kg, IP) treated group
exhibited downregulated Bcl-2 protein expression and
increased caspase-3 and Bax protein expression levels com-
pared to the control group. However, in the group treated with
BCA (50 mg/kg, IP) alongside GM (100 mg/kg, IP), the
expression levels of caspase-3 and Bax were reduced, while
Bcl-2 expression was significantly enhanced. There were no
significant changes in the expression levels of apoptotic pro-
teins in the group treated with BCA (50 mg/kg, IP) alone
compared to the control group.

Discussion

Acute gram-negative bacterial contagions are often treated
with aminoglycoside anti-biotics (GM). However, the main
difficulty of GM administration is nephrotoxicity (Randjelovic
et al., 2012). Reactive oxygen species (ROS) and inflamma-
tory mediators are the main mechanisms behind GM-induced
nephrotoxicity (Randjelovic et al., 2017). Research shows
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that GM is absorbed in the kidney’s proximal tubule.
Additionally, its absorption in tubular cells reduces blood
flow to the kidneys, lowering the glomerular purification rate
and raising blood urea nitrogen and plasma creatinine levels
(Emadi et al., 2021; Ghaznavi & Kadkhodaee, 2007). It,
therefore, appears that using anti-inflammatory and
antioxidant supplements can reduce the risk of this toxicity
(Kurutas, 2016). Herbal medications are believed to offer
numerous benefits due to the presence of various phytocon-
stituents with anti-inflammatory and antioxidant properties
(Igbal et al., 2022).

Earlier studies have exposed that BCA has potent
antioxidant and anti-inflammatory effects (Alauddin et al.,
2018; Aldhahri et al., 2022; Berkoz et al., 2020). The protec-
tive benefits of BCA against GM-mediated acute nephrotox-
icity in rats are probably being revealed for the first time in
this study. Our findings showed that 12 days of BCA treat-
ment could mitigate the damages developed by GM intoxica-
tion in the rat’s kidney. In this study, the amount of serum
BUN, creatinine, urea, and uric acid was significantly upreg-
ulated, and it indicated renal alterations in GM-treated rats.
Interestingly, the treatment of BCA significantly reduced the
levels of blood biomarkers in our study. Similarly, other stud-
ies show a natural phenolic compound and flavonols such as
curcumin and rosmarinic acid mitigate the serum biomarker
alteration caused by the GM (Laorodphun et al., 2022; Tavafi
& Ahmadvand, 2011).

GM administration to rats resulted in an increased forma-
tion of OH, O,~, and H,0,, specifically within the renal mito-
chondria. The oxidative damage caused by the ROS to the
cellular structures and biomolecules, including proteins,
deoxyribonucleic acid (DNA), and lipids is predominantly
related to the reduced efficacy of antioxidant enzymes in the
contribution of oxidative stress in nephrotoxicity. This
impairment indicates a compromised characteristic of renal
cells, such as the neutralizing ability and detoxification of
ROS, thereby leading to oxidative stress-induced damage
(Balakumar et al., 2010). In our study, we observed a signifi-
cant increase in TBARS levels and significant decreases in
GSH, CAT, SOD, and GPx in the kidney tissue of GM-treated
rats (Balakumar et al., 2010). We found that treatment with
BCA significantly increased in the activities of antioxidant
enzymes in GM-induced group. In another study, Kang et al.
demonstrated Oxymatrine, a plant phytochemical, also
retrieved the GM-mediated oxidative and nitrative stress,
shown by the amplified GSH, CAT, and SOD activities and
diminished TBARS (Kang et al., 2022). Similarly, the treat-
ment with Glycyrrhiza glabra root extract in the GM-treated
animal group has significantly increased the levels of Gpx
and SOD parameters and decreased the TBARS levels
(Nassan et al., 2021).

A toxic chemical that causes an inflammatory reaction in
the renal tissue is likely to damage healthy kidney function,
and the edema caused by the drug-devolved acute tubular
necrosis probably contributed to the kidney tissue’s

hypertrophy in the GM-treated animal group (Nafiu et al.,
2019). The triggered oxidative stress is developed by the
inflammatory process and is mediated by necrosis (Paquette
et al,, 2015). In our study, the inflammation shown in
GM-treated animals has shown upregulation in proinflamma-
tory cytokines such as TNF-o, IL-6, NF-kB, and COX-2.
However, the treatment of BCA significantly downregulates
the proinflammatory cytokines of the rat kidney, representing
the anti-inflammatory activity of BCA. Apparently, in another
study, Atsamo et al. (2021) demonstrated that the
Cinnamomum zeylanicum extract has actively reduced the
levels of the proinflammatory cytokine. Similarly, in another
study, an ayurvedic medicinal compound, gymnemic acid
diminished the count of TNF-a and IL-1f in rodents (Gumbar
et al., 2023).

Apoptosis is essential for maintaining kidney physiologi-
cal functions and plays a significant role in nephrotoxicity
induced by various medications and kidney disorders (El
Gamal et al., 2014). Extended use of GM medications may
cause acute tubular apoptosis and kidney damage. It is com-
monly known that Bcl-2 functions as an anti-apoptotic pro-
tein during apoptosis, while Bax and caspase-3 work as
proapoptotic proteins (Chen et al., 2017). In our study, GM
treated group has shown upregulation in the expression of
Bax, caspase-3, and diminished the Bcl-2 expression.
Interestingly, the administration of BCA to rats treated with
GM has shown significantly less apoptotic variation than
GM-treated alone rats. Recently, Althunibat et al. (2022) have
demonstrated that Formononetin, a natural plant flavonoid,
has rescued against the GM-mediated apoptosis in the kidney
tissues of rats and has shown diminished proapoptotic protein
expression and upregulated anti-apoptotic protein expression.
Likewise, apigenin, a natural plant flavonoid commonly pres-
ent in many edible plants and known for its potent beneficial
effects, has suppressed apoptosis by reducing the levels of
proapoptotic protein as compared to the GM-administered
animal group (Hussein et al., 2022).

Conclusion

The findings of this study provide compelling evidence that
BCA can effectively protect against GM-induced nephrotox-
icity in male Wistar rats. BCA improved markers of renal
function markers, mitigated oxidative damage, and enhanced
antioxidant enzyme activities. Moreover, BCA reduced the
activation of proinflammatory cytokine production and pro-
apoptotic proteins, alongside the upregulation of anti-apop-
totic proteins. These results suggest that BCA holds significant
potential as a therapeutic agent for preventing or minimizing
GM-induced kidney damage by counteracting oxidative
stress, inflammation, and apoptosis in renal cells. Future stud-
ies may explore BCA’s detailed molecular mechanisms and
clinical applicability in mitigating nephrotoxic side effects in
broader therapeutic contexts.
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Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Ethical Approval and Informed Consent

The Committee for the Care and Use of Laboratory Animals at
Shaanxi Provincial People’s Hospital, Shaanxi Province (Xian,
China) evaluated and approved the methodology of experiments.

Funding

The authors received no financial support for the research,
authorship, and/or publication of this article.

ORCID iD

Zhuo Wu https://orcid.org/0009-0009-6575-4608

References

Alauddin, S., Chaturvedi, S., Malik, M. Y., Azmi, L., Shukla, I.,
Naseem, Z., Rao, C., & Agarwal, N. K. (2018). Formononetin
and biochanin A protects against ritonavir induced hepatotoxicity
via modulation of NfkB/PAkt signaling molecules. Life Sciences,
213, 174-182. https://doi.org/10.1016/j.15.2018.10.023

Aldhahri, R. S., Alghamdi, B. S., Alzahrani, N. A., Bahaidrah, K. A.,
Alsufiani, H. M., Mansouri, R. A., & Ashraf, G. M. (2022).
Biochanin A improves memory decline and brain pathology in
cuprizone-induced mouse model of multiple sclerosis. Behavioral
Sciences, 12(3), 70. https://doi.org/10.3390/bs12030070

Althunibat, O. Y., Abukhalil, M. H., Aladaileh, S. H., Qaralleh, H.,
Al-Amarat, W., Alfwuaires, M. A., Algefare, A. 1., Namazi, N.
I., Melebary, S. J., Babalghith, A. O., & Conte-Junior, C. A.
(2022). Formononetin ameliorates renal dysfunction, oxidative
stress, inflammation, and apoptosis and upregulates Nrf2/HO-1
signaling in a rat model of gentamicin-induced nephrotoxicity.
Frontiers in Pharmacology, 13,916732. https://doi.org/10.3389/
fphar.2022.916732

Atsamo, A. D., Lontsie Songmene, A., Metchi Donfack, M. F.,
Ngouateu, O. B., Nguelefack, T. B., & Dimo, T. (2021). Aqueous
extract from Cinnamomum zeylanicum (Lauraceae) stem bark
ameliorates gentamicin-induced nephrotoxicity in Rats by mod-
ulating oxidative stress and inflammatory markers. Evidence-
Based Complementary and Alternative Medicine: eCAM, 2021,
5543889. https://doi.org/10.1155/2021/5543889

Aurelien-Cabezas, N. S., Paz-Michel, B. A., Jacinto-Cortes, I.,
Delgado-Enciso, O. G., Montes-Galindo, D. A., Cabrera-
Licona, A., Zaizar-Fregoso, S. A., Paz-Garcia, J., Ceja-Espiritu,
G., Melnikov, V., Guzman-Esquivel, J., Rodriguez-Sanchez, 1.
P., Martinez-Fierro, M. L., & Delgado-Enciso, 1. (2023).

Protective effect of neutral electrolyzed saline on gentamicin-
induced nephrotoxicity: Evaluation of histopathologic parame-
ters in a murine model. Medicina (Kaunas, Lithuania), 59(2),
397. https://doi.org/10.3390/medicina59020397

Balakumar, P., Rohilla, A., & Thangathirupathi, A. (2010).
Gentamicin-induced nephrotoxicity: Do we have a promising
therapeutic approach to blunt it? Pharmacological Research,
62(3), 179-186. https://doi.org/10.1016/j.phrs.2010.04.004

Berkdz, M., Kroéniak, M., Ozkan-Yilmaz, F., & Ozliler-Hunt, A.
(2020). Prophylactic effect of biochanin A in lipopolysaccha-
ride-stimulated BV2 microglial cells. Immunopharmacology
and Immunotoxicology, 42(4), 330-339. https://doi.org/10.1080
/08923973.2020.1769128

Beutler, E., Duron, O., & Kelly, B. M. (1963). Improved method for
the determination of blood glutathione. The Journal of
Laboratory and Clinical Medicine, 61, 882—888.

Boroushaki, M. T., Fanoudi, S., Mollazadeh, H., Boroumand-
Noughabi, S., & Hosseini, A. (2019). Reno-protective effect of
Rheum turkestanicum against gentamicin-induced nephrotoxic-
ity. Iranian Journal of Basic Medical Sciences, 22(3), 328-333.
https://doi.org/10.22038/ijbms.2019.31552.7597

Brereton, C. J., Lennon, D., Browning, S., Dunn, E., Ferguson, J. K.,
& Davis, J. S. (2018). Is gentamicin safe and effective for severe
community-acquired pneumonia? An 8-year retrospective cohort
study. International Journal of Antimicrobial Agents, 51(6), 862—
866. https://doi.org/10.1016/j.ijjantimicag.2018.01.018

Chakrabarti, S., Jana, M., Roy, A., & Pahan, K. (2018). Upregulation
of suppressor of cytokine signaling 3 in microglia by cinnamic
acid. Current Alzheimer Research, 15(10), 894-904. https://doi.
org/10.2174/1567205015666180507104755

Chen, L., Xu, H., Cui, H., Zhou, H., Wan, H., & Chen, J. (2017).
Preparation of Cu—Ni bimetallic nanoparticles surface-capped
with dodecanethiol and their tribological properties as lubricant
additive. Particuology, 34, 89-96. https://doi.org/10.1016/j.
partic.2016.12.006

Deavours, B. E., & Dixon, R. A. (2005). Metabolic engineering of
isoflavonoid biosynthesis in alfalfa. Plant Physiology, 138(4),
2245-2259. https://doi.org/10.1104/pp.105.062539

El Gamal, A. A., AlSaid, M. S., Raish, M., Al-Sohaibani, M.,
Al-Massarani, S. M., Ahmad, A., Hefnawy, M., Al-Yahya, M.,
Basoudan, O. A., & Rafatullah, S. (2014). Beetroot (Beta vul-
garis L.) extract ameliorates gentamicin-induced nephrotoxic-
ity associated oxidative stress, inflammation, and apoptosis in
rodent Model. Mediators of Inflammation, 2014, 983952.
https://doi.org/10.1155/2014/983952

Emadi, E., Pouramir, M., Ghasemi-Kasman, M., Feizi, F., Halalkhor,
S., & Moghadamnia, A. A. (2021). Arbutin attenuates nephro-
toxicity induced by gentamicin. Avicenna Journal of
Phytomedicine, 11(3), 210-217.

Felix, F. B., Batista, F., Aratijo, J. M. D., Vieira de Souza, E., Pinho,
V., Camargo, E. A., Corréa, C. B., & Grespan, R. (2020).
Biochanin A attenuates zymosan-induced arthritis in mice simi-
larly to 17-f estradiol: An alternative to hormone replacement
therapy? Inflammation Research, 69(12), 1245-1256. https:/
doi.org/10.1007/s00011-020-01403-4

Ghaznavi, R., & Kadkhodaee, M. (2007). Comparative effects of
selective and non-selective nitric oxide synthase inhibition in
gentamicin-induced rat nephrotoxicity. Archives of Toxicology,
81(6), 453-457. https://doi.org/10.1007/s00204-006-0157-2



Chen and Wu

1425

Gumbar, S., Bhardwaj, S., Mehan, S., Khan, Z., Narula, A. S., Kalfin,
R., Tabrez, S., Zughaibi, T. A., & Wasi, S. (2023). Renal mito-
chondrial restoration by gymnemic acid in gentamicin-mediated
experimental nephrotoxicity: Evidence from serum, kidney and
histopathological alterations. Frontiers in Pharmacology, 14,
1218506. https://doi.org/10.3389/fphar.2023.1218506

Hayward, R. S., Harding, J., Molloy, R., Land, L., Longcroft-Neal,
K., Moore, D., & Ross, J. D. C. (2018). Adverse effects of a
single dose of gentamicin in adults: A systematic review. British
Journal of Clinical Pharmacology, 84(2), 223-238. https://doi.
org/10.1111/bcp.13439

Hosseinzadeh, H., Sadeghnia, H. R., Ziaee, T., & Danace, A. (2005).
Protective effect of aqueous saffron extract (Crocus sativus L.)
and crocin, its active constituent, on renal ischemia-reperfusion-
induced oxidative damage in rats. Journal of Pharmacy &
Pharmaceutical Sciences, 8(3), 387-393.

Hussein, M. M., Althagafi, H. A., Alharthi, F., Albrakati, A., Alsharif,
K. F., Theyab, A., Kassab, R. B., Mufti, A. H., Algahtani, M.,
Oyouni, A. A. A., Baty, R. S., Abdel Moneim, A. E., & Lokman,
M. S. (2022). Apigenin attenuates molecular, biochemical, and
histopathological changes associated with renal impairments
induced by gentamicin exposure in rats. Environmental Science
and Pollution Research International, 29(43), 65276—65288.
https://doi.org/10.1007/s11356-022-20235-9

Igbal, S. M., Hussain, L., Hussain, M., Akram, H., Asif, M., Jamshed,
A., Saleem, A., & Siddique, R. (2022). Nephroprotective poten-
tial of a standardized extract of Bambusa arundinacea: In vitro
and in vivo studies. ACS Omega, 7(21), 18159-18167. https://
doi.org/10.1021/acsomega.2c02047

Kakkar, P., Das, B., & Viswanathan, P. N. (1984). A modified spec-
trophotometric assay of superoxide dismutase. /ndian Journal
of Biochemistry and Biophysics, 21(2), 130-132.

Kang, S., Chen, T., Hao, Z., Yang, X., Wang, M., Zhang, Z., Hao, S.,
Lang, F., & Hao, H. (2022). Oxymatrine alleviates gentamicin-
induced renal injury in rats. Molecules, 27(19), 6209. https://
doi.org/10.3390/molecules27196209

Kanna, S., Hiremath, S. K., & Unger, B. S. (2015). Nephroprotective
activity of Bilvadi agada in gentamicin induced nephrotoxicity
in male Wistar rats. Ancient Science of Life, 34(3), 126—129.
https://doi.org/10.4103/0257-7941.157146

Ko, W.-C., Lin, L.-H. L., Shen, H.-Y., Lai, C.-Y., Chen, C.-M., &
Shih, C.-H. (2011). Biochanin A, a phytoestrogenic isoflavone
with selective inhibition of phosphodiesterase 4, suppresses
ovalbumin-induced airway hyperresponsiveness. Evidence-
Based Complementary and Alternative Medicine: eCAM, 2011,
635058. https://doi.org/10.1155/2011/635058

Kurutas, E. B. (2016). The importance of antioxidants which play
the role in cellular response against oxidative/nitrosative stress:
Current state. Nutrition Journal, 15(1), 71. https:/doi.
org/10.1186/312937-016-0186-5

Kwiatkowska, E., Domanski, L., Dziedziejko, V., Kajdy, A.,
Stefanska, K., & Kwiatkowski, S. (2021). The mechanism of
drug nephrotoxicity and the methods for preventing kidney
damage. International Journal of Molecular Sciences, 22(11),
6109. https://doi.org/10.3390/ijms22116109

Laorodphun, P., Cherngwelling, R., Panya, A., & Arjinajarn, P.
(2022). Curcumin protects rats against gentamicin-induced
nephrotoxicity by amelioration of oxidative stress, endoplasmic
reticulum stress and apoptosis. Pharmaceutical Biology, 60(1),
491-500. https://doi.org/10.1080/13880209.2022.2037663

Li, P, Shi, X., Wei, Y., Qin, L., Sun, W., Xu, G., Xu, T., & Liu, T.
(2015). Synthesis and biological activity of isoflavone derivatives
from chickpea as potent anti-diabetic agents. Molecules, 20(9),
17016—-17040. https://doi.org/10.3390/molecules200917016

Liao, S., Feng, W., Liu, Y., Wang, Z., Ding, X., Song, F., Lin, X., Song,
H., Kc, A., Su, Y., Liang, J., Xu, J., Liu, Q., & Zhao, J. (2021).
Inhibitory effects of biochanin A on titanium particle-induced
osteoclast activation and inflammatory bone resorption via
NF-KB and MAPK pathways. Journal of Cellular Physiology,
236(2), 1432—1444. https://doi.org/10.1002/jcp.29948

Moghadam, A., Khozani, T. T., Mafi, A., Namavar, M. R., &
Dehghani, F. (2017). Effects of platelet-rich plasma on kidney
regeneration in gentamicin-induced nephrotoxicity. Journal of
Korean Medical Science, 32(1), 13-21. https://doi.org/10.3346/
jkms.2017.32.1.13

Mohamed, D. L., Khairy, E., Saad, S. S. T., Habib, E. K., & Hamouda,
M. A. (2019). Potential protective effects of dapagliflozin in
gentamicin induced nephrotoxicity rat model via modulation of
apoptosis associated MiRNAs. Gene, 707, 198-204. https://doi.
org/10.1016/j.gene.2019.05.009

Nafiu, A. O., Akomolafe, R. O., Alabi, Q. K., Idowu, C. O., &
Odujoko, O. O. (2019). Effect of fatty acids from ethanol extract
of Moringa oleifera seeds on kidney function impairment and
oxidative stress induced by gentamicin in rats. Biomedicine and
Pharmacotherapy = Biomédecine and Pharmacothérapie, 117,
109154. https://doi.org/10.1016/j.biopha.2019.109154

Nassan, M. A., Soliman, M. M., Aldhahrani, A., Althobaiti, F., &
Alkhedaide, A. Q. (2021). Ameliorative impacts of Glycyrrhiza
glabra root extract against nephrotoxicity induced by gentami-
cin in mice. Food Science and Nutrition, 9(7), 3405-3413.
https://doi.org/10.1002/fsn3.2183

Otunctemur, A., Ozbek, E., Cekmen, M., Cakir, S. S., Dursun, M.,
Polat, E. C., Somay, A., & Ozbay, N. (2013). Protective effect of
montelukast which is cysteinyl-leukotriene receptor antagonist
on gentamicin-induced nephrotoxicity and oxidative damage in
rat kidney. Renal Failure, 35(3), 403—410. https://doi.org/10.31
09/0886022X.2012.761040

Paquette, F., Bernier-Jean, A., Brunette, V., Ammann, H., Lavergne,
V., Pichette, V., Troyanov, S., & Bouchard, J. (2015). Acute kid-
ney injury and renal recovery with the use of aminoglycosides:
A large retrospective study. Nephron, 131(3), 153—160. https://
doi.org/10.1159/000440867

Petejova, N., Martinek, A., Zadrazil, J., Kanova, M., Klementa, V.,
Sigutova, R., Kacirova, 1., Hrabovsky, V., Svagera, Z., & Stejskal,
D. (2020). Acute kidney injury in septic patients treated by
selected nephrotoxic antibiotic agents-pathophysiology and bio-
markers—A review. International Journal of Molecular Sciences,
21(19), 7115. https://doi.org/10.3390/ijms21197115

Pierson-Marchandise, M., Gras, V., Moragny, J., Micallef, J.,
Gaboriau, L., Picard, S., Choukroun, G., Masmoudi, K.,
Liabeuf, S., & French National Network of Pharmacovigilance
Centres. (2017). The drugs that mostly frequently induce acute
kidney injury: A case—noncase study of a pharmacovigilance
database. British Journal of Clinical Pharmacology, 83(6),
1341-1349. https://doi.org/10.1111/bep.13216

Pinto, D. C. G. A., Simdes, M. A. M., & Silva, A. M. S. (2020).
Genista tridentata L.: A rich source of flavonoids with anti-
inflammatory activity. Medicines, 7(6), 31. https:/doi.
org/10.3390/medicines7060031



1426

Pharmacognosy Magazine 21(4)

Puthli, A., Tiwari, R., & Mishra, K. P. (2013). Biochanin A enhances
the radiotoxicity in colon tumor cells in vitro. Journal of
Environmental Pathology, Toxicology and Oncology: Official
Organ of the International Society for Environmental Toxicology
and  Cancer, 32(3), 189-203. https://doi.org/10.1615/
jenvironpatholtoxicoloncol.2013007280

Randjelovic, P., Veljkovic, S., Stojiljkovic, N., Jankovic-Velickovic,
L., Sokolovic, D., Stoiljkovic, M., & Ilic, I. (2012). Salicylic
acid attenuates gentamicin-induced nephrotoxicity in rats. The
Scientific  World ~ Journal, 2012, 390613. https://doi.
org/10.1100/2012/390613

Randjelovic, P., Veljkovic, S., Stojiljkovic, N., Sokolovic, D., & Ilic,
I. (2017). Gentamicin nephrotoxicity in animals: Current
knowledge and future perspectives. EXCLI Journal, 16, 388—
399. https://doi.org/10.17179/excli2017-165

Saleem, M., Javed, F., Asif, M., Baig, M. K., & Arif, M. (2019).
HPLC analysis and in vivo renoprotective evaluation of
hydroalcoholic extract of Cucumis melo seeds in gentamicin-
induced renal damage. Medicina (Kaunas, Lithuania), 55(4),
107. https://doi.org/10.3390/medicina55040107

Sinha, A. K. (1972). Colorimetric assay of catalase. Analytical
Biochemistry, 47(2), 389-394. https://doi.org/10.1016/0003-
2697(72)90132-7

Sun, H., Yang, H., Ruan, H., Li, W., He, X., Wang, L., Liu, F., & Zhang,
J. (2018). The protective effect of sika deer antler protein on genta-
micin-induced nephrotoxicity in vitro and in vivo. Cellular
Physiology and  Biochemistry:  International ~ Journal — of
Experimental ~ Cellular ~ Physiology,  Biochemistry, — and
Pharmacology, 50(3), 841-850. https://doi.org/10.1159/000494471

Tavafi, M., & Ahmadvand, H. (2011). Effect of rosmarinic acid on inhi-
bition of gentamicin induced nephrotoxicity in rats. Tissue and Cell,
43(6), 392-397. https://doi.org/10.1016/j.tice.2011.09.001

Yan, J., Qiu, P.,, Zhang, X., Zhang, Y., Mi, L., Peng, C., Pan, X., &
Peng, F. (2021). Biochanin A from Chinese medicine: An isofla-
vone with diverse pharmacological properties. The American
Journal of Chinese Medicine, 49(7), 1623—-1643. https://doi.
org/10.1142/S0192415X21500750

Yu, C., Zhang, P., Lou, L., & Wang, Y. (2019). Perspectives regarding
the role of biochanin A in humans. Frontiers in Pharmacology,
10, 793. https://doi.org/10.3389/fphar.2019.00793



