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Hepatic and renal protective effects of quercetin in ferrous sulfate-

induced toxicity
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Abstract. Iron is a vitally important element for the maintenance of health in living organisms. But,
iron overload can be toxic. This study investigated the protective efficacy of quercetin against ferrous
sulfate-induced oxidative stress, hepato- and nephrotoxicity in rats. There were five experimental groups
(n =7): Sham (distilled water, 1 ml/day for 14 days, i.p.), Quer (quercetin, 50 mg/kg/day for 14 days,
i.p. ), DMSO (dimethyl sulfoxide 1%, 1 ml i.p.), Fe (ferrous sulfate, 30 mg/kg/day for 14 days, i.p.),
Fe+Quer (ferrous sulfate, 30 mg/kg/day for 14 days; quercetin, 50 mg/kg/day for 11 days from fourth
day of ferrous sulfate injection). Blood, 24-h urine and tissue samples were collected at the end of ex-
periment. Quercetin prevented ferrous sulfate-induced hepatotoxicity and nephrotoxicity as indicated
by decreased activities of serum hepatic marker enzymes and decreased serum bilirubin concentration,
higher levels of serum triglyceride, cholesterol, glucose, albumin and total protein, as well as higher
creatinine clearance and lower fractional excretion of sodium. Besides, quercetin decreased malondi-
aldehyde levels and histological damages in the liver and kidney of Fe group as compared with sham,
DMSO and Quer groups. The protective effect of quercetin relies, at least partially, on its antioxidative

effect which leads to decreased lipid peroxidation as well as iron-chelating property.
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Introduction

Iron, an important element for living cells, exists most
commonly in two forms of ferrous (Fe**) and ferric (Fe>*)
oxidation states (Bresgen and Eckl 2015). This redox reactiv-
ity of iron makes it very useful. However, iron can generate
free radicals if it is not tightly bound and/or it is present in
excess. It is defined that iron is carried to the liver in severe
iron overload conditions (Papanastasiou et al. 2000), where it
is stored as ferritin, and is not available to participate in Fen-
ton reaction (Anderson and Frazer 2005). Since hepatocytes
have more than one route for importing iron, they have high
potential for iron-induced oxidative stress (Puntarulo 2005).

One of the limited numbers of routes for iron elimination
from the body is through urinary excretion. After glomerular
filtration, iron is reabsorbed in the renal tubules (Smith and
Thevenod 2009; Thévenod and Wolff 2016). It is evident
that iron has a major role in reactive oxygen species (ROS)-
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induced nephrotoxicity (Baliga et al. 1996, 1998a, 1998b;
Sudhir and Shah 2001). It has been demonstrated that iron
induces inflammation, oxidative stress, and kidney injury
(Bishu and Agarwal 2006). Also, the exposure of human
renal endothelial and proximal tubular cells to iron results
in massive increase in lipid peroxidation (Zager et al. 2002).
Itis reported that iron induces kidney injury (Kadkhodaeem
and Gol 2004; Bishu and Agarwal 2006) and ferrous form
of it catalyzes a reaction that leads to formation of hydroxyl
(+OH) radical, which is implicated in the renal tubular injury
(Madhusudhan and Oberoi 2011). Also, it is well established
that iron mediates tissue injury in several models of acute
kidney injury induced by hemoglobin and myoglobin (Paller
1988; Baliga et al. 1996), rhabdomyolysis (Zarjou et al. 2013),
cisplatin (Baliga et al. 1998a), and ischemia/reperfusion
(Paller and Jacob 1994; de Vries et al. 2004).

Quercetin, a polyphenol flavonoid derived from fruits
and vegetables, has unique biological actions including anti-
inflammatory (Rogerio et al. 2007), antioxidant (Gordon and
Roedig-Penman 1998), anti-hypercholesterolemic (Li et al.
2009), anti-hyperlipidemic (Juzwiak et al. 2005; Abdel-Raouf
et al. 2011), and antitoxic (Rezaei-Sadabady et al. 2016).
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Thus, the current study conducted to evaluate the protective
effect of quercetin on ferrous sulfate (FS)-induced toxicity in
the liver and kidney of rats. The liver and kidney functional
disorders and histopathology were investigated.

Materials and Methods

Experimental procedure

Thirty-five male Wistar rats weighing 250-300 g were purchased
from Razi institute, Shiraz, Iran. They were caged at 25 + 2°C
with alight/dark cycle which was alternated every 12 hours. The
animals had free access to food and water. The Ethics committee
of Shiraz University approved the design of the experimental
protocols. The animals were cared for in accordance with Guide
to the Care and Use of Experimental Animals (Vol. 1, 2nd ed.,
1993, available from the Canadian Council on Animal Care).
The rats randomly were divided into five groups (7 each): Sham
(1 mldistilled water was injected intraperitoneally (i.p.)), DMSO
(dimethyl sulfoxide 1% , 1 ml was given i.p.), Quer (quercetin,
50 mg/kg/day dissolved in 1 ml 1% DMSO and was injected
i.p. during 14 days), Fe (ferrous sulfate, 30 mg/kg/day dissolved
in 1 ml distilled water and given i.p. during14 days), Fe+Quer
(ferrous sulfate, 30 mg/kg/day during 14 days; quercetin, 50
mg/kg/day during 11 days starting 4th day of ferrous sulfate
administration). Fourteen days after the beginning of ferrous
sulfate/quercetin administration, rats were placed in metabolic
cages to collect 24-h urine. At the end of experimental period,
rats were anesthetized with ketamine and xylazine (60 and
5 mg/kg, i.p., respectively) and blood samples were taken from
heart ventricles. Subsequently, the liver and left kidney were
quickly removed. Parts of liver and kidney preserved for future
histological examination and the rest was immediately deep
frozen until further use.

Renal functional assessments

Urine samples, collected at the end of the 24-h period, were
assayed for creatinine by colorimetric methods (Prestige,
Biolis241, Japan). Also, serum samples were assayed for blood
urea nitrogen (BUN) and creatinine by colorimetric methods.
To indicate glomerular function, creatinine clearance (Ccy)
was calculated using urinary and serum creatinine concentra-
tion in conjunction with urine flow. Besides, urinary and se-
rum Na* was measured at the end of the 24-h period by flame
photometry to estimate the fractional excretion of Na* (FEyy).

Biochemical estimation

Measurement of serum and tissue levels of aspartate ami-
notransferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP) and lactate dehydrogenase (LDH) activi-

ties were done by commercially available kits. Tissue enzy-
matic assay was done after homogenizing liver tissue samples
in the citrate buffer (pH 4.8) and centrifuging at 10,000 x gat
4°C for 15 minutes. Afterwards the supernatant was removed
and stored on ice. The levels of total bilirubin, albumin, total
protein, glucose, cholesterol and triglycerides in the serum
samples were measured by commercially available kits too.

Lipid peroxidation assay

Tissue malondialdehyde (MDA) content was assayed in
the liver and kidney tissue samples (homogenized in 5 ml
of trichloroacetic acid per 0.1 g of tissue) spectrophoto-
metrically (Heath and Packer 1968). The method is based
on MDA reaction with thiobarbituric acid (TBA) that yields
pink colored thiobarbituric-MDA adducts. Its absorbance
was measured at 532 nm.

Histopathological examinations

The left kidneyand liver samples were removed and fixed in 10%
buffered formaldehyde solution. After dehydration through
agraded alcohol series, the samples were cleared in xylol. Then,
kidney and liver samples were embedded in paraffin and cut
into 5-um thick slices using a microtome (Zeiss, Germany).
The slices of liver and kidney were mounted on glass slides
and stained with prussian blue as well as hematoxylin and
eosin. Each slice was examined in a blinded fashion in more
than 10 non-overlapping fields under light microscope. In each
liver slice, the degree of the presence of congestion and cellular
degenerative changes were examined. Also, in each kidney
slice, the degree of tubular necrosis, loss of brush borders, and
vascular congestion were examined. The level of pathological
changes was graded as follow: none with 0, less than 20% with 1,
21-40% with 2, 41-60% with 3, 61-80% with 4, and greater than
80% with 5. In each group, the sum of all numerical scores was
taken as the total histopathological score.

Statistical analysis

The data are expressed as mean + SEM. The comparison
among experimental groups was done by one-way ANOVA
followed by post-hoc (Tukey) test using SPSS version 22 soft-
ware (SPSS Software, Chicago, IL, USA). The significance
was considered at p < 0.05.

Results

Effect of quercetin on FS-induced changes in body weight

Figure 1 shows that mean body weight value of Fe group was
reduced in comparison to sham, DMSO and Quer groups (p <
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0.01, p <0.05 and p < 0.01, respectively). Body weight value in
Fe+Quer group was statistically lower than that of sham (p <
0.001), DMSO (p < 0.01) and Quer (p < 0.001) groups, but it
showed no significant change in comparison with Fe group.

Quercetin decreases FS-induced changes in the liver functional
markers

Figure 2 displays serum levels of hepatic markers in the ex-
perimental groups. In the rats treated with FS, AST, ALT, LDH
and ALP activities were significantly increased (p < 0.001,
p <0.05, p <0.001, p < 0.001, respectively). These changes
were reversed significantly by quercetin administration (p <
0.05, p <0.05, p <0.001 for AST, LDH and ALP, respectively).

As presented in Table 1, FS treatment increased serum
level of total bilirubin in Fe group compared to those of sham,
DMSO and Quer groups (p < 0.001, p < 0.01 and p < 0.001,
respectively). It also displays that FS treatment decreased
serum levels of glucose (p < 0.01, p < 0.001 and p < 0.01 as
compared sham, DMSO and Quer groups, respectively),
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Figure 1. Quercetin (50 mg/kg/day) and ferrous-sulfate (30 mg/kg/
day)-induced changes of body weight. Data are the mean + SEM
(n =7 in each group). ** p < 0.01, *** p < 0.001 as compared to the
sham group; * p < 0.05, % p < 0.01 as compared to the DMSO group;
## p <0.01, ¥* p < 0.001 as compared to the Quer group. DMSO,
dimethyl sulfoxide; Quer, quercetin; Fe, ferrous sulfate. For more
information, see Materials and Methods.
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Figure 2. Quercetin and ferrous-sulfate-induced changes in hepatic enzyme activities. Data are the mean + SEM (n = 7 in each group).
* p < 0.05,*** p < 0.001 as compared to the sham group; ® p < 0.05, %%° p < 0.001 as compared to the DMSO group; * p < 0.05, *## p <
0.001 as compared to the Quer group; T p < 0.05, 7T p < 0.001 as compared to the Fe group. AST, aspartate aminotransferase; ALT,
alanine aminotransferase; LDH, lactate dehydrogenase; ALP, alkaline phosphatase. For more information, see Materials and Methods.
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triglyceride (p < 0.001, p < 0.01 and p < 0.001 as compared
sham, DMSO and Quer groups, respectively), cholesterol
(p <0.05, p < 0.05 and p < 0.01 as compared sham, DMSO
and Quer groups, respectively), total protein (p < 0.05 as
compared sham and DMSO groups) and albumin (p < 0.001,
p <0.01and p <0.001 as compared sham, DMSO and Quer
groups, respectively) in Fe group in comparison to the lev-
els of sham, DMSO and Quer groups. Quercetin injection
significantly reversed the changes of triglyceride (p < 0.01),
glucose (p < 0.01) and total bilirubin (p < 0.05).

Referring to Table 2, FS treatment raised the activities
level of AST, ALT, LDH and ALP in the liver tissue of Fe

group compared to those of sham, DMSO and Quer groups
(p < 0.001). Administration of quercetin lowered the levels
of AST, ALT and LDH in Fe+Quer compared to Fe group
(p <0.05).

Quercetin decreases FS-induced changes in renal function
parameters

FS treatment induced changes in renal functional markers
such as increase (p < 0.001) of creatinine, urea nitrogen (Ta-
ble 3) and fractional excretion of Na* (FEy,) (Fig. 3) as well
as decrease (p < 0.001) of creatinine clearance (Fig. 3). These

Table 1. Effect of quercetin on ferrous sulfate-induced changes in the levels of serum biochemical parameters in rat

Groups

Sham DMSO Quer Fe Fe+Quer
Total bilirubin (U/1) 0.70 + 0.10 0.64 +0.10 0.62+0.11 3.62 £ 0.39000FH 9 49 4 0 34000 HFT
Glucose (mg/dl) 135.71 £ 9.45 144.71 + 10.65 131.42 £9.08 77.71 + 6.2000598# 138 14 + 13,0371
Triglyceride (mg/dl) 91.00 + 4.61 70.14 + 7.40 84.71 + 5.46 39.57 + 5.08059### 7571 4 52111
Cholesterol (mg/dl) 55.28 + 3.42 55.00 + 2.74 59.42 + 4.63 39.57 +2.1205% 54.14 + 4.33
Total protein (mg/dl) 6.81 +0.32 6.88 +0.21 6.42 £ 0.65 5.11 +0.16%% 6.25 + 0.22%
Albumin (mg/dl) 3.87 +0.29 3.50 +0.16 3.97 +0.31 231 +£0.172°059%F  305+0.16

The data are expressed as mean + SEM, n = 7. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the Sham group; ® p < 0.05, % p < 0.01,
998 p < 0.001 compared to the DMSO group; * p < 0.05, ** p < 0.01, **# p < 0.001compared to the Quer group; " p < 0.05, T p < 0.01 com-
pared to the Fe group. DMSO, dimethyl sulfoxide; Quer, quercetin; Fe, ferrous sulfate. For more information, see Materials and Methods.

Table 2. Effect of quercetin on ferrous sulfate-induced changes in the activities of hepatic and lipid peroxidation markers in liver tissue
homogenates in experimental groups

Groups
Sham DMSO Quer EFS FS+Quer
AST (U/l) 770.00 +31.48  722.57 £ 66.98  717.00 £ 47.46  1839.42 + 37.1300099FF 1637 14 + 120.5500ISFHT
ALT (U/l) 717.14 5623  694.85+17.21  693.14 + 6229  1803.28 + 119.19°0555##% 1497 14 & 39 380 S98##4.1
LDH (U/1) 694.00 + 50.61  703.85+44.69 683.14 +49.30  3179.42 + 309.75°0+55F 2371 00 + 196.064%*,§5§,###,1
ALP (U/1) 693.85+53.77 70428 +39.98 664.71 +51.37  1651.28 + 74.3100-58#F 1478 71 4 58 21+ 00S98###
MDA (mol/gtissue)  0.50 + 0.05 0.64 +0.09 0.50 + 0.04 1.75 + 0,76+ 095544 1.02 +0.12°

The data are expressed as mean + SEM, 1 = 7. *** p < 0.001 as compared to the Sham group; 3 p < 0.001 as compared to the DMSO group;
##% p <0.001 as compared to the Quer group; © p < 0.05 as compared to the FS group. For more information, see Materials and Methods.

Table 3. Effect of quercetin on the levels of renal function parameters and lipid peroxidation marker in experimental groups

Groups
Sham DMSO Quer Fe Fe+Quer
Creatinine (mg/dl) 0.45 + 0.02 0.48 + 0.02 0.50 + 0.02 0.95 + 0.05%00SS##4 0.58 + 0.03"T
Urea nitrogen (mg/dl) 23.14 + 1.60 2514+ 1.10 22.71+1.16 33.71 + 1.75%+0SS##% 25.71 + 1.447T
MDA (mol/g tissue) 0.49 + 0.04 0.51 +0.03 0.57 + 0.06 1.56 + 0.16%+0SS### 0.71 + 0.077f

The data are expressed as mean + SEM, 1= 7.*** p < 0.001 compared to the Sham group; ° p < 0.01, 3 p < 0.001 compared to the DMSO
group; “** p < 0.001 compared to the Quer group; " p < 0.01, 7" p < 0.001 compared to the Fe group. For more information, see Materials
and Methods.
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changes were reversed by quercetin significantly (p < 0.001
for all except p < 0.01 for urea nitrogen).

Effect of quercetin on the hepatic and renal oxidative stress
induced by FS

According to Tables 2 and 3 FS treatment led to significant
increases in MDA contents of the liver and kidney com-
pared with the sham, DMSO and Quer groups (p < 0.001).
Quercetin treatment reduced the levels of MDA in the tissue
of the liver (p < 0.05) and kidney (p < 0.001) in Fe+Quer in
comparison to Fe group.

Effect of quercetin on the hepatic and renal histological
damages induced by FS

Histological studies of the liver showed no abnormali-
ties or histological changes in the livers of sham, DMSO

sham

Figure 3. Quercetin and fer-
rous-sulfate-induced chang-
es in renal function param-
eters (C¢, and FEyy,). Data
are the mean + SEM (n =7
in each group). ** p < 0.01,
*** p <0.001 as compared to
the sham group; ® p < 0.05,
it 98 p < 0.001 as compared
to the DMSO group; ### p <
0.001 as compared to the
Quer group; 1t p <0.001 as
compared to the Fe group.
Ccp creatinine clearance;
FENa» fractional excretion of
Na®. For more information,
see Materials and Methods.

&3

*
%
*

DMSO Quer Fe Fe+Quer

Experimental groups

(Figures not presented to be more brief) and Quer groups
(Figs. 4 and 5). But, iron deposition (grade 2) was seen in
the Fe group (Fig. 4). However, iron deposition (grade 1)
was decreased in the Fe+Quer group (Fig. 4) compared to
Fe group.

The most eminent damages of the Fe group were hepato-
cellular apoptosis (grade 2, Fig. 5Ca), swelling of the hepatic
cells (grade 2, Fig. 5Cb), vacuolization of the hepatocyte
cytoplasm (grade 2, Fig. 5Cc) and inflammatory cell infil-
tration in the portal space (grade 3, Fig. 5Cd). Quercetin
treatment reduced the histological damages in the Fe+Quer
group compared to Fe group (Fig. 5E).

Renal sections from the sham, DMSO (Figures not pre-
sented to be more brief) and Quer groups (Figs. 6Aa, b, c,
and d) showed no changes. But, iron deposition (grade 2)
was noticed in the cortex (Fig. 6Ba) and medulla (Fig. 6Bb)
of the Fe group. However, quercetin treatment reduced iron
deposition (grade 1) in Fe+Quer group (Fig. 6Ca and b).

Figure 4. Representative light microphotographs of the livers. Prussian blue-stained slices were assessed under light microscopy. The histo-
logical changes observed included iron deposition. Black arrows indicate iron deposition. For more information, see Materials and Methods.
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Besides, congestion (grade 2) was observed in glomerular
capillaries (Fig. 6Bc) and medullary vessels (Fig. 6Bd) of
the Fe group. However, congestion (grade 1) was reduced

in Fe+Quer group (Fig. 6Cc and d) compared to Fe group.
Table 4 demonstrates the sum of histopathological grades,
showing the changes illustrated above.

Figure 5. Light micrographs
of the livers. Hematoxylin and
eosin-stained slices were as-
sessed under light microscopy.
A. Sham group. B. Quer group.
C. Fe group. Black arrows show
apoptosis (a), swelling (b), vacu-
olization (c), inflammatory cell
infiltration (d). D. DMSO group.
E. Fe+Quer group. For more
information, see Materials and
Methods.
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Figure 6. Representative light microphotographs of the kidneys. Prussian blue- and hematoxylin & eosin-stained slices were assessed under
light microscopy (magnification x400). A. Quer group. B. Fe group. C. Fe+Quer group. The histological changes observed included iron
deposition in cytoplasm of: cortical (Ba, Ca) and medullary (Bb, Cb) tubular cells, prussian blue staining; glomerular capillary congestion
(Bc, Cc) and medullary vascular congestion (Bd, Cd), hematoxylin-eosin staining. For more information, see Materials and Methods.

Discussion

Iron, as an essential element, is used therapeutically in
higher doses and in the form of ferrous sulfate (FS) to treat
and prevent iron deficiency anemia. In patients with iron
deficiency anemia, the rate of iron bioavailability from
a therapeutic dose of FS, the most commonly used oral iron
preparation, is ~10% (McDonagh and Macdougall 2015).
Once iron deficiency has been diagnosed, for restoration
of the iron supply, the daily elemental iron requirement
is 10 mg in children, adult males and post- menopausal
women (to provide 1 mg to the body), 20 mg in young
non-pregnant women and 30 mg in pregnant women (Al-
leyne et al. 2008). The present study demonstrated that
ES overload (30 mg/kg) promotes oxidative stress in the
liver and kidney of male rats and thereafter contributes
to the functional disorders and histological injuries. Our
findings suggest that quercetin (50 mg/kg/day) preserved

the function and histological pattern of liver and kidney
against FS-induced oxidative stress.

Iron accumulation in hepatic parenchymal cells is
a well-documented event and is considered as an impor-

Table 4. Total histopathological score in Sham, DMSO, Quer, Fe
and Fe+Quer groups at the end of the experiment

Groups Liver Kidney

Sham 0.0 + 0.00 0.0 £ 0.00
DMSO 0.0 + 0.00 0.0 £ 0.00

Quer 0.0 + 0.00 0.0 £ 0.00

Fe 10.25 + 0.52%%* 6.75 + 0.25%**
Fe+Quer 3.87 + 0.29+00 11T 2.87 + .44+ 00111

Values (sum of histopathological scores in each group) are expressed
asmean + SEM, n=7."" p < 0.001 compared to the Sham, DMSO
and Quer groups; T p < 0.001 compared to the Fe group. For more
information, see Materials and Methods.
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tant mechanism of liver damage (Anderson and Frazer
2005). The serum total bilirubin level was increased in the
Fe group, which is in line with the result of other investiga-
tors who found that iron overloaded hepatic injury leads to
enhanced levels of serum total bilirubin (Das et al. 2015).
Also, in the present study, FS-induced liver damage was
manifested by high activities of hepatic enzymes. Excessive
iron deposition in the liver has a major role in triggering the
damage because it is involved in the induction of oxidative
stress and the increased ROS production (Badria et al. 2015;
Idilman et al. 2016). Administration of quercetin (50 mg/
kg/day for 14 days) significantly protected the liver against
iron-induced toxicity in the Fe group and improved in its
functional efficiency, as demonstrated by prevention of the
increase in serum and liver tissue levels of AST, ALT, LDH,
ALP activities, serum level of total bilirubin and liver lipid
peroxidation as well as improvement in histology. This could
be attributed to the membrane protective effect of quercetin
(Vlachodimitropoulou et al. 2011; Bao et al. 2017).

In this work FS treatment lowered serum concentration of
glucose. It has been suggested that FS can augment activities
of the enzymes involved in glucose metabolism and respira-
tory chain by increasing the supply of oxygen, and thereby
decreases serum glucose levels following accelerating glucose
metabolism (Zhang et al. 2008). Besides, this hypoglycemia
could be ascribed to impairment in gluconeogenesis. The
liver secretes glucose through both gluconeogenesis and
glycogenolysis (Rui 2014). Liver glycogen stores are depleted
following uncoupling of oxidative phosphorylation because
of defective energy-linked mitochondrial function (Nocito
et al. 2015). Quercetin treatment, probably through its an-
tioxidative effect, significantly reduced the FS-induced lipid
peroxidation in the liver as proved by the decreased levels of
MDA. Hence, quercetin raised glucose concentration to the
normalcy through its ability to decrease lipid peroxidation.
Besides, it has been demonstrated that quercetin induces
glycolysis via inhibiting glucose oxidation in mitochondria
(Lang and Racker 1974; Gasparin et al. 2003). Protective ef-
fect of quercetin on the Fe?*-induced peroxidative damage
has been already demonstrated (Boadi et al. 2003). Light
microscopy showed that iron accumulation in the liver was
effectively diminished by quercetin, which revealed that
quercetin chelates the iron (Leopoldini et al. 2006; Mladenka
etal. 2011; Vlachodimitropoulou et al. 2011). In this regard,
it has been reported that quercetin as an antioxidant (Bao
et al. 2017), readily permeates cell membranes (Fiorani et
al. 2003) via glucose transport proteins (Strobel et al. 2005;
Cunningham et al. 2006) and acts as effective intracellular
iron chelator, which can clean the excess iron in the body.
Quercetin, as an iron chelator, could suppress iron overload-
induced injury in the liver and kidney of the mouse (Zhang
et al. 2011). Amelioration of iron overload-induced liver
toxicity by a potent antioxidant and iron chelator has been

shown in another study using Emblica officinalis fruit extract
(Sarkar et al. 2015).

Apoptosis has an important role in liver pathogenesis.
One of the factors which cause a cell undergo apoptosis,
is oxidative stress. Oxidative stress is a pathogenic mecha-
nism of hepatic damage. In the present study, apoptosis
and leukocyte infiltration were other notable pathological
features of FS-induced hepatotoxicity. ROS formation due
to iron-induced oxidative stress (Puntarulo 2005) may cause
hepatocyte apoptosis and leukocyte infiltration. Quercetin
injection decreased the FS-induced histological alterations
and restored physiological functions toward normalcy. This
finding accords with the results of others who found that
quercetin attenuated inflammatory cell infiltrations induced
by obesity (Dong et al. 2014) and bile duct obstruction (Lin
et al. 2014) in the liver.

Hepatocyte ballooning and cytoplasmic vacuolization,
which are frequently seen in acute liver injury, were observed
in the Fe group under light microscopy. In the current study,
FS treatment caused increment in the serum cholesterol and
triglyceride (TG) concentrations in the Fe group. However,
quercetin reversed these changes in Fe+Quer group. Since
the FS-induced increase in serum cholesterol may be owing
to changes in the gene expression of liver enzymes chiefly
HMG CR (HMG-COA reductase) (Kojima et al. 2004)
and HMG CR transcription is controlled by SREBP (sterol
regulatory element-binding protein) (Goldstein and Brown
2009), it is suggested that the ability of quercetin to decrease
the expression of SREBP-1c and fatty acid synthase (Wang
etal. 2015) leads to decrease of serum lipids concentration.
In addition, it has been shown that quercetin up-regulates
gene expression of low-density lipoprotein receptor (LDLR),
which increases LDL cholesterol clearance from the cir-
culation (Moon et al. 2012). Also, quercetin increases the
expression of cholesterol 7a-hydroxylase (CYP7A1) (Zhang
etal. 2016) ), which is involved in the cholesterol conversion
to bile acids (Donepudi et al. 2018). Besides, it has been
demonstrated that quercetin inhibits cholesterol and TG
synthesis in hepatic cells (Juzwiak et al. 2005; Padma et al.
2012). Taken together, the therapeutic efficacy of quercetin
against hyperlipidemia which seen in the current work is
probably due to a combined effect of its capability of pro-
moting cholesterol efflux and cholesterol conversion to bile
acid (Zhang et al. 2016) as well as its antioxidant capacity
(Mariee et al. 2012) .

One of the most important functions of the liver is pro-
tein synthesis. FS treatment significantly reduced serum
levels of total protein and albumin in the present study. In
line with these results, it has been demonstrated that total
protein (Pawar etal. 2012) and albumin levels are decreased
in FS-induced hepatotoxicity (Abdel-Reheim et al. 2017).
Administration of quercetin increased the levels of total
protein and albumin, which might be due to the ability of
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quercetin to improve liver function. In accordance with this
result, the ameliorative efficacy of quercetin on the altered
levels of total protein and albumin toward normalcy has been
reported (Singh et al. 2011). Although, the high binding of
quercetin to human serum albumin has been demonstrated
(Boulton et al. 1998). Quercetin, even though considerably
prevented FS-induced decreases in total protein and albu-
min, failed to prevent the weight loss in rats injected with FS.
This may be due to lowering effect of quercetin on the body
weight gain (Kobori et al. 2011; Jung et al. 2013; Hoek-van
den Hil et al. 2014).

Iron-induced nephrotoxicity has been observed in both in
vitro and in vivo studies (Wu and Qiu 2001; Kadkhodaeem
and Gol 2004). In the current work, renal histopathological
study showed that glomerular capillaries and medullary
vessels are congested mildly in the kidney of Fe group. Also,
iron deposition was observed moderately in the cytoplasm
of renal tubular cells in the Fe group. Earlier investigations
have shown that iron induces oxidative stress (Li et al. 2014).
Besides, it has been reported that quercetin has protects
against various renal injuries (Erboga et al. 2015; Elbe et al.
2016). Present study showed that quercetin as an antioxidant,
by preventing lipid peroxidation, protected the renal injury
as was evident from the lowered levels of MDA.

Iron overload is known to result in elevated serum creati-
nine and BUN (blood urea nitrogen) levels (Kadkhodaeem
and Gol 2004). In the current study, FS treatment induced
kidney dysfunction in the rats, as was manifested by higher
level of Na fractional excretion (FEy,) and lower level of
creatinine clearance (Cc;). The reduction in C¢; led to el-
evation in serum concentration of creatinine and nitrogen
urea in Fe group. Furthermore, our results showed the de-
crease in serum level of total protein in the Fe group. Thus,
increased serum nitrogen urea can be attributed to the
increase of protein catabolism. Administration of quercetin
to FS-treated group prevented these changes, demonstrated
by the improvement in the kidney function and the decrease
of renal histological alterations. In this regard nephropro-
tective effect of quercetin against renal damage induced by
cisplatin (Ili¢ et al. 2014) and gentamicin (Abdel-Raheem
et al. 2009) through its antioxidative, anti-inflammatory,
and anti-apoptotic features is well documented.

Conclusion

The findings in this study highlighted the protective impact
of quercetin against FS-induced toxicity in the liver and kid-
ney. Quercetin exerts its hepato- and nephroprotective effects
through binding to iron and reducing the concentration of
the catalyzing iron in lipid peroxidation. Since quercetin
alone did not induce any biochemical and histopathological
changes in the liver and kidney, it should be considered safe

as a protective agent in FS-induced hepato- and nephrotoxic-
ity. Nevertheless, further study analyzing quercetin efficacy
in the clinical trials should be done.
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