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Abstract

Pentadecafluorooctanoic acid (PFOA) is a highly persistent environmental
contaminant known for its bioaccumulative nature and ability to cause adverse
renal effects. Prolonged exposure to PFOA has been associated with oxidative
stress, inflammation, and membrane dysfunction, which collectively contribute to
renal impairment. This study investigates the nephroprotective effects of chrysin,
a naturally occurring flavonoid with potent antioxidant and anti-inflammatory
properties, against PFOA-induced kidney toxicity in male Wistar rats. Twenty-
five rats were divided into five groups (n = 5 per group): (i) control (20% dimethyl
sulfoxide), (ii) PFOA-only (5 mg/kg), (iii) 25 mg/kg chrysin + 5 mg/kg PFOA, (iv)
50 mg/kg chrysin + 5 mg/kg PFOA, and (v) 50 mg/kg chrysin-only. All treatments
were administered orally for 14 consecutive days. Exposure to PFOA resulted in a
significant (p < 0.05) elevation in serum creatinine, lactate dehydrogenase, and
electrolyte imbalances, accompanied by reduced antioxidant enzyme activities,
elevated oxidative stress markers, increased inflammatory cytokines, and disrupted
ATPase activity. Chrysin pre-treatment at both 25 and 50 mg/kg markedly attenuated
these toxic effects in a dose-dependent manner. It restored antioxidant defenses,
normalized biochemical indices, improved electrolyte balance, and suppressed
inflammation, thereby preserving renal function. These findings suggest that chrysin
confers significant nephroprotective effects against PFOA-induced renal injury by
mitigating oxidative stress, inflammation, and ion transport disruption, supporting
its therapeutic potential as a promising nephroprotective agent for protecting
against environmentally induced kidney injury.

Keywords: Chrysin; Pentadecafluorooctanoic acid; Oxidative stress; Nephroprotective;
Kidney dysfunction

1. Introduction

Chrysin, a natural flavonoid found abundantly in honey and propolis, has attracted
considerable attention for its diverse pharmacological properties, including antioxidant,
anti-inflammatory, and anti-apoptotic effects.! Preclinical studies have demonstrated its
nephroprotective role in models of drug-induced renal injury. For example, in cisplatin-
induced nephrotoxicity, chrysin restored glutathione (GSH) levels, suppressed nuclear
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factor k-light-chain-enhancer of activated B cells (NF-kB)-
mediated inflammation, and improved renal function.*
Similarly, in adenine-induced chronic kidney disease, it
reduced oxidative stress and ameliorated histopathological
damage.*® Evidence from cyclosporine-A-induced renal
fibrosis models further highlights chrysins potential,
showing that it inhibited inflammatory signaling and
preserved kidney architecture.”®

Despite  these  promising findings,  chrysin’s
efficacy against environmental toxicants such as
pentadecafluorooctanoic acid (PFOA) remains largely
unexplored. This gap is critical, given that PFOA—
also known as perfluorooctanoic acid—is a persistent
environmental pollutant that induces nephrotoxicity
through mechanisms distinct from those involved in
chemotherapeutic- or drug-induced injuries. These
mechanisms  include  mitochondrial  dysfunction,
aquaporin downregulation, and disruption of redox
homeostasis.”*?* Recent studies by Rashid et al.'?, Ma et
al.?, and Zou et al."* implicate the nuclear factor erythroid
2-related factor 2 (Nrf2) pathway and the nucleotide-
binding oligomerization domain-like receptor protein 3
(NLRP3) inflammasome as central mediators of PFOA-
induced renal damage, highlighting them as potential
therapeutic targets for flavonoid-based interventions.

Notably, chrysin has been reported to activate Nrf2-
dependent antioxidant responses in cadmium-induced
nephrotoxicity, enhancing heme oxygenase-1 (HO-1)
expression and reducing lipid peroxidation.>" In parallel,
its suppression of the NLRP3 inflammasome activation
has been linked to attenuation of inflammatory cytokine
release and renal fibrosis in cyclosporine-A models.”* These
mechanisms overlap with PFOA’s toxicological profile,
which involves exacerbation of oxidative DNA damage
and impairment of mitochondrial redox balance.’? Thus,
by targeting the Nrf2 and NLRP3 pathways, chrysin may
represent a potential dual protective strategy against both
oxidative stress and inflammatory signaling associated
with PFOA exposure.'s

To our knowledge, this study is the first to investigate
the nephroprotective potential of chrysin against PFOA-
induced renal injury in male Wistar rats. We hypothesize
that chrysin will mitigate PFOA toxicity by enhancing
antioxidant defenses, suppressing pro-inflammatory
cytokines and myeloperoxidase (MPO) activity, and
restoring membrane-bound ATPase function, as supported
by Chen et al.” Additionally, the study will assess chrysin’s
impact on nitric oxide (NO) depletion, lipid peroxidation
(as indicated by malondialdehyde [MDA]), reduced GSH,
and biochemical markers of renal dysfunction such as

serum creatinine, lactate dehydrogenase (LDH), and
electrolyte imbalances. By integrating these endpoints, this
research provides a comprehensive multi-target evaluation
of chrysin’s protective mechanisms and its potential as a
therapeutic agent against PFOA-induced nephrotoxicity.

2. Materials and methods
2.1. Chemicals and reagents

Pentadecafluorooctanoic acid was purchased from Sigma-
Aldrich (USA). Chrysin and dimethyl sulfoxide (DMSO)
were obtained from Otto Chemical Pvt. Ltd. (India).
SPECTRUM diagnostic kits for electrolyte analysis,
including sodium (No. 303001), potassium (No. 298001),
calcium (No. 226001), and magnesium (No. 285001),
as well as creatinine, were purchased from Obour City
Industrial Area (Egypt). Interferon (IFN)-y (E-EL-R0009)
and interleukin (IL)-1p (E-EL-R0012) ELISA Kkits were
procured from ElabScience (USA). Total protein assay kits
(TP245) were purchased from Randox Laboratories Ltd.
(United Kingdom). The Griess reagent kit (No. 780001)
was obtained from Cayman Chemical (USA).

Sodium pyruvate, nicotinamide adenine dinucleotide
(NADH), sodium ethylenediaminetetraacetic acid,
hydrogen peroxide (H,0O,), sodium azide, 2-thiobarbituric
acid (TBA), ascorbic acid, trichloroacetic acid (TCA),
sodium hydroxide, dipotassium hydrogen phosphate,
potassium dihydrogen phosphate, potassium chloride
(KCI), magnesium chloride (MgCl,), sodium chloride
(NaCl), disodium ATP, reduced GSH, oxidized GSH
(GSSG), 1-chloro-2,4-dinitrobenzene (CDNB), Ellman’s
reagent (5,5 -dithiobis[2-nitrobenzoic acid]; DTNB),
pyrogallol, hydrazine sulfate, sulfuric acid (H,SO,), and
ammonium molybdate were procured from Sigma-
Aldrich (USA). H,SO, was also supplied by Ajax Finechem
(Australia), while sodium dodecyl sulfate (SDS) was
purchased from British Drug Houses (United Kingdom).
Unless otherwise stated, all other reagents used were of
analytical grade.

2.2. Experimental animals

A total of 25 male Wistar rats weighing 120-180 g were
procured and housed in well-ventilated cages at the
Animal House, Department of Biochemistry, College of
Biosciences, Federal University of Agriculture, Abeokuta.
The animals were acclimatized for 14 days prior to the
experiment and maintained on a standard diet with
water provided ad libitum. All procedures complied with
institutional and international ethical standards for the
use of laboratory animals in research. All animals were
handled and cared for in accordance with the Guide for
the Care and Use of Laboratory Animals and the ARRIVE
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Figure 1. Schematic of the experimental design. Twenty-five male Wistar rats were randomly assigned to five groups: control (20% dimethyl sulfoxide;
vehicle control), PFOA-only, PFOA + 25 mg/kg chrysin, PFOA + 50 mg/kg chrysin, and 50 mg/kg chrysin-only. Following a two-week acclimatization
period, the animals received treatments for two weeks. The selected doses of PFOA and chrysin were based on preliminary pilot studies and previous

reports.'7-%

Abbreviations: CAT: Catalase; ELISA: Enzyme-linked immunosorbent assay; GPx: Glutathione peroxidase; GSH: Glutathione; IFN: Interferon; IL:
Interleukin; LDH: Lactate dehydrogenase; MDA: Malondialdehyde; MPO: Myeloperoxidase; NO: Nitric oxide; TAC: Total antioxidant capacity.

guidelines.?”*® Ethical approval for this study was obtained
from the Federal University of Agriculture, Abeokuta
Ethical Committee (approval no. FUNAAB/COLBIOS/
BCH/UG/20191153).

2.3. Experimental design

Following a two-week acclimatization period, 25 male
Wistar rats were randomly divided into five groups,
with five animals in each group (n = 5). Treatments
were administered orally for 14 consecutive days. Prior
to administration, chrysin and PFOA were dissolved in
20% DMSO to prepare the working solutions.!”*72 A
20% DMSO solution was selected as the common vehicle
because it effectively dissolved both PFOA and chrysin, and
the vehicle control group received the same formulation
without the test compounds to account for any potential
effects of the solvent.'®* Animals received daily oral doses
of chrysin (25 or 50 mg/kg body weight) or PFOA (5 mg/
kg body weight) via oral gavage. The selected chrysin doses
have previously been reported to attenuate renal injury,

oxidative stress, and inflammation in rats>**-%¢, whereas the

5 mg/kg dose of PFOA is known to induce oxidative stress,
inflammation, and renal toxicity.”** Group allocations,
including the normal control (I) and treatment groups (II-
V), are presented in Table 1. In the pre-treatment groups
(IIT and IV), chrysin was administered first, followed by
a single oral dose of PFOA 2 h later, to enhance chrysin
bioavailability as illustrated in Figure 1.

2.4. Sample collection

On the 14th day of administration, animals were fasted
overnight, after which blood was collected via ocular
puncture from the retro-orbital plexus and transferred
into pre-labeled plain tubes. The samples were centrifuged
at 3,500 rpm for 10 min at 4 °C to obtain serum, which
was stored at —4 °C for subsequent biochemical analyses.
The animals were then humanely euthanized by cervical
dislocation, and the kidneys were harvested, rinsed in ice-
cold phosphate-buffered saline (pH 7.4), weighed, and
processed for homogenization.***
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Table 1. Animal grouping and treatment regimen

E i tal
xperimental groups ( Treatment (oral, 14 days)

=5)

Control 20% DMSO

PFOA-only 5 mg/kg PFOA

25 mg/kg chrysin + PFOA 25 mg/kg chrysin + 5 mg/kg PFOA (2h
apart)

50 mg/kg chrysin + PFOA 50 mg/kg chrysin + 5 mg/kg PFOA (2h
apart)

Chrysin-only 50 mg/kg chrysin

Abbreviations: DMSO: Dimethyl sulfoxide; PFOA:
Pentadecafluorooctanoic acid.

2.5. Homogenate preparation and biochemical
assays

Renal cortical tissues were processed as 10% (w/v)
homogenates to obtain cell-free supernatants for
biochemical analyses. Briefly, 0.2 g of fresh kidney cortex
was weighed and homogenized in 1.8 mL of ice-cold 0.1 M
phosphate-buffered saline (pH 7.4) using a motor-driven
Teflon-glass homogenizer (Thomas Scientific, USA) to
ensure efficient cell disruption, as described by Hasim et
al*® The homogenates were centrifuged at 4,000 x g for 10
min at 4 °C, and the resulting supernatants were collected,
aliquoted, and stored at —80 °C until further biochemical
assays.**! Protein concentrations in serum and tissue
homogenates were determined spectrophotometrically
using the Lowry method®, with bovine serum albumin
(Randox Laboratories Ltd., United Kingdom) as the
standard, according to the Randox total protein assay kit
protocol.*® Enzyme activities were normalized to protein
content to account for sample variability.

2.5.1. Creatinine estimation and lactate
dehydrogenase activity

Creatinine concentration in kidney tissue homogenates
and serum was quantified using a SPECTRUM creatinine
assay kit according to the manufacturer’s protocol. This
optimized kinetic method utilizes an improved Jaffe
reaction, wherein creatinine reacts with picric acid
in alkaline solution to form a colored complex, with
proprietary modifications to enhance specificity and
reduce interference from non-creatinine chromogens.
The assay was performed by adding 100 pL of sample to
1.0 mL of working reagent (containing 25 mM picric acid
and 0.4 mol/L sodium hydroxide). The solution was mixed
thoroughly, and after exactly 30 s, the initial absorbance
(A,) was measured at 492 nm against a reagent blank. After
exactly 2 min, the final absorbance (A,) was measured. The
change in absorbance (AA = A —A)) was used to calculate

creatinine concentration based on the Kkits certified
standard. Results for kidney tissue were normalized to
tissue weight and expressed as umol/g tissue, while serum
results were expressed as pmol/L.

Lactate dehydrogenase activity was determined
spectrophotometrically according to Holmes and Scopes*,
as modified by Al-Jassabi* by monitoring the enzyme-
catalyzed reaction: pyruvate + NADH + H* > L-lactate +
NAD". The assay was initiated by adding a 20 pL aliquot of
sample to 1 mL of a reaction mixture consisting of 50 mM
potassium phosphate buffer (pH 7.5), 0.18 mM NADH,
and 0.6 mM sodium pyruvate, pre-equilibrated to 30 °C.
The decrease in absorbance at 340 nm, resulting from
the oxidation of NADH, was monitored kinetically. LDH
activity was calculated from the maximum linear rate of
change in absorbance (AA,, /min) using the formula:

AA340/ min x dilution factor
6.22

(1)

Activity (U / g) =

where the divisor of 6.22 is derived from the molar
extinction coeflicient for NADH (¢ = 6,220 M cm™).
Activity was expressed as units per gram of protein (U/g),
with one unit defined as the amount of enzyme that oxidizes
1 umol of NADH per minute under the assay conditions.

2.5.2. Electrolyte analysis

Electrolyte concentrations, including sodium, potassium,
calcium, and magnesium, were determined in serum
and kidney homogenates using commercial SPECTRUM
diagnostic  kits, according to the manufacturer’s
recommended colorimetric protocols. Sodium levels were
measured based on the selective chromogen principle,
which generates a chromophore with absorbance
proportional to sodium concentration, measured at
630 nm and expressed as mEq/L. Potassium levels were
assayed using the turbidimetric tetraphenylborate method,
where potassium ions form a stable turbid complex
with tetraphenylborate at alkaline pH. The resulting
turbidity was quantified at 578 nm, with concentrations
expressed as mmol/L. Calcium levels were assessed
using the O-cresolphthalein complexone method, which
produces a violet-colored complex measurable at 578 nm.
Concentrations were expressed as mg/dL. Magnesium was
analyzed using the phosphonazo III endpoint method, in
which magnesium ions form a colored chelate complex,
measured spectrophotometrically at 630 nm. Calcium
interference was eliminated by chelation with ethylene
glycol tetraacetic acid. Magnesium concentrations were
expressed as mg/dL.
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2.5.3. Oxidative stress biomarkers

Malondialdehyde, a well-established marker of lipid
peroxidation, was quantified using the thiobarbituric
acid-reactive substances (TBARS) method.** Under
acidic conditions, MDA reacts with TBA to form a pink
chromophore, measurable at 532 nm. This method,
originally described by Buege and Aust” and later
optimized by Hodges et al.*, was employed for kidney
homogenate analysis.

Briefly, 0.5 mL of sample (or distilled water as the blank)
was mixed with 1.0 mL of TBARS reagent containing 15%
TCA, 0.37% TBA, and 0.25 M hydrochloricacid (HC; 1:1:1,
v/v/v). The mixture was incubated in a boiling water bath
at 98 °C for 15 min, then rapidly cooled on ice. Following
centrifugation at 3,500 rpm for 10 min, the absorbance of
the supernatant was recorded at 532 nm against the blank.
TBARS levels were expressed as nmol MDA/g tissue, using
the molar extinction coefficient (¢) of 1.56 x 10° M'cm™
with a 1 cm path length.

Reduced GSH levels were quantified using Ellman’s
reagent (DTNB), which reacts with thiol groups to yield the
yellow chromophore 2-nitro-5-thiobenzoate (TNB).*® The
absorbance of TNB was recorded spectrophotometrically
at 412 nm, as described by Ellis.* Briefly, kidney tissue
homogenates were mixed with 25 pL of 10% TCA
and centrifuged at 4,000 rpm for 5 min. The resulting
supernatant (34 pL) was transferred to fresh Eppendorf
tubes and combined with 350 puL of GSH working reagent
(prepared by mixing 68.63 mL of GSH buffer with 1.37
mL of 1 mM DTNB solution). After incubation at room
temperature for 10 min, absorbance was measured at 412
nm. GSH concentration was calculated in umol/mg protein
using a molar extinction coeflicient (¢) of 14.15 x 10° M™!
cm™ and a path length of 1 cm.

2.5.4. Antioxidant enzyme biomarkers and total
antioxidant capacity

Superoxide dismutase (SOD) activity was determined
based on its ability to inhibit pyrogallol autoxidation.® The
reaction was monitored spectrophotometrically at 420 nm.
Specifically, renal SOD activity was assayed by evaluating
the inhibition of pyrogallol autoxidation, a superoxide-
reactive indicator molecule that competes with SOD for
superoxide radicals in an alkaline medium (pyrogallol/
SOD +0,s" +2H* > H,0, + O,), as described by Marklund
and Marklund.”' Briefly, the reaction mixture consisted of
the sample (or distilled water as the blank) combined with
Tris-HCl bufter (180 uL, 50 mM, pH 8.2) containing 1 mM
ethylenediaminetetraacetic acid. After thorough mixing,
250 pL of distilled water was added, and the mixture was
incubated for 10 min at room temperature. The reaction

was then initiated by adding pyrogallol (50 uL, 1 mM).
The rate of pyrogallol autoxidation was monitored by
measuring absorbance changes at 420 nm every 30 s for
3 min. SOD activity was expressed as U/mg protein using
the pyrogallol molar absorption coefficient (e) of 8.0 x 10°
M~ cm™.

Catalase (CAT) activity ~ was determined
spectrophotometrically by measuring the enzyme’s
catalytic decomposition of H,O, into water and oxygen
(2H,0, > 2H,0 + O,), as described by Shangari and
O’Brien.” The assay is based on the reaction of ammonium
orthomolybdate with undecomposed H,0, to form a stable
yellow complex.

Briefly, a sample aliquot was mixed with 1.0 mL of
substrate solution (65 uM H,O, in 60 mM sodium-
potassium phosphate buffer, pH 7.4) and incubated at
37 °C for 60 s. The reaction was terminated by adding
1.0 mL of 32.4 mM ammonium orthomolybdate. Two
control reactions were included: one containing H,0,
substrate and phosphate buffer without sample (to account
for non-enzymatic H,O, decomposition), and another
containing sample and phosphate buffer without H,0,
(to account for sample chromogenicity). The absorbance
of the yellow molybdate-H,O, complex was recorded
at 405 nm. CAT activity, proportional to the decrease in
H,0O, concentration, was calculated using the H,O, molar
extinction coeflicient (¢) of 43.6 M cm™. Specific activity
was expressed as kilounits per milligram of protein (kU/
mg protein).

Glutathione peroxidase (GPx) activity was assayed
using a coupled enzymatic reaction as described by Rotruck
et al.® The assay quantifies the enzyme’s catalytic activity,
where GPx reduces H,O, while oxidizing reduced GSH to
its oxidized form (GSSG), as shown in the reaction: H,O,
+2GSH > GSSG + 2H,0. The activity was determined by
measuring the consumption of GSH during the reaction.

Briefly, a sample aliquot was mixed with 75 pL of GPx
working reagent (containing 2.5 mM H,O,, 4 mM GSH,
and 10 mM sodium azide to inhibit CAT activity) in a
dedicated GPx buffer and incubated at 37 °C for 5 min.
The reaction was terminated by adding 25 uL of 10%
(w/v) TCA to precipitate proteins. The mixture was then
centrifuged at 4,000 rpm for 5 min to pellet the precipitate.
Subsequently, 34 pL of the clear supernatant was carefully
transferred to a fresh tube. Then, 350 uL of GSH working
reagent (DTNB in buffer) was added. This mixture was
incubated at 37 °C for 10 min to allow the DTNB to react
with any residual GSH, producing the yellow-colored TNB
anion. The absorbance of this TNB chromophore was
measured spectrophotometrically at 412 nm. Since GPx
activity is inversely proportional to the amount of residual
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GSH remaining after the initial incubation period, the
decrease in absorbance correlates directly with higher GPx
activity. Specific activity was calculated using the molar
extinction coefficient (¢) for TNB of 14,150 M~! cm™! and
a path length of 1 cm. Results were expressed as U/mg
protein.

Glutathione  S-transferase (GST) activity was
determined spectrophotometrically using the method
established by Habig et al.*, which exploits the enzyme’s
catalytic conjugation of reduced GSH with the substrate
CDNB. This reaction yields a sharp increase in absorbance
as the GS-DNB conjugate forms, releasing a proton in the
process (GSH + CDNB > GS-DNB + H* + Cl).

For the assay, each sample was introduced into a
prepared reaction mixture containing 2.5 mL of 0.1 M
phosphate buffer (pH 6.5), 0.1 mL of GSH solution, and 0.1
mL of CDNB solution, as described by Tew and Ronai.*”
The kinetic progression of the reaction was immediately
monitored by measuring the increase in absorbance at
340 nm every 30 s over a 3-min period in a temperature-
controlled spectrophotometer. GST specific activity was
quantified from the linear rate of absorbance product
formation using a molar extinction coeflicient (¢) of 9.6
mM™ cm™ for the GS-DNB conjugate and normalized
to total protein content, with results expressed as U/mg of
protein.

Total antioxidant capacity (TAC) was quantified using
the phosphomolybdenum reduction assay as described
by Prieto et al.*® This method is based on the reduction of
Mo(VI) to Mo(V) by antioxidants present in the sample,
resulting in the formation of a green phosphate-Mo(V)
complex with a characteristic absorption maximum.
Briefly, 0.1 mL of sample was combined with 1 mL of
reagent solution (containing 0.6 M H,SO,, 28 mM sodium
phosphate, and 4 mM ammonium molybdate) in a 1.5
mL microcentrifuge tube. The tubes were tightly capped
and incubated in a thermal block at 95 °C for 90 min to
facilitate color development. After incubation, the samples
were cooled to room temperature and centrifuged at
1,500x g for 5 min to pellet any particulate matter. The
absorbance of the resulting clear green supernatant was
measured spectrophotometrically at 695 nm against an
appropriate blank. TAC was calculated using the molar
extinction coeflicient (¢) of (3.4 + 0.1) x 10> M' cm™
for the phosphomolybdenum complex and expressed as
micromoles per milligram of protein (umol/mg protein),
representing the concentration of reducing species
equivalents per liter.

2.5.5. Membrane-bound activities

Total ATPase activity in kidney and serum samples was
determined by measuring inorganic phosphate (Pi)
released from the hydrolysis of ATP, as described by
Tsakiris and Deliconstantinos.” The reaction mixture
contained 40 mM Tris-HCI buffer (pH 7.4), 5 mM MgCl,,
80 mM NaCl, 20 mM KCI, and 0.1 mL of sample, adjusted
to a final volume of 1.0 mL with distilled water. The
reaction was initiated by adding disodium ATP to a final
concentration of 3 mM, and the mixture was incubated
at room temperature for 30 min. Enzymatic activity was
terminated by adding 0.5 mL of 5% SDS. Liberated Pi was
then quantified using the molybdenum blue method.*®
The reaction volume was adjusted to 2.4 mL with distilled
water, followed by the addition of 0.8 mL of 3N H,SO, and
0.4 mL of 2.5% (w/v) ammonium molybdate in 3 N H_SO,.
Subsequently, 0.4 mL of reducing reagent (containing 20
mg/mL each of hydrazine sulfate and ascorbic acid in 0.1
N H_SO,) was added. After incubation for 30 min to allow
color development, absorbance was measured at 820 nm
against a reagent blank. ATPase activity was expressed as
U/mg of protein, where one unit represents the amount
of enzyme that liberates one micromole of Pi per minute
under the assay conditions.

Furthermore, Ca**/Mg?**- ATPase activity in kidney and
serum samples was assayed using a method adapted from
Hanahan and Ekholm®, following the same principle of
Pi liberation measurement as the total ATPase assay but
with modifications in reaction conditions to specifically
measure Ca®*/Mg*-dependent activity. The assay was
performed in a specially formulated reaction cocktail
containing 80 mM Tris-HCI buffer (pH 7.6), 3.6 mM
MgCl,, 2.5 mM disodium ATP, 80 mM NacCl, 33 mM KCI,
and 0.50 mM CaCl,. A 0.1 mL sample aliquot was added to
0.5 mL of this cocktail mixture. The reaction was incubated
for 30 min at 44 °C to optimize enzymatic activity, then
terminated by adding 0.3 mL of 5% SDS. The quantification
of liberated Pi was carried out using the molybdenum blue
method described by Katewa and Katyare®, as detailed in
the previous section for total ATPase measurement. This
method involves the formation of a phosphomolybdate
complex that is reduced to a blue-colored compound, with
absorbance measured spectrophotometrically. Ca?*/Mg**-
ATPase activity was calculated based on the amount of Pi
liberated per minute per milligram of protein under these
specific cation conditions. One unit of enzyme activity was
defined as the amount that hydrolyzes ATP to release one
micromole of inorganic phosphate per minute under the
standard assay conditions. Results were expressed as U/mg
of protein.
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2.5.6. Inflammatory markers

Nitric oxide levels were quantified in kidney homogenate
by using the Griess reaction, which measures the stable
end products of NO metabolism, nitrite (NO,") and nitrate
(NO,"), as described by Green et al.* In biological systems,
+NO is synthesized by NO synthase via a five-electron
oxidation of L-arginine to citrulline. Due to its short half-
life, «NO is rapidly oxidized to NO,” and NO,, which
serve as indirect markers of NO production.

To accurately assess total NO levels, NO,” was first
reduced to NO,” using enzymatic reduction with nitrate
reductase or chemical reduction using cadmium/
vanadium-based methods. The Griess reaction involves a
two-step diazotization process in which NO," reacts with
sulfanilamide in an acidic medium to form a diazonium salt,
which then couples with N-1-naphthylethylenediamine
dihydrochloride (NEDD) to yield a stable purple/magenta
azo chromophore.

Briefly, 100 pL of sample was mixed with 100 uL of 1%
(w/v) sulfanilamide solution (prepared in 5% phosphoric
acid) and incubated in the dark for 15 min at room
temperature. Then, 1 mL of 0.1% (w/v) NEDD solution was
added, mixed thoroughly, and incubated for an additional
10 min in the dark. The absorbance of the resulting azo dye
was measured at 520 nm within 15 min after the addition
of NEDD, using a spectrophotometer and a cuvette with a
1 cm path length. NO concentration was determined from
a standard curve prepared with sodium nitrite (0-100
nM), and results were expressed as nanomoles per gram of
tissue (nmol/g tissue).5"%* The sensitivity and specificity of
the assay were maintained by including appropriate blanks
to account for background absorbance and potential
interference.

Myeloperoxidase activity was determined
spectrophotometrically based on the enzymes catalytic
oxidation of guaiacol in the presence of hydrogen peroxide,
as described by Hasmann et al.** MPO, a pro-inflammatory
enzyme abundant in neutrophil azurophilic granules,
catalyzes the formation of a brown tetraguaiacol product
which absorbs strongly at 470 nm. For the assay, 0.1 mL
of sample was combined with 4.4 mL of substrate solution
(containing 100 mM guaiacol and 0.017% H,O, in 50 mM
potassium phosphate buffer, pH 7.0) in a cuvette with a 1
cm path length. The reaction kinetics were monitored by
measuring the increase in absorbance at 470 nm every 30
s for 3 min. MPO activity was calculated using the molar
extinction coeflicient of 5.58 x 10° M™! cm™* for oxidized
guaiacol, with one unit of activity defined as the amount
of enzyme required to oxidize one micromole of guaiacol
per minute under the specified conditions. Results were
expressed as units per gram of protein (U/g protein x 10~%).

Additionally, IFN-y and IL-1p levels in kidney tissue
were determined using ElabScience rat ELISA Kits,
according to the manufacturer’s instructions. Briefly, 100 uL
of standards or samples were added to the antibody-coated
wells and incubated for 90 min at 37 °C. After discarding
the liquid, 100 pL of biotinylated detection antibody
working solution was added to each well and incubated for
60 min at 37 °C. The wells were then aspirated and washed
three times to remove unbound materials, after which 100
uL of horseradish peroxidase-conjugate working solution
was added and the plate was incubated for 30 min at 37
°C. Following incubation, the wells were washed five
times, and 90 pL of 3,375,5’-tetramethylbenzidine substrate
reagent was added, with further incubation for 15 min at
37 °C to allow color development. The enzymatic reaction
was stopped by adding 50 pL of stop solution, and the
absorbance was immediately measured at 450 nm using
a Biobase EL-10A microplate reader (Biobase, China).
Results were expressed as pg/mL.

2.6. Statistical analysis

Data analysis was performed using Statistical Package
for Social Sciences (SPSS) version 23.0 (IBM, USA), and
graphs were plotted using GraphPad Prism version 10.0
(GraphPad, USA). The statistical significance of differences
between groups was analyzed using one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test. The
significance level was set at p < 0.05 and presented as mean
+ standard error of the mean (SEM).

3. Results

Table 2 shows the effect of chrysin on PFOA-induced
kidney dysfunction in tissue creatinine, LDH, and
electrolytes of male Wistar rats. The findings show that 5
mg/kg of PFOA increased kidney creatinine significantly
(p < 0.05) by 25.74% compared to control; pre-treatment
with chrysin reduced this PFOA-induced increase by
22.57% at 25 mg/kg and by 20.21% at 50 mg/kg compared
to the PFOA-only group. Tissue LDH activity increased
significantly (p < 0.05) by 41.29% with PFOA, and chrysin
strongly suppressed this increase, reducing LDH by 71.60%
at 25 mg/kg and by 70.66% at 50 mg/kg compared to the
PFOA-only group.

Kidney sodium level increased significantly (p < 0.05)
by 19.80% compared to control, and the PFOA-induced
sodium rise was attenuated by chrysin by 16.53% at 25
mg/kg and by 14.97% at 50 mg/kg compared to the PFOA-
only group. Kidney potassium level decreased significantly
(p < 0.05) by 50.54% compared to control; both chrysin
doses restored tissue potassium compared to the PFOA-
only group, with increases of 120.94% at 25 mg/kg and
91.34% at 50 mg/kg. Kidney calcium level increased by
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36.67% compared to control and was reduced by chrysin
pre-treatment, with decreases of 30.79% at 25 mg/kg and
27.46% at 50 mg/kg compared to the PFOA-only group.
Kidney magnesium level decreased by 18.64% with PFOA
(p < 0.05) and was increased by chrysin pre-treatment,
with increases of 40.28% at 25 mg/kg and 31.25% at 50 mg/
kg compared to the PFOA-only group. Importantly, the
chrysin-only group and both chrysin pre-treatment groups
(25 and 50 mg/kg) were not significantly different from the
control group for all kidney markers (p > 0.05).

Table 3 shows the effect of chrysin on PFOA-induced
changes in serum creatinine and electrolytes of male Wistar
rats. The findings reveal that treatment with 5 mg/kg of
PFOA increased serum creatinine by 22.58% compared to
normal control (p < 0.05); chrysin pre-treatment lowered
this increase by 15.79% at 25 mg/kg and by 21.05% at 50
mg/kg compared to the PFOA-only group. PFOA decreased
serum sodium level by 18.28% compared to control;
chrysin restored serum sodium with increases of 28.78% at
25 mg/kg and 17.62% at 50 mg/kg compared to the PFOA-
only group. Serum potassium level increased by 46.08%

after PFOA exposure (p < 0.05); chrysin produced a non-
significant decrease of 23.49% at 25 mg/kg compared to
the PFOA-only group (p > 0.05) and a significant decrease
of 42.06% at 50 mg/kg compared to the PFOA-only group
(p < 0.05). Serum calcium level decreased by 22.26% with
PFOA and was increased by chrysin pre-treatment, with
increases of 62.82% at 25 mg/kg and 30.97% at 50 mg/kg
compared to the PFOA-only group. Serum magnesium
level showed no significant differences across groups
(p > 0.05). Serum creatinine and electrolyte levels in the
chrysin-only group were comparable to control values,
with no significant difference observed. Overall, chrysin
at both doses largely reversed the PFOA-induced serum
abnormalities, with the 50 mg/kg dose producing the
clearest normalization of potassium and creatinine.

3.1. Chrysin attenuates PFOA-induced renal
oxidative stress

Exposure to PFOA resulted in a significant elevation (p <
0.05) of kidney MDA levels, which were 106.56% higher
than those of the control group (Figure 2A). Pre-treatment
with chrysin effectively reduced this PFOA-induced

Table 2. Effect of chrysin on PFOA-induced renal dysfunction in male Wistar rats

Groups (treatments) Creatinine LDH . Na K Ca Mg
(umol/g) (U/g protein) (mEq/L) (mmol/L) (mg/dL) (mg/dL)
Control (20% DMSO) 3.03+£0.01° 47.23+1.12*> 170.86+1.30° 5.60+0.61° 22.96+139*° 1.77+0.17°
5 mg/kg PFOA-only 3.81+£0.01> 66.73 £4.03° 204.69 +2.66° 2.77+0.20° 36.67 £1.53® 1.44 +0.06°
25 mg/kg chrysin + 5 mg/kg PFOA 2.95+0.04* 18.95+1.160 170.86+9.40° 6.12+0.46° 2538 +2.01° 2.02+0.03°
50 mg/kg chrysin + 5 mg/kg PFOA 3.04+0.16° 19.58+0.68* 174.04+3.57*° 530+0.31° 26.60+1.35* 1.89+0.04°
50 mg/kg chrysin-only 3.04£0.08 18.16+0.23* 182.39+4.84* 4.90+0.20° 27.97+2.63" 1.94+0.06°

Notes: Data are presented as mean + standard error of the mean (n = 5) and analyzed using one-way ANOVA followed by Tukey’s post hoc test. Means
within a column not sharing a common superscript letter (%, *, and ) differ significantly (p < 0.05).
Abbreviations: DMSO: Dimethyl sulfoxide; LDH: Lactate dehydrogenase; PFOA: Pentadecafluorooctanoic acid.

Table 3. Effect of chrysin on PFOA-induced renal dysfunction in male Wistar rats

Groups (treatments) Creatinine Na K Ca Mg
(umol/L) (mEq/L) (mmol/L) (mg/dL) (mg/dL)
Control (20% DMSO) 0.31 £0.01* 176.83 £2.97° 3.06 £ 0.20® 26.33 £2.22° 1.82 +0.06
5 mg/kg PFOA-only 0.38 £ 0.00° 144.50 + 4.33° 4.47 +0.55° 20.47 £ 0.46° 2.03 £0.07
25 mg/kg chrysin + 5 mg/kg PFOA 0.32 +0.01° 186.09 +9.93 3.42 £0.36® 33.33 + 0.46° 1.76 + 0.04
50 mg/kg chrysin + 5 mg/kg PFOA 0.30 +0.11* 169.96 + 3.94° 2.59 +£0.30° 26.81 +1.02° 1.91 £0.09
50 mg/kg chrysin-only 0.28 £ 0.02* 181.17 + 6.02° 2.87 £0.24* 27.18 +1.20° 1.81+0.14

Notes: Data are presented as mean + standard error of the mean (n = 5) and analyzed using one-way ANOVA followed by Tukey’s post hoc test. Means
within a column not sharing a common superscript letter (% ®, and ©) differ significantly (p < 0.05).
Abbreviations: DMSO: Dimethyl sulfoxide; PFOA: Pentadecafluorooctanoic acid.
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increase. The 25 mg/kg chrysin dose reduced MDA levels
by 39.95% compared to the PFOA-only group, and MDA
levels in this group showed no significant difference (p >
0.05) from the control group. In contrast, the 50 mg/kg
chrysin dose reduced MDA by 35.98% compared to the
PFOA group; however, MDA levels in this group remained
32.24% higher than the control group—a statistically
significant difference (p < 0.05). The 50 mg/kg chrysin-
only group showed no significant difference (p > 0.05)
from the control group.

Moreover, PFOA administration caused a significant
(p < 0.05) depletion of renal reduced GSH by 21.55%
compared to the control group (Figure 2B). Chrysin
pre-treatment at 25 mg/kg and 50 mg/kg attenuated this
depletion, elevating GSH levels by 64.99% and 62.69%,
respectively, compared to the PFOA group. Furthermore,
these pre-treatment groups showed GSH levels that were
29.44% and 27.64% higher than the control group (p <
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0.05). The Chrysin-only group showed a 16.14% decrease
compared to the control (p > 0.05) and no significant
difference from the PFOA-only group.

3.2. Chrysin normalizes renal antioxidant enzyme
activities and total antioxidant capacity

The activity of SOD declined significantly (p < 0.05) in the
PFOA group by 44.93% compared to the control (Figure
3A). Chrysin pre-treatment at 25 mg/kg and 50 mg/kg
elevated SOD activity by 81.57% and 67.14%, respectively,
compared to the PFOA-only group, with both not
significantly different (p > 0.05) from the control group.
The chrysin-only group showed a significant increase of
27.49% (p < 0.05) compared to the control.

Renal CAT activity decreased significantly (p < 0.05) by
54.63% in the PFOA group compared to the normal control
group (Figure 3B). Both chrysin doses enhanced CAT
activity, with the 25 mg/kg and 50 mg/kg pre-treatment

0.204

Ho

0.15- .

0.10+

0.05+

Renal GSH level (umol/g protein)

Figure 2. Nephroprotective effect of chrysin on PFOA-induced renal oxidative stress markers in male Wistar rats: (A) renal MDA and (B) renal GSH. Data
are expressed as mean * standard error of the mean (n = 5). All groups were compared using Tukey’s post hoc test. Bars with different letters (a-c) differ
significantly from one another (p < 0.05), whereas bars sharing the same letter or at least one letter do not differ significantly.

Abbreviations: DMSO: Dimethyl sulfoxide; GSH: Glutathione; MDA: Malondialdehyde; PFOA: Pentadecafluorooctanoic acid.
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doses showing significant increases (p < 0.05) of 72.62%
and 56.45%, respectively, compared to the PFOA-only
group. However, the activity in both pre-treatment groups
remained significantly lower than that of the control
group (p < 0.05), with the 25 mg/kg and 50 mg/kg doses
showing a decrease of 21.68% and 29.02%, respectively.
The chrysin-only group showed no significant difference
(p > 0.05) from the control group.

Kidney GPx activity was significantly suppressed (p
< 0.05) by 66.52% in the PFOA group compared to the
control group (Figure 3C). Chrysin pre-treatment reversed
this suppression, increasing activity by 123.22% (25 mg/
kg) and 110.42% (50 mg/kg) compared to the PFOA-only
group. The chrysin-only group also significantly increased
GPx activity by 192.78% compared to the PFOA-only
group. However, the activity in the 25 mg/kg and 50 mg/
kg pre-treatment groups remained 25.27% and 29.55%
lower, respectively, than the control group (p < 0.05). The
Chrysin-only group showed no significant difference (p >
0.05) from the control.

Renal GST activity was markedly reduced (p < 0.05)
by 81.25% in the PFOA group (Figure 3D). Chrysin pre-
treatments restored GST activity by 275.77% (25 mg/kg)
and 303.73% (50 mg/kg), achieving levels not significantly
different (p > 0.05) from the control. The chrysin-only
group showed a significant increase of 248.20% (p < 0.05)
compared to the control and was 394.07% and 359.85%
higher than the 25 mg/kg and 50 mg/kg pre-treatment
groups, respectively.

The PFOA group exhibited a significant reduction (p
< 0.05) in kidney TAC by 17.44% relative to the control
(Figure 3E). Both chrysin doses restored TAC levels. The
25 mg/kg pre-treatment increased TAC by 61.34%, and the
50 mg/kg pre-treatment increased it by 46.72% compared
to the PFOA-only group; the 25 mg/kg dose showed a
slightly greater increase, though the difference between the
two pre-treatment doses was not statistically significant (p
> 0.05). When compared to the control group, the 25 mg/
kg pre-treatment group showed a significant increase of
33.21% (p < 0.05), while the 50 mg/kg pre-treatment group
showed an increase of 21.13% that was not statistically
significant (p > 0.05). The chrysin-only group showed a
significant increase of 63.42% (p < 0.05) compared to the
control. Furthermore, the chrysin-only group also showed
a significant increase of 97.94% compared to the PFOA-
only group, and significant increases of 22.8% and 34.91%
compared to the 25 mg/kg and 50 mg/kg Chrysin pre-
treatment groups, respectively.

3.3. Chrysin pre-treatment rescues rats from
membrane-bound marker imbalances

The findings reveal that PFOA administration (5 mg/kg)
significantly suppressed (p < 0.05) total ATPase activity
by 59.97% in renal tissue compared to the control group.
Chrysin pre-treatment (25 and 50 mg/kg) attenuated
this suppression, with both doses significantly (p <
0.05) restoring ATPase activity by 112.36% and 93.02%,
respectively, compared to the PFOA-only group. There
was no significant difference (p > 0.05) between the two
chrysin pre-treatment doses, although the 25 mg/kg dose
showed a slightly greater increase. Notably, the 50 mg/kg
chrysin-only group exhibited activity levels comparable to
the control (Figure 4A).

Serum total ATPase activity was markedly reduced in
the PFOA group by 71.97% compared to the control group
(p < 0.05). In contrast, chrysin pre-treatment (25 and 50
mg/kg) and the 50 mg/kg chrysin-only group significantly
elevated serum ATPase activity by 516.76%, 238.06%, and
275.40%, respectively, with the 25 mg/kg chrysin pre-
treatment showing the greatest increase compared to the
PFOA-only group (p < 0.05). Additionally, the 25 mg/kg
chrysin pre-treatment group showed a significant increase
of 72.88% compared to the control group, while the 50 mg/
kg chrysin pre-treatment and chrysin-only groups showed
no significant difference from the control group (Figure
4B).

Renal Ca**/Mg**-ATPase activity was significantly
impaired by PFOA (57.57%) compared to normal control
animals (p < 0.05). Chrysin pre-treatment (25 and 50 mg/
kg) and the 50 mg/kg chrysin-only group reversed this
deficit, restoring activity to near-control levels (p < 0.05).
Moreover, no significant difference was observed between
the 25 and 50 mg/kg chrysin pre-treatment groups;
however, these two doses showed significant increases
of 129.89% and 114.72%, respectively, compared to the
PFOA-only group (Figure 4C). PFOA exposure caused a
significant reduction in serum Ca**/Mg**-ATPase activity
by 52.97% compared to the normal control group (p <
0.05). Furthermore, chrysin pre-treatment (25 and 50 mg/
kg) demonstrated a dose-dependent therapeutic response,
with the 25 mg/kg chrysin pre-treatment partially restoring
ATPase activity by 248.44% compared to the PFOA-only
group, although it remained significantly lower than the
control group (41.93% decrease, p < 0.05). However, the 50
mg/kg chrysin pre-treatment fully restored enzyme activity,
showing a 521.10% increase compared to the PFOA-only
group and no significant difference from the control group
(p > 0.05), indicating superior efficacy compared to the 25
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Figure 3. Nephroprotective effect of chrysin on PFOA-induced renal antioxidant enzymes in male Wistar rats: (A) renal SOD, (B) renal CAT, (C) renal
GPx, (D) renal GST, and (E) renal TAC. Data are expressed as mean + standard error of the mean (n = 5). All groups were compared using Tukey’s post
hoc test. Bars with different letters (a—c) differ significantly from one another (p < 0.05), whereas bars sharing the same letter or at least one letter do not
differ significantly.

Abbreviations: CAT: Catalase; DMSO: Dimethyl sulfoxide; GPx: Glutathione peroxidase; GST: Glutathione S-transferase; PFOA: Pentadecafluorooctanoic
acid; SOD: Superoxide dismutase; TAC: Total antioxidant capacity.
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Figure 4. Nephroprotective effect of chrysin on PFOA-induced alterations in serum and renal membrane-bound marker activities in male Wistar rats: (A)
renal ATPase activity, (B) serum ATPase activity, (C) renal Ca?*/Mg** ATPase activity, and (D) serum Ca?*/Mg** ATPase activity. Data are expressed as
mean + standard error of the mean (n = 5). All groups were compared using Tukey’s post hoc test. Bars with different letters (a—c) differ significantly from
one another (p < 0.05), whereas bars sharing the same letter or at least one letter do not differ significantly.

Abbreviations: DMSO: Dimethyl sulfoxide; PFOA: Pentadecafluorooctanoic acid.
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mg/kg regimen (p < 0.05). In addition, the chrysin-only
group showed no significant difference from the normal
control group (Figure 4D).

3.4. Chrysin pre-treatment attenuates PFOA-
induced inflammatory and pro-inflammatory
cytokines

Exposure to PFOA significantly suppressed kidney NO
levels by 44.21% compared to the control group (p <
0.05). Chrysin pre-treatment restored NO concentrations
at both 25 and 50 mg/kg doses by 121.86% and 106.14%
when compared to the PFOA-only group. No significant
difference was observed between chrysin pre-treatment
doses or between either dose and the normal control
group. Additionally, no significant difference was observed
between the 50 mg/kg chrysin-only group and the normal
control group (Figure 5A).

Furthermore, renal MPO activity increased significantly
(p < 0.05) in PFOA-exposed rats by 88.45% compared to
the control group. Chrysin pre-treatment reduced renal
MPO activity, with the 25 mg/kg dose showing a more
marked reduction by 74.82%, while the 50 mg/kg dose
decreased renal MPO activity by 62.22% compared to
the PFOA-only group. The 25 mg/kg dose chrysin pre-
treatment group also showed a significant decrease of
52.55% compared to the control group, while the 50 mg/
kg chrysin pre-treatment showed levels comparable to
the control group. No significant difference was observed
between the chrysin-only group and the normal control
group (Figure 5B).

Systemic inflammation was evident in the PFOA group,
as indicated by elevated serum MPO activity (172.49%)
relative to the control group (p < 0.05). Chrysin pre-
treatment reduced serum MPO activity, with the 50 mg/
kg dose yielding a greater ameliorative effect by 67.80%
compared to the PFOA-only group. The 25 mg/kg chrysin
pre-treatment showed a 50.95% decrease compared to the
PFOA-only group. No significant difference was observed
between the chrysin pre-treatment groups or between
either group and the control group (p > 0.05). In addition,
no significant difference was observed between the 50 mg/
kg chrysin-only group and the control group (Figure 5C).

Moreover, PFOA administration (5 mg/kg) significantly
elevated IFN-y levels in renal tissue compared to the
control group by 33.28% (p < 0.05). The 25 and 50 mg/kg
chrysin pre-treatment reduced IFN-y concentrations in a
dose-dependent manner, with both doses demonstrating
a stronger attenuating effect by 25.27% and 32.72%,
respectively, compared to the PFOA-only group. Chrysin
pre-treatment groups showed no significant difference
between them, or when compared to the chrysin-only

group or the normal control group. No significant
difference was observed between the chrysin-only group
and the control group (Figure 5D).

Renal IL-1p levels increased significantly in the PFOA-
exposed group by 55.27% compared to the normal control
group (p < 0.05). Chrysin pre-treatment diminished
IL-1p concentrations, with both doses (25 and 50 mg/kg)
showing pronounced reduction by 40.95% and 36.47%,
respectively, compared to the PFOA-only group. No
significant difference was observed between the chrysin
pre-treatment groups compared to the normal control
or the chrysin-only group. Additionally, no significant
difference was observed between the chrysin-only group
and the control group (Figure 5E).

4. Discussion

The present study provides compelling evidence
that chrysin, a natural flavonoid, confers significant
nephroprotection against PFOA-induced renal injury in
male Wistar rats. The multifaceted toxicological profile
of PFOA, a pervasive environmental pollutant with
documented nephrotoxic effects, includes the induction
of oxidative stress, inflammation, and disruption of
cellular energy transport systems.'”s* These findings are
consistent with previous reports demonstrating that
chrysin exerts nephroprotective effects through multiple
pharmacodynamic mechanisms, including attenuation of
oxidative stress, modulation of inflammatory responses,
preservation of mitochondrial function, and stabilization
of cellular membranes in experimental models of kidney
injury.'*® Despite these promising pharmacological
properties, the clinical translation of chrysin remains
limited because of its poor aqueous solubility, low oral
bioavailability, and extensive first-pass metabolism through
glucuronidation and sulfation.’*s” Nevertheless, available
evidence indicates that chrysin is generally well tolerated
at commonly investigated doses, although comprehensive
human safety data remain limited. Potential interactions
with drugs metabolized by cytochrome P450 enzymes and
phase II conjugating enzymes have also been suggested,
warranting caution during concurrent administration
until further clinical studies establish its long-term safety,
efficacy, and pharmacokinetic profile in humans.*

Exposure to PFOA significantly elevated serum and
renal creatinine levels (Table 2), suggesting impaired
glomerular filtration and tubular dysfunction, consistent
with its role in disrupting renal hemodynamics and
ion transport.'®®”® The increase in serum creatinine
concentration specifically reflects reduced glomerular
filtration rate, a primary indicator of renal functional
impairment following toxicant exposure.”” Chrysin pre-
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Figure 5. Nephroprotective effect of chrysin on PFOA-induced alterations in serum and renal inflammatory markers and pro-inflammatory cytokines in
male Wistar rats: (A) NO, (B) renal MPO activity, (C) serum MPO level, (D) kidney IFN-y level, and (E) renal IL-1f level. Data are expressed as mean
+ standard error of the mean (n = 5). All groups were compared using Tukey’s post hoc test. Bars with different letters (a—c) differ significantly from one
another (p < 0.05), whereas bars sharing the same letter or at least one letter do not differ significantly.

Abbreviations: DMSO: Dimethyl sulfoxide; IFN: Interferon; IL: Interleukin; MPO: Myeloperoxidase; NO: Nitric oxide; PFOA: Pentadecafluorooctanoic
acid.
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treatment normalized creatinine levels, aligning with
its ability to preserve glomerular integrity, as previously
observed in cisplatin- and methotrexate-induced
nephrotoxicity.>®’>”* This normalization effect suggests
that chrysin helps maintain filtration barrier function and
prevents the decline in glomerular filtration rate typically

associated with PFOA-induced nephrotoxicity.

Similarly, LDH activity, a sensitive marker of cellular
injury and necrosis, was markedly elevated in the kidney
following PFOA exposure (Table 2), indicating substantial
cellular membrane damage and leakage of intracellular
enzymes.” This elevation reflects PFOA-induced cytotoxic
effects on renal tubular cells, including mitochondrial
dysfunction and plasma membrane disruption.”>’® The
significant reduction in LDH levels following chrysin
pre-treatment demonstrates its membrane-stabilizing
properties and ability to mitigate necrotic damage to
renal cells, consistent with earlier reports of chrysin’s
cytoprotective effects in various models of organ toxicity.>””
Interestingly, renal LDH activity in the chrysin-treated
groups declined to values lower than those of the control
group. This observation may reflect not only attenuation
of cellular injury but also reduced metabolic stress and
improved mitochondrial oxidative metabolism, thereby
decreasing the reliance on anaerobic glycolysis, in which
LDH plays a pivotal role.”®” Consequently, the reduced
tissue LDH activity may indicate enhanced metabolic
efficiency and restoration of cellular homeostasis following
chrysin treatment rather than an adverse suppression
of physiological enzyme function, consistent with the
metabolic normalization observed following antioxidant

interventions in experimental models of tissue injury.>®

Electrolyte imbalances observed in both serum
and renal tissue (Tables 2 and 3) reflect PFOA-induced
disruption of ATP-dependent ion pumps, particularly
Ca**/Mg*-ATPase and total ATPase.®® The perturbation
of potassium homeostasis, manifested as hyperkalemia,
suggests impaired renal tubular secretion mechanisms,
potentially due to PFOA-mediated inhibition of ion
channels and transporters in the distal convoluted tubule
of the nephron.®#® Similarly, alterations in calcium
and magnesium levels indicate disrupted reabsorption
processes in the thick ascending limb and distal convoluted

tubule.?*®* Chrysin restored these electrolytes to near-
normal levels, indicating preservation of tubular transport
function through maintenance of ATPase activity and
cellular energy metabolism.>*% This effect may be
attributed to chrysin’s ability to maintain cellular integrity
and ATPase functionality, thereby supporting active ion
transport processes critical for renal homeostasis.*

Moreover, PFOA-induced oxidative stress was evident
in elevated MDA levels (Figure 2A), indicating excessive
lipid peroxidation and reactive oxygen species (ROS)

4 PFOA bioaccumulation in renal tissues

generation.
disrupts mitochondrial electron transport chains through
its protein-binding properties, leading to superoxide anion
production and subsequent oxidative damage to cellular
lipids, proteins, and DNA.'®'*#” The concomitant depletion
of reduced GSH (Figure 2B) further exacerbates oxidative
injury, as GSH serves as a critical intracellular antioxidant
that neutralizes ROS and facilitates detoxification of
electrophilic compounds.®® The decreased activities of
antioxidant enzymes, including SOD, CAT, GPx, and GST
(Figure 3A-3D) represent additional mechanisms through
which PFOA compromises the renal antioxidant defense
system.

Chrysin pre-treatment reduced MDA levels and
restored GSH concentrations in a dose-dependent
manner (Figure 2A and 2B), highlighting its potent
antioxidant activity through multiple mechanisms,
including direct scavenging of free radicals due to the
phenolic hydroxyl groups in its chemical structure. The
restoration of endogenous antioxidant defenses observed
following chrysin pre-treatment may be associated with
activation of the Nrf2 signaling pathway. Previous studies
have demonstrated that chrysin enhances Nrf2 nuclear
translocation and promotes the expression of downstream
cytoprotective genes, including those encoding HO-1,
NAD(P)H quinone GSH-related

enzymes, and other antioxidant proteins in models

oxidoreductase-1,

of oxidative tissue injury. The observed restoration of
antioxidant enzymes and reduced lipid peroxidation is
consistent with the antioxidant mechanisms previously
reported for chrysin.”>* The Nrf2 pathway upregulation
leads to increased transcription of antioxidant response
element-regulated genes,

including those encoding
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glutamate-cysteine ligase, the rate-limiting enzyme in GSH
synthesis.***! Additionally, chrysin restored the activities
of key antioxidant enzymes, including SOD (Figure 3A),
which catalyzes the dismutation of superoxide radicals
to hydrogen peroxide; CAT and GPx (Figure 3B and 3C),
which detoxify hydrogen peroxide; and GST (Figure 3D),
which facilitates the conjugation of GSH to electrophilic
toxins for enhanced excretion.**? The recovery of these
enzymes underscores chrysin’s role in reinforcing the renal
antioxidant defense system through both direct free radical
scavenging and enhancement of endogenous antioxidant
capacity.

Total antioxidant capacity was significantly depleted
in PFOA-exposed rats (Figure 3E) but was restored by
chrysin pre-treatment. TAC represents the cumulative
ability of both enzymatic and non-enzymatic antioxidants
to counteract oxidative stress’, and its depletion reflects
the overall compromise of antioxidant defenses following
PFOA exposure. Chrysins ability to elevate TAC further
confirms its comprehensive antioxidant action, which is
crucial for mitigating PFOA-induced redox imbalance and
preventing oxidative damage to cellular components.

Additionally, PFOA exposure significantly impaired the
activities of total ATPase and Ca?*/Mg**-ATPase in both
renal tissue and serum (Figure 4A-4D). These enzymes are
critical for maintaining electrochemical gradients across
membranes, regulating ion transport, and supporting
cellular energy metabolism.**** Total ATPase includes Na*/
K*-ATPase, which is essential for sodium and potassium
homeostasis and maintenance of the membrane potential,
while Ca?*/Mg**-ATPase regulates intracellular calcium
levels and prevents calcium-mediated cytotoxicity.”*"
PFOA-induced inhibition of these pumps likely results
from multiple mechanisms, including lipid peroxidation-
mediated damage to membrane integrity, direct binding to
enzyme subunits, or ROS-induced protein oxidation.'®!?

restored ATPase
activities, with the 50 mg/kg dose exhibiting superior

Chrysin pre-treatment notably
efficacy (Figure 4). This recovery can be attributed to
chrysin’s ability to reduce lipid peroxidation, thereby
preserving membrane fluidity and integrity necessary for
proper ATPase function.>”? Additionally, by enhancing
antioxidant defenses and reducing oxidative stress, chrysin
minimizes oxidative modifications of ATPase proteins,

ensuring their functional competence and preventing
enzyme inactivation.**! The restoration of Ca*/Mg**-
ATPase is particularly important for preventing calcium
overload, which can trigger apoptosis, mitochondrial
dysfunction, and activation of calcium-dependent
proteases.®s>%% These findings align with previous studies
where chrysin ameliorated ATPase dysfunction in various

models of cytotoxicity.>7>10%10!

In addition, PFOA exposure triggered a robust
inflammatory response, characterized by elevated levels of
pro-inflammatory cytokines and markers. NO levels were
suppressed in PFOA-exposed rats (Figure 5A), likely due
to oxidative inactivation of NO or reduced endothelial NO
synthase activity.'”® NO is crucial for renal vasodilation,
blood flow regulation, and maintenance of glomerular
filtration rate, in addition to its antioxidant properties
through reaction with superoxide radicals.'®®'** Chrysin
restored NO levels, possibly by reducing oxidative stress
and preventing the reaction between NO and superoxide to
form peroxynitrite, as well as by enhancing endothelial NO
synthase expression. This restoration of NO bioavailability
contributes to improved renal hemodynamics and helps

mitigate ischemic injury in the kidney.*»'%>-1%"

Myeloperoxidase activity, a marker of neutrophil
infiltration and oxidative burst, was increased in both
serum and renal tissue in the PFOA-treated group (Figure
5B and 5C).!%®!% Furthermore, PFOA exposure increased
the levels of IFN-y and IL-1p in renal tissue (Figure 5D
and 5E).1012110111 PEQA activates innate immune responses
through pattern recognition receptors and promotes the
release of damage-associated molecular patterns from
damaged cells, which initiate inflammatory cascades.!***
Specifically, PFOA has been shown to activate the NLRP3
inflammasome, leading to caspase-l1-mediated cleavage
and secretion of IL-1p.'>'°!" IFN-y, which is primarily
released by activated T cells and natural killer cells,
exacerbates inflammation by enhancing macrophage
activation and ROS production, creating a vicious cycle of

inflammation and oxidative stress (Figure 6).!'>11>113

Chrysin pre-treatment significantly diminished MPO
activity and reduced IFN-y and IL-1f levels, demonstrating
potent anti-inflammatory effects (Figure 5). These effects
are mediated through inhibition of NF-kB signaling, a
master regulator of inflammation.”®* Chrysin prevents the
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Figure 6. Schematic representation of the interplay between inflammatory mediators and oxidative stress pathways, illustrating how IFN-y, IL-1f, iNOS-
derived NO, and neutrophil-derived ROS converge to promote peroxynitrite formation, inflammation, and tissue injury. Adapted from Refs."¢-12°
Abbreviations: IFN: Interferon; IL: Interleukin; iNOS: Inducible nitric oxide synthase; MPO: Myeloperoxidase; NO: Nitric oxide; ROS: Reactive oxygen

species.

degradation of inhibitor of kB, thereby retaining NF-kB
in the cytoplasm and reducing the transcription of pro-
inflammatory genes, including those encoding cytokines,
chemokines, and adhesion molecules.®**!2122 Additionally,
the marked reduction in inflammatory mediators
following chrysin pre-treatment suggests a pronounced
anti-inflammatory effect. Previous studies have reported
that chrysin attenuates inflammatory responses partly
through inhibition of NLRP3 inflammasome activation
and its downstream signaling cascade. The observed
reductions in MPO activity, IFN-y, and IL-1B are
consistent with an attenuation of inflammatory responses
that may involve this pathway.***! The reduction in MPO
activity indicates diminished neutrophil recruitment and
activation, further attenuating tissue inflammation and
oxidative damage.'?!%

Chrysin’s efficacy against PFOA-induced nephrotoxicity
aligns with its reported protective effects in diverse
toxin models, including cisplatin, gentamicin, and

methotrexate.>*¢">126127  The dose-dependent response
observed in this study (25 and 50 mg/kg) mirrors
pharmacokinetic studies noting chrysins low oral
bioavailability (~0.02%), which necessitates higher doses to
achieve therapeutic tissue concentrations.*>**'* However,
the absence of toxicity in the chrysin-only group reinforces
its safety profile, a critical consideration for potential
clinical translation.**® The superior efficacy of the 50 mg/
kg dose for most parameters, including ATPase restoration,
antioxidant enhancement, and inflammatory suppression,
underscores the importance of dose optimization in
achieving chrysin’s full therapeutic potential.#'%

Bioaccumulation of PFOA in renal tissues, driven by
reabsorption mechanisms and resistance to degradation,
exacerbates oxidative and inflammatory damage over
time.!**13%  This persistent accumulation contributes
to chronic renal injury and progressive functional
decline, highlighting the need for effective interventions
against long-term PFOA exposure. Chrysins ability to
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counteract these effects positions it as a promising natural
countermeasure for persistent environmental pollutants,
addressing significant gaps in current therapeutic strategies
for chemical nephrotoxicity.>*>*! The bioaccumulative
nature of PFOA, as highlighted in recent toxicokinetic
models, prolongs its half-life and enhances its nephrotoxic
potential, making interventions like chrysin critically
important for populations with chronic environmental
exposure.

The biomarkers assessed in this study are interconnected
in a complex pathological network amplified by PFOA
toxicity, as illustrated in Figure 6. Oxidative stress initiates
inflammation through activation of redox-sensitive
transcription factors such as NF-«B, while inflammatory
cytokines further amplify ROS production through
activation of neutrophils and macrophages.!’>!* This
vicious cycle exacerbates cellular damage, leading to
ATPase dysfunction and electrolyte imbalances, which in
turn compromise renal function and exacerbate injury.
Chrysin’s multifaceted action disrupts this cycle at multiple
points simultaneously: its antioxidant properties reduce
oxidative stress, which in turn dampens inflammation
and preserves ATPase function.®** The restoration of
ion homeostasis supports cellular energy metabolism
and integrity, while anti-inflammatory effects prevent
immune-mediated damage and tissue remodeling.®
This synergistic mechanism highlights chrysin’s potential
as a comprehensive nephroprotective agent against
environmental toxins such as PFOA, which exert complex
mechanisms of toxicity.

Nevertheless,thepresentstudyhasseverallimitationsthat
should be acknowledged. First, the relatively small sample
size (n = 5 per group) and the short experimental duration
(14 days) may limit the generalizability of the findings,
particularly under chronic exposure conditions. Given the
bioaccumulative nature of PFOA and its association with
progressive renal dysfunction, the present findings should
be interpreted within the context of an acute experimental
model.'** Second, although significant improvements in
renal function, oxidative stress, inflammatory biomarkers,
electrolyte homeostasis, and membrane-bound ATPase
activities were observed, histopathological evaluation
of kidney tissues was not performed. Consequently, the
biochemical findings could not be directly correlated
with structural renal alterations. Furthermore, although
previous studies have implicated Nrf2/HO-1-mediated
antioxidant signaling, NF-«xB, and NLRP3 inflammasome
modulation in the nephroprotective actions of chrysin,
these molecular pathways were not directly evaluated
in the present study using techniques such as Western
blotting, quantitative polymerase chain reaction, or target-

specific enzyme-linked immunosorbent assay. Therefore,
the proposed involvement of these signaling pathways
is based on published evidence and the biochemical
responses observed in the present study rather than direct
molecular confirmation. Another important limitation is
the poor oral bioavailability of chrysin, largely attributable
to its limited aqueous solubility and extensive first-pass
metabolism, which may hinder its clinical translation
despite its promising pharmacological properties.®*¢
Finally, as with most preclinical investigations, the use of
an animal model cannot fully recapitulate the metabolic
variability, genetic diversity, and complex environmental
exposures encountered in humans; therefore, caution
should be exercised when extrapolating these findings to
clinical settings.

Future studies should employ larger experimental
cohorts and extended treatment durations to evaluate the
long-term nephroprotective efficacy and safety of chrysin
under chronic PFOA exposure. Incorporating both
qualitative and quantitative histopathological analyses,
including tubular injury scoring and morphometric
assessments, together with molecular investigations
of oxidative stress, inflammatory, apoptotic, and
cytoprotective signaling pathways, particularly Nrf2/
HO-1, NF-xB, and NLRP3 inflammasome signaling,
would provide stronger mechanistic evidence supporting
the biochemical findings of the present study. Considering
the pharmacokinetic limitations of chrysin, future research
should also investigate advanced drug-delivery strategies,
including nanoencapsulation, liposomes, phospholipid
complexes, structural modification, and co-administration
with bioavailability enhancers such as piperine, to improve
its systemic bioavailability and therapeutic efficacy.®
Ultimately, comprehensive pharmacokinetic, toxicological,
and well-designed clinical studies are required to establish
the long-term safety, potential drug interactions, optimal
dosing strategies, and therapeutic efficacy of chrysin in
individuals chronically exposed to PFOA and other per-
and polyfluoroalkyl substances. Despite these limitations,
the present study provides compelling evidence supporting
the nephroprotective potential of chrysin and establishes a
solid foundation for future mechanistic, pharmacological,
and translational research aimed at developing natural
therapeutic interventions against per- and polyfluoroalkyl
substance-induced nephrotoxicity.

5. Conclusion

Chrysin pre-treatment mitigated PFOA-induced renal
injury in male Wistar rats in a dose-dependent manner,
with the higher dose conferring greater nephroprotection.
These protective effects were associated with attenuation
of oxidative stress, modulation of inflammatory
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responses, restoration of membrane-bound ATPase
activities, normalization of electrolyte homeostasis, and
preservation of renal function. Although the underlying
molecular pathways were not directly investigated in the
present study, the findings provide strong biochemical
evidence supporting the nephroprotective potential
of chrysin against PFOA-induced kidney dysfunction.
Future studies incorporating detailed molecular analyses,
histopathological evaluation, pharmacokinetic assessment,
and long-term exposure models are warranted to further
elucidate its mechanisms of action and facilitate its
potential translational application.
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