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ABSTRACT

Background: Electromagnetic radiation (EMR) is responsible for many hazardous
impacts on living organisms. We aimed to investigate the effects of EMR on kidney
tissue in rats in order to predict possible effects on human kidneys and to study the
radioprotective effect of ferulic acid (FA). Materials and Methods: Six rats were
used as controls, six rats were used as treated group with FA, six rats were used as
irradiated group and six rats were given both FA and exposed to EMR. Blood
samples were taken from the heart forlL6, IL10 and TNF-a analysis in the sera, and a
part of rat kidneys was homogenized for analysis of total antioxidant capacity (TAC)
and lactate dehydrogenase (LDH).Another part of kidney tissue was used for
histopathological studies. Results: Irradiated rats showed a significant increase
in the level of renal markers (urea and creatinine) and inflammatory markers
(IL6, IL10 and TNFa) However, these effects were ameliorated in the group
which was exposed to EMR and treated with ferulic acid (FA + EMR). TAC and
LDH measured in kidney tissues were significantly decreased in irradiated rats
and in FA+ EMR treated group, while significantly increased in FA treated
group. Conclusion: According to our biochemical and histopathological
findings, administration of FA reduced the renal injury effects of EMR.
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INTRODUCTION

Electromagnetic radiation (EMR) cause
adverse effects on some physiological processes,
cause many concerns about their effects on
human health @), it affects DNA damage, genomic
instability, apoptosis, and inflammation by the
generation of reactive oxygen species (ROS) (.
The endogenous ROS is normally produced by
lipoxygenase and nicotinamide adenine
dinucleotide (NAD) oxidase enzyme. It is also
produced through leakage of electrons from the
mitochondrial respiratory chain ().

The relationship between biological health
effects and electromagnetic fields (EMF)
exposure has been widely recognized from
epidemiological and experimental studies
4 .Assessments of potential risks of
electromagnetic frequency include numerous
uncertainties referred to as ‘idiopathic

environmental intolerance’ in order to avoid the
implication of causation 5.

The risk level of exposure to radiation
depends on the type, frequency of exposure,
amount of energy absorbed and duration (©).
Although, some exposure may affect people
differently depending on age and pre-existing
health conditions (*).

Advances in science and technology have
introduced many newly developed devices
which emit electromagnetic radiation (EMR).
These devices include radars, cell phones, radio
and television Transmitters, microwave ovens
and certain devices used in medical and
industrial practice. The most frequent sources
of EMR are mobile phones and cell towers.
Mobile phones and related telephony
technologies transmit information that is
encoded into electromagnetic waves in the
microwave range around 900 MHz and 1800
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MHz ®),

Acute renal failure is characterized by
deterioration of renal function over a period of
hours to days. This results in the failure of the
kidney to excrete nitrogenous waste products to
maintain fluid and electrolyte homeostasis ).
The kidneys filtrate 20% of the body blood in
every minute and are thereby at high risk of
being affected by harmful substances 10,
Generally, radiation emitted by the cell phones
that are mostly carried on the belts is mostly
absorbed by the kidneys as compared to other
organs (11),

The mechanism of induced nephrotoxicity is
not completely known. However, studies have
implicated that reactive oxygen metabolites
proved to be the key mediators of tissue injury,
abnormal production of such metabolites may
damage macromolecules, induce cellular injury
as well as necrosis via several mechanisms (12).
Accordingly, administration of compounds with
antioxidant activity has been successfully used
to ameliorate EMR-induced nephrotoxicity.
However, none of these strategies were found to
be suitable for clinical practice (13).

Several synthetic radioprotectors were tested
and found to be good radioprotectors (14).
However, high systemic toxicity at their
optimum protective dose limits their practical
application. These consequences further
demand the search for less or non-toxic
compounds such as polyphenols
(hydroxybenzoic acids and hydroxycinnamic
acids flavonoids) (15).

Ferulic acid (4-hydroxy-3-methoxycinnamic
acid) is reported to have many pharmacological
effects such as anti- inflammatory, anticancer,
antidiabetic, anti-atherogenic and neuroprotec-
tive (16),

Ferulic acid (FA) is a phenolic compound
commonly found in fruits and vegetables such as
tomatoes, sweet corn, and ricebran. It arises
from metabolism of phenylalanine and tyrosine
by Shikimate pathway in plants. FA exhibit a
wide range of pharmacological effects including
anti-ageing,  anti-inflammatory, anticancer,
antidiabetic, antiapoptotic, and neuroprotective
(17), Ferulic acid possesses antioxidant property
by virtue of its phenolic hydroxyl group in its
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structure. It is an effective scavenger of free
radicals (18).

In the present study, we aimed to investigate
the effects of EMR emitted by the cell phones on
the rat kidney tissue and to study the
radioprotective effect of Ferulic acid against
EMR mediated systemic inflammation in rats.

MATERIALS AND METHODS

The research ethics committee for
experimental studies (Human& Animal subject)
at National center for research and technology -
Egyptian Atomic Energy Authority, Cairo, Egypt
has approved the research which carried in
compliance with the relevant national laws
relating to the conduct of animal
experimentation following the 3Rs Principles for
animal experimentation (Replace, Reduce and
Refine) and is organized and operated according
to the CIOMS and ICLAS International Guiding
Principles for Biomedical Research Involving
Animals 2012.

Animals

Twenty-four Swiss male albino rats were
purchased from a suitable supplier and used for
this study. The rats were allowed an adaptation
period of two weeks in the animal house at the
Egyptian Atomic Energy Authority (EAEA). The
rats were of similar weight (120 g) and age
(three weeks) after the adaptation period. The
rats were fed a standard laboratory chow.

Electromagnetic waves (EM)

The whole body of the rats was exposed to
1800 MHz mobile phone-like electromagnetic
field, using a microwave generating device, at a
power 27 dpm, with an average specific
absorption rate (SAR) of two watts per kilogram,
at the Egyptian Atomic Energy Authority
(EAEA). The exposure was for four hours daily
for seven weeks. The microwave generating
device was formed of three parts: 1- Hewlett
Packard radio-frequency generator 83712B (10
MHz-20 GHz). 2- Hewlett Packard spectrum
analyzer 8592L (9 KHz-26.5 GHz). 3- Two horn
antennae. The device was placed in a 3 m2 room.
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During exposure to electromagnetic waves the
plastic cages containing rats were placed at a
distance of 50 cm away from the antennae (19).

Treatments

Ferulic acid was used as the protective and
antioxidant agent in the experiment. It was
purchased from Sigma-Aldritch, USA as a
powder that reconstitutes into a crystal-like
suspension in distilled water. Half of the rats
used in this experiment were given ferulic acid
as a protective agent at a dose of 20 mg/ kg body
weight (18) orally for two weeks prior to the start
of the electromagnetic wave irradiation sessions.

Experimental design

Six rats were used as a control group were
neither irradiated by EM waves nor given FA all
through the experiment.

Six rats (treated group) were given FA orally
20mg/kg once daily, two weeks before the
irradiation sessions starting time. However, as
they were considered a positive control they
were not exposed to any irradiation throughout
the experiment.

Six rats were exposed to EMR (irradiated
group), and were not given FA before and they
were exposed to electromagnetic irradiation in
the manner describe above for 7 weeks.

Six rats were given both FA 20 mg/kg (for
two weeks before irradiation) and exposed to
electromagnetic irradiation for 7 weeks as
described above (treated and irradiated group).

All the experimental rats were sacrificed the
day after the last irradiation dose. Blood samples
were taken from the heart and centrifuged at
1000 rpm to obtain sera. Both kidneys were
perfused then dissected and a part was frozen
prior to homogenization, and another part was
fixed in paraffin blocks prior to histopathological
examination.

Homogenization of these tissues was
carried out according to the method described
by  Graham (200 using  Potter-Elvehjem
homogenizer.

These analyses were carried out to
specifically detect tissue damage
1. Lactate Dehydrogenase (LDH) was carried
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out using a calorimetric method with kits
purchased from Gamma trade, co. Egypt

2. Total Antioxidant capacity (TAC) was
carried out using a calorimetric method 1) with
kits purchased from gamma trade, Egypt.

Analysis of the serum

Estimation of urea: Urea was estimated by
the method described previously by Natelson et
al 79 to 45 mL of serum and Kkidney
homogenates, 3.3 mL of double-distilled water,
0.3 mL of 10% sodium tungstate and 0.3 mL of
0.67 N sulfuric acids were added. The samples
were centrifuged (4000 rpm, 15 min, 4 C) and to
1 mL of the supernatant, 1 mL of double-distilled
water, 0.4 mL of diacetyl monoxime reagent and
0.6 mL of sulfuric acid- phosphoric acid mixture
were added. The samples were incubated in a
boiling water bath for 30 min, cooled to room
temperature and the absorbance was read at
480 nm in a Shimadzu UV-160 A
spectrophotometer. A set of standard urea
solutions was also treated similarly and the
values were expressed in milligram per deciliter
samples (22),

Estimation of creatinine: Creatinine was
estimated wusing the method described
previously by Broad and Sirota37 using Jaffe’s
reaction. To 1.0 mL of serum and kidney
homogenates, 8.0 mL of double-distilled water,
0.5 mL of 2/3 N sulfuric acid and 0.5 mL of 10%
sodium tungstate were added. This mixture was
centrifuged at 4000 rpm for 15 min at 4 C, 5.0
mL of the clear supernatant was taken to which
1.5 mL of saturated picric acid and 1.5 mL of
0.75 N sodium hydroxide were added. The
absorbance was read at 460 nm after 15 min in a
Shimadzu UV-160 A  spectrophotometer.
Standard and blank were also processed
similarly and the creatinine levels were
expressed in milligram per deciliter (23).

Estimation of TNF-a: TNF-a was measured by
enzyme-linked immunosorbent assay (ELISA)
technique (enzyme-am-plified sensitivity
immunoassay (EASIA) kits, from Sigma-Aldritch,
USA (29,

Estimation of interleukin-6 and
interleukin-10: To quantify the cytokines
interleukin-6 and interleukin-10 in the different
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serum samples in the times proposed, the
technique used was that of enzyme
immunoassay quantitative "sandwich" type
(ELISA) using a monoclonal antibody specific for
the cytokine to be dosed, enzyme reagent and
substrate. We used the kit eBioscience's ™ ELISA
Ready-SET-Go! for both for interleukin-6 and
interleukin-10, with a sensitivity to 2pg/ml and
variation of standard curve between 2 and 200
pg/ml for interleukin-6 and sensitivity of 2 pg/
ml and variation of standard curve between 2
and 300 pg/ml for interleukin-10(25-26),

Histopathology of rat kidney tissues

Dissected rat kidney tissues were fixed in
10% buffered formalin solution followed by
dehydration, cleating, embedding in paraffin
blocks and cut into fine sections using a
microtome. The sections were mounted on glass
slides and stained with hematoxylin and eosin
according to the method described by Bancroft
and Stevens (27). The stained sections were
examined by oil immersion light microscopy and
several digital images were taken using Kodak
digital camera.

RESULTS

Exposure of rats to EMR for 4 weeks leads to

significantly increase (<0.001) in urea and
creatinine in irradiated group, followed by the
(treated and irradiated) and was significantly
decreased (<0.001) in the treated group as
compared to controls as shown in tablel.

Exposure of rats to EMR for 4 weeks leads to
significantly increase (<0.001) of IL-6 and TNF-«
in irradiated group followed by the (treated and
irradiated) group, and significantly decreases in
the treated group as compared to controls. How-
ever IL-10 was significantly decrease (<0.001) in
irradiated group, followed by the( treated and
irradiated) group and significantly increase in
the treated group as compared to controls as
shown in table 2.

Exposure of rats to EMR for 4 weeks leads to
significantly decrease (<0.001) in TAC and LDH
in the irradiated group followed by the (treated
and irradiated) group and significantly increase
(<0.001) in the treated group as compared to
control as shown in table 3.

The histopathological studies of rat kidney
tissues after 4 weeks exposure to EMR show that
Hyaline casts, necrosis, apoptosis and swelling
were significantly high only in the irradiated
group. Dilatation (Bowman's capsule and
tubules) was significantly high in irradiated and
treated & irradiated groups (with no significant
difference between them) as illustrated in table
4 and figures 3a-c.
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Table 1. Effect of EMR on Urea and Creatinine in sera of experimental rats.

Groups p
Control Treated Irradiated Treated & Irradiated
MeantSD 34.945.5 37.019.3 81.4+14.0 53.314.8
Urea Range 25.2-40.8 26.2-48.6 58.7-101.5 47.2-60.1 <0.001*
(mg/dL) 95% Ci 29.1-40.7 27.3-46.8 66.7-96.1 48.2-58.4
HG a A C B
MeanSD 0.19+0.06 0.23+0.05 1.58+0.42 0.58+0.08
Creatinine Range 0.12-0.26 | 0.16-0.28 0.97-2.03 0.47-0.68 <0.001*
(mg/dL) 95% Ci 0.13-0.25 0.18-0.28 1.15-2.02 0.49-0.67
HG a A C b

ANOVA test with post hoc Tukey test, Cl: Confidence interval, HG: Homogenous groups, *Significant
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Table 2. Effect of EMR on IL-6, IL-10 and TNF-a in sera of rats of the experimental groups.

Groups P
Control Treated Irradiated | Treated & Irradiated
MeaniSD 31.613.7 33.745.5 111.8+14.2 74.5+15.5
IL-6 Range 25.9-36.1 26.6—40.5 84.5-123.7 60.9-102.8 <0.001*
(pg/mL) 95% ClI 27.7-35.4 27.9-39.5 96.9-126.6 58.2-90.7
HG A A C b
MeantSD 165.0+24.6 168.2+21.3 96.1+15.4 133.0+13.6
IL-10 Range 143.5-205.0 | 138.6-193.8 | 75.6-113.4 119.3-152.7 <0.001*
(pg/mL) 95% ClI 139.1-190.8 | 145.8-190.5 | 79.9-112.3 118.8-147.3
HG A A C b
MeantSD 31.1+4.0 38.243.6 138.8+9.7 87.8+13.2
TNF-a Range 26.9-37.5 32.6-42.5 125.5-149.2 73.9-108.2 <0.001*
(pg/mL) 95% ClI 26.8-35.3 34.5-42.0 | 128.6—148.9 74.0-101.6
HG A A C b
ANOVA test with post hoc Tukey test, Cl: Confidence interval, HG: Homogenous groups, *Significant
Table 3. Effect of EMR on TAC and LDH in rats.
Groups p
Control Treated Irradiated | Treated &lIrradiated
MeantSD 25.01£3.8 29.745.1 11.0+£2.9 17.812.0
TAC Range | 21.2-30.2 | 24.2-38.4 | 8.0-16.1 14.5-19.7 <0.001*
(nmol/mL) 95% Cl 21.1-29.0 24.3-35.0 8.0-14.0 15.7-19.9 '
HG a a C b
MeantSD | 195.5£10.8 | 179.9+425.1 | 123.3+11.6 154.945.9
LDH Range |181.4-213.1| 150.4-216.7 |112.4-145.7 148.3-162.7 <0.001*
(1u/L) 95% ClI 184.1-206.8 | 153.6-206.2 |{111.1-135.5 148.6-161.1 ’
HG a a C b
ANOVA test with post hoc Tukey test, Cl: Confidence interval, HG: Homogenous groups, *Significant
Table 4. Renal pathology of the study groups.
Groups P
Control Treated Irradiated | Treated & Irradiated
Hyaline Me:r:SD 0 (OAO%) 0 (OAO%) 6 (1030%) 1 (12.7%) <0.001*
Necrosis MeaniSD | 0 (0.0%) 0(0.0%) | 6(100.0%) 1(16.7%) <0.001*
HG A A b a
Apoptosis Me:r:SD 0 (OAO%) 0 (OAO%) 6 (102).0%) 1 (12.7%) <0.001*
swelling Me:n;SD 0 (OAO%) 0 (OAO%) 6 (10:)).0%) 1 (1(:7%) <0.001*
Dilatation Me:réiSD 0 (OAO%) 0 (OAO%) 6 (10:)).0%) 5 (8?0.8%) <0.001*

Fisher’s Exact test with post hoc Bonferroni test, HG: Homogenous groups, *Significant
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Figure 1. Comparison between the experimental groups regarding renal pathology.

Figure 2. A. Kidney of control rat showing normal structure (H& E x 400). B. Kidney of FA treated rat with no radiation showing

normal renal structure (H& Ex 400). C. Kidney of irradiated treated rat showing normal structure with dilation of some tubules
(H& Ex 400).
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Figure 3. Kidney of irradiated rat showing: A) Necrotic renal tubule with hyaline cast inside the tubule, tubular damage with

hyaline deposition B) Dilatation of Bowman's capsule, formation of large spaces between tubules, perivascular oedema and

inflammatory cellular infiltrate. Apoptosis.

DISCUSSION

Cell phones are the leading devices that emit
EMR and have an increasing use worldwide. The
effects of EMR emitted by these devices and base
stations on human body have still not been
clarified (28). Radiofrequency waves emitted by
cell phones are thought to cause detrimental
effects at cellular and molecular level 29 Devrim
and coworkers 39 reported that EMR led to an
increase in the levels of oxygen radicals in the
kidney tissue. Other studies have indicated that
the kidneys are radiation-sensitive organs. In
our study, negative effects of EMR on the kidney
tissue were shown by light microscopic
examination. This tissue damage was thought to
be associated with oxygen radicals. We showed
tubular damage in our study which plays an
important role in all causes of acute renal failure
3D,

Several synthetic radioprotectors like lipoic
acid, deoxyspergualin, cysteine, cysteamine,
2-mercaptopropionyglycine  (2-MPG)  were
tested and found to be good radioprotectors (32),
However, high systemic toxicity at their
optimum protective dose limits their practical
application. These consequences further
demand the search for less or non-toxic

Int. J. Radliat. Res., Vol. 17 No. 1, January 2019

compounds from biological origin. These
compounds include polyphenols such as
hydroxybenzoic acids, hydroxycinnamic acids,
anthocyanins, proanthocyanidins, and
flavonoids. Phenolic compounds from dietary
plants are known to be good scavengers of
reactive oxygen species (33).

The aim of the present study was to find out
the protective role of FA against EMR radiation
mediated systemic inflammation and to assess
whether the nephrotoxic effect by exposure to
EMR (1800 MHz) is treated or ameliorated with
FA which is a herbal compound possessing a
strong antioxidant property, and which is
physiologically safe but tough against the
oxidative species.

Serum levels of urea and creatinine were
estimated in all groups; urea and creatinine
being significantly high in group of irradiated
rats followed by group that treated with FA then
irradiated and significantly decrease in control
group and group that treated with FA only with
no significant difference between them. The
results of this study show that, irradiated group
produced a typical pattern of nephrotoxicity
which was manifested by increase in renal
function parameters. On the other hand, FA
administration pre irradiation showed a
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significant decrease in the levels of creatinine,
urea in serum compared to irradiated group.
These results were also reported by
Manikandan et al, 39 who detected an elevation
in serum urea and creatinine post irradiation
also. The protective effect of FA on the kidney
markers can be attributed to its antioxidant
properties as it has been found that reactive
oxygen species may be involved in the
impairment of glomerular filtration rate [35-3¢. In
the present study the effect of FA as an agent
that confers protection against the systemic
inflammation induced by radiation has been
elaborated. We analyzed the expression of
different inflammatory markers such as TNF-q,
IL-6 and IL-10 in sera of all groups. The results
explored the anti-inflammatory role of FA
against EMR induced systemic inflammation
mediated by oxidative stress. IL-6 and TNF-a
were  significantly  high in  irradiated
group ,followed by FA treated group and is
significantly low in control and in FA treated
then irradiated group with no significant
difference between them. IL-10 was significantly
low in irradiated group, followed by FA +IR and
significantly high in control group and FA
treated group with no significant difference
between them. Similar results of this study were
also reported by Das and colleagues G7) who
studied the effect of FA and its protective role in
irradiated mice. They found that the levels of
proinflammatory cytokines such as IL-6 and TNF
-a in serum were decreased by administration of
FA to irradiated group. Given that IL-10 is a
critical regulatory cytokine, decreased levels
have the potential to influence hyper immune
situations. The development of an IL-10 knock
out mouse model has been a great tool for
assessing IL-10 deficiencies and the potential for
hypersensitive responses and autoimmunity (38),
In our work,IL-10 was significantly low in
irradiated group, followed by FA+IR group and
significantly high in control and FA treated
groups with no significant difference between
them showing the protective effect of FA which
is detected by increasing serum levels of IL-10
in irradiated and treated group. Several studies
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reported that long-term exposure to radiation
leads to enhancement of free radical presence
after electromagnetic field exposure (38).
Excessive production of free radical specifically
reactive oxygen species (ROS), have been
reported in wide variety of clinical disorders (9.
This may show that FA exerts its protective
effects by effectively quenching the free radicals,
preventing them from attacking the membrane,
protecting the membrane, inhibiting the leakage
of marker enzymes into circulation, and
improving the antioxidant status in circulation
(39).In this study, total antioxidant capacity (TAC)
was measured in the sera of the 4 groups. It was
significantly decrease in irradiated rats followed
by treated +IR group and was significantly
increase in control and FA treatment groups
These were in agreement with Raggy 2015 [t
who reported that total antioxidant capacity
decrease after exposure to 900-MHz-
electromagnetic waves in brain, kidney and liver
of male rats. Other studies showed that chronic
exposure to RF-EMW decreases the activity of
catalase (CAT), superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px), and thus
decreases the total antioxidant capacity. The
present study showed significant decrease in
LDH in the tissues both kidneys after exposure
to EMR. The Enzyme LDH is considered as a
general marker of cellular health, these
observations indicate that exposure to the
radiofrequency radiation increases cell death
and changes the homeostasis of the tissues
leading to increase in LDH in serum and a
simultaneous decrease in their levels in the liver
and intestinal tissues (*9)-]Janakiraman et al, (41
studied the radioprotective efficacy of Ferulic
acid (FA) against whole body gamma radiation
in Swiss albino mice. A significant increase in the
antioxidant enzymatic status and decreased
lipid peroxidation marker levels were observed
in FA pretreated group, when compared to the
irradiated animals.

The biochemical and histopathological
findings of induced renal injury in this study
have produced persuasive evidence
incriminating oxidative stress determined by
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measurements of cytotoxic inflammatory cells
(IL6, TNFa) , TAC and LDH shows the role of
Ferulic acid in ameliorating such effects (1.
Several studies have indicated that the kidneys
are radiation-sensitive organs (42). In our study,
light microscopy of kidney tissue revealed
tubular damage with hyaline deposition,
glomerular damage, dilatation of Bowman'’s
capsule, formation of large spaces between
tubules, perivascular oedema and inflammatory
cellular infiltrate, These changes were found to
be ameliorated in FA treated and irradiated
group showing reduced dilated renal tubules
with reduced inflammatory cellular infiltrate
and disappearance of intratubular hyaline casts.
Our results are in coordinance with Koca etal,
43) which detected similar histological findings
in irradiated rats before and after FA treatment.
Furthermore, Koca etal, 4 had stated that
electron microscopic examination of the kidney
tissues in irradiated rats revealed that
podocytes had a regular appearance, whereas
irregular thickening of the basement membrane,
irregularity of the capillary endothelium, and
large dissociation of the junctions between the
tubule cells were detected. In addition, they
stated that observation of glomerular damage
indicates the severity of this damage.

In summary, we have confirmed that FA has a
protective role against nephrotoxicity induced
by EMR exposure. According to our
biochemical findings, which were supported
by histopathological analysis, administration of
FA reduced the effects of EMR on rat renal
tissues, thus reducing renal injury.

Conflicts of interest: Declared none.
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