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Abstract
Evidence abounds—epidemiological and experimental—linking overexposure to manga-

nese with hepatic and renal dysfunction. We investigated the beneficial effects of gallic

acid or omega-3 fatty acids (x-3-FA) on hepatorenal function in rats exposed to manganese

(Mn). Rats were exposed to manganese (15mg/kg) only or in the presence of x-3-FA

(30mg/kg) or gallic acid (20mg/kg) continuously for 14 days. Gallic acid or x-3-FA

co-treatment significantly (P<0.05) suppressed manganese-mediated increases in the bio-

markers of hepatorenal toxicity. Furthermore, gallic acid or x-3-FA relieved manganese-

induced oxidative stress, lipid peroxidation, and glutathione depletion.In addition to

decreases in nitric oxide, interleukin-1b, tumor necrosis factor-a levels, and myeloperox-

idase concentration in treated rats, biochemical data on hepatorenal protection were but-

tressed by our histological findings. Gallic acid or x-3-FA ameliorated manganese-induced

hepatorenal toxicity by reducing the oxidative/inflammatory stress and preserved tissue

integrity in rats.
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Introduction

Toxicity resulting from undue exposure to metals is a
significant concern to the general public and researchers
globally.1 Manganese (Mn) exists naturally in the soil,
water, air, and food.2.However, environmental pollution
by Mn has been related to certain anthropogenic activities
such as agriculture, mining, and welding.3 Adverse health
effects of Mn reportedly occur via the consumption of con-
taminated food, water, and air. Epidemiological data

confirmed that over-exposure to Mn is correlated with neu-
ronal, hepatic, renal, and reproductive dysfunction.4,5

Previous human studies on the influence of excessive expo-
sure to Mn on renal impairment showed tubular impair-
ment and glomerular injury characterized by increases in
N-acetyl-b-D-glucosaminidase activity and microalbumi-
nuria in Mn-exposed children.6 A vital relationship
between Mn exposure renal dysfunction in children has
been reported.7 Experimental studies using rodents also
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demonstrated that Mn-mediated hepatorenal damage in
rodent model is associated with induction of oxidative
stress and initiation of apoptosis.8,9 Therefore, viable che-
motherapeutic or chemo-preventive approaches to alleviate
the harmful effects of Mn in the exposed populace are
warranted.

x-3-FA is a polyunsaturated acid, which is mainly
obtained from the diet because they cannot be synthesized
in adequate quantities by the body. Previous investigations
demonstrated that x-3-FA is well-known to elicit beneficial
health effects on several diseases associated with metabo-
lism, cardiovascular, and inflammation.10 Numerous clini-
cal evidence revealed that the administration of x-3-FA
via fish oil supplements is safe and exhibited anti-
inflammatory and antioxidant effects by suppressing
proinflammatory cytokines and oxidative stress.11–13 The
phenolic GA (3,4,5-trihydroxy benzoic acid) is of plant
origin with several pharmacological activities. Gallic acid
is well documented to elicit antioxidant, anti-carcinogenic,
anti-microbial, anti-inflammatory effects.14 Industrially,
owing to its antioxidant activity, GA is used as a food addi-
tive to prevent oxidation and rancidity of oils and fats. GA
is reportedly used in several therapeutic and pharmaceuti-
cal applications due to its potent and diverse mechanisms
of action.15,16

There is a shortage of scientific reports in the literature
for either GA or x-3-FA protective effect on hepatic and
renal injury associated with Mn exposure. Here we
probed, originally, the beneficial effects of GA or x-3-FA
on Mn-induced hepatic and renal dysfunction in Wistar
rats. We evaluated liver and kidney antioxidant status, oxi-
dative, and inflammatory stress indices together with his-
tological analyses to realize this aim. Furthermore, we
delineate the modulatory mechanisms of GA or x-3-FA
on hepatorenal toxicity in rats intoxicated with Mn.

Materials and methods

Chemicals

The following reagents and chemicals used for these
experiments were procured mainly from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA): Manganese chloride
(�99.9%), gallic acid (�95%), trichloroacetic acid (TCA),
epinephrine, 1-chloro-2 4-dinitrobenzene (CDNB), glutathi-
one, 50,50-dithio-bis-2-nitrobenzoic acid (DNTB), and
thiobarbituric acid. Spectrophotometric Plate reader com-
pactible enzyme-linked immunosorbent assay (ELISA)
96-well plate kits used in the assessment of interleukin-
1beta (IL-1b), tumor necrosis factor-alpha (TNF-a) levels
(E-labscience Biotechnology Beijing, China), and other
reagents of analytic purity were procured from the BDH
Chemicals (Dorset, U.K).

Experimental model and animal husbandry

TheWistar rats (adult; sex: male) utilized in this study were
sourced from Laboratory Experimental Animal Colony,
Veterinary Medicine Department, University of Ibadan,
Nigeria. Experimental rats were safely quarantined in poly-
carbonate cages located in an amply aired rodent

experimental house and maintained under light/dark
12-h cycle. Rats were feed and adequately supplied with
rodent chow, had unrestricted access to clean drinking
water, and were allowed to acclimatize for one week
before the experiment started. The experimental animal
was satisfactorily cared for and humanely treated.
Experimental procedures were performed following
accepted recommendations established by the University
of Ibadan Laboratory Animal Committee on the Ethical
Use of Experimental Laboratory Animals and the
National Institute of Health published Guidelines for the
Care and Use of Laboratory Animals.

Design of experiment

The experimental rats were randomly distributed into six
groups (n¼ 10 each), and all animals were treated by
gavage for 14 consecutive days as described below:

• Group I (Control): corn oil alone (2mL/kg body
weight).

• Group II (x-3 FA alone): x-3 FA alone (20mg/kg
body weight).

• Group III (GA alone): GA alone (30mg/kg).
• Group IV (Mn alone): Mn (15mg/kg)
• Group V (Mn1x-3 FA): co-treated with Mnþx-3

FA (15 and 20mg/kg, respectively).
• Group V (Mn1GA): co-treated with MnþGA (15

and 30mg/kg, respectively).

Stock solutions (100mg/mL) of GA and x-3 FA were
freshly prepared every daily for treating experimental
rats. Mn: 15mg/kg; x-3 FA:20mg/kg; and GA:30mg/kg,
doses used for this study were based on our pilot studies
and data that were previously published.17–19

On day 15, after the last treatments were administered,
the experimental rat weights were obtained, and blood sam-
ples collected from retro-orbital venous plexus into both
uncoated and ethylenediaminetetraacetic acid (EDTA)-
coated sample bottles before animal were sacrificed through
cervical dislocation. Subsequently, the blood samples were
allowed to clot and centrifuged (3000g; 10min) to get the
serum. The liver and kidney were rapidly extracted,
weighed, and treated for biochemical and histological
analyses.

Evaluation of antioxidant status of hepato-renal tissues
post experimentation

Separately, the liver and kidney sections in Tris–HCl
buffer (50mM; pH:7.4) were homogenized to obtain the
homogenates which were subsequently subjected to cold
centrifugation (12,000g; 15min at 4�C). The tissue superna-
tant obtained post centrifugation was then utilized for fur-
ther biochemical analyses. The Bradford method was
employed for the determination of protein concentration.20

Assessment of lipid peroxidation was performed by quan-
tifying malondialdehyde (MDA) levels according to the
recognized method of Farombi et al.21 and the values
were expressed as mmole MDA equivalents/mg protein.
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Quantification of endogenous activity of superoxide dis-
mutase (SOD) was performed by Misra and Fridovich tech-
nique22 and the values were expressed in nmoles
epinephrine oxidized/min/mg protein. Concentration of
catalase (CAT) was calculated following Clairborne’s pro-
cedure23 and the values were expressed in mmole H2O2

consumed/min/mg protein. Level of glutathione (GSH)
was estimated following accepted protocol24 and the
values were expressed as units/mg protein. Glutathione
peroxidase (GPx) activity was determined by the approved
method25 and the values were expressed in mmole of resid-
ual GSH/mg protein. Glutathione-S-transferase (GST)
activity was measured using the standard method26 and
the values were expressed in mmole CDNB–GSH complex
formed/min/mg protein. Assessment of CAT and SOD
activities was performed utilizing a UV-VIS
Spectrophotometer (752S), whereas other assays were per-
formed using a Molecular Devices M3 SpectraMax-384
plate reader (San Jose, CA, USA).

Determination of levels of RONS – Reactive oxygen and
nitrogen species

Determination of hepatorenal RONS levels were performed
following recognized procedure.27,28 Briefly, the hepatic or
renal homogenate (10 mL) was reacted with 20, 70-dichloro-
dihydrofluorescin diacetate (DCFH-DA (5 mL) in a reaction
environment containing phosphate buffer (0.1M; pH 7.4;
(150 mL) and distilled water (35mL). The oxidation of
DCFH-DA to DCF by RONS in the samples was probed
at the following wavelengths: excitation (488 nm) and emis-
sion (525 nm) for 10min; at an interval of 30 s using a 96-
well-format SpectraMax-M3TM plate reader. Production of
DCF under these conditions is depicted as a percentage (%)
folds over control.

Inflammatory biomarkers determination

MPO—myeloperoxidase—activity in (Units/mg protein)
was determined using the standard procedure of Granell
et al.,29 as previously expounded by Trush, while the levels
of nitric oxide (NO: mmol nitrite/mg protein) were estimat-
ed following the established protocol.30 ELISA-based
assessment of TNF-a (pg/mg protein) and IL-1b (pg/mg
protein) levels was performed and readout with the multi-
modal SpectraMax-M3TM plate reader following the man-
ufacturer’s manual.

Analysis of hematological parameters

Whole blood samples obtained using EDTA-coated sample
tubes were analyzed by the automated hematology analyz-
er (Sysmex XK-21, Kobe, Japan). Packed cell volume (PCV),
eosinophils, neutrophils, monocytes, and lymphocytes
were expressed in percentages (%), while white blood
cells (WBCs) were expressed as counts/1000 cells.

Light microscopic analysis

Sectioned samples of the liver and kidney excised from
experimental animals were fixed in formalin (10%
phosphate-buffered) for three consecutive days and pre-
pared for histological examination using the established
protocol,31 and scored following the OECD standard
degree of lesion: None (0); mild (1); mild-moderate (2);
moderate (3); moderate to severe (4); and severe (5)
system.32,33 Hematoxylin and eosin (H&E) dye was used
to stain the representative tissue (liver and kidney) slides
under appropriate conditions. Subsequently, the slides
were coded before examination by a pathologist utilizing
a Leica DM light microscopic (Wetzler, Germany).
Representing images of coded-slides were taken using
Leica ICC50E digital camera (Wetzler, Germany).

Statistical analysis

Experimental data were analyzed by ANOVA—one-way
analysis of variance—and Bonferroni’s post hoc test with
the aid of GraphPad PRISM 8 software (San Diego, CA,
USA); www.graphpad.com. P< 0.05 was considered statis-
tically significant.

Results

GA and x-3-FA improved final body weight gain and

relative organ weights in rats treated with Mn

GA and x-3-FA alone caused no significant (P< 0.05)
treatment-related changes, while treatment with Mn alone
decreased body weight gain (Table 1). Rats co-treated with
Mn and either GA and x-3-FA showed improvement in
body weight gain and corresponding reduction in
organo-somatic weight compared to Mn alone treated rats.

Table 1. Effect of gallic acid and x3-FA on the body weight gain and relative organ weight in manganese-treated rats for 14 consecutive days.

Control x3-FA alone GA alone Mn only Mn1x3-FA Mn1GA

Final body weight (g) 193.50� 16.04 188.88� 11.79a 193.63� 26.48 184.20� 19.19 197.00� 11.73b 186.70� 21.87b

Initial body weight (g) 171.63� 13.45 166.50� 15.78 171.13� 25.11 182.4� 17.21 177.00� 16.57 167.90� 17.50

Weight gain (g) 21.88� 1.26 22.38� 1.08 22.50� 1.25 1.80� 1.14a 20.00� 1.07b 18.80� 1.02b

Liver (g) 6.46� 0.21 6.63� 0.15 6.13� 0.47 7.67� 0.06a 6.78� 0.46b 6.35� 0.24b

Kidney (g) 1.03� 0.04 0.97� 0.05a 0.98� 0.05 1.20� 0.08a 1.04� 0.07b 1.00� 0.09b

RLW (%) 3.34� 0.04 3.51� 0.06 3.17� 0.09 4.16� 0.12a 3.44� 0.11b 3.40� 0.07b

RKW (%) 0.53� 0.14 0.51� 0.03 0.51� 0.04 0.65� 0.17a 0.53� 0.05b 0.54� 0.04b

Note: Manganese (Mn:15mg/kg); Gallic acid (GA:20mg/kg); Omega-3 fatty acids (x-3 FA:30mg/kg). Data bar denotes a mean�SD; n¼ 10 rats.
aP< 0.05 versus Control.
bP< 0.05 versus Mn alone.
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GA and x-3-FA protected against depletion of
antioxidants in the hepato-renal system of
rats treated with Mn

Hepatic and renal antioxidant enzymes activities of exper-
imental rats are presented in Table 2. CAT, SOD, GPx, and
GST activities were not significantly (P< 0.05) different
from the control and in rats treated with GA and x-3-FA
only. Administration of Mn only to rats decreased (P< 0.05)
hepatic and renal SOD, CAT, GST, and GPx activities when
matched with control. However, co-administration of GA
orx-3-FA increases (P< 0.05) the antioxidant enzyme activ-
ities to standard levels in the treated rats when compared
with the Mn alone rats.

GA and x-3-FA reduced biomarkers of hepato-renal
injury in Mn-treated rats

Figure 1 shows the modulatory effects of GA and x-3-FA
co-treatment on marker enzymes of liver function and bio-
markers of kidney injury in Mn-treated rats. Exposure of
rats to Mn only markedly increased the serum levels of
renal toxicity indices, specifically creatinine and urea,
as well as biomarkers of hepatic injury, namely AST,
ALP, ALT, GGT, and LDH were increased (P< 0.05) in
Mn-treated rats in comparison with control. Nevertheless,
co-treatment of GA and x-3-FA decreased (P< 0.05)
these biomarkers of hepato-renal injury in the serum of
treated rats.

Table 2. Effects of gallic acid and x3-FA on hepatic and renal antioxidant enzymes activities in manganese-treated rats for 14 consecutive days.

Control x3-FA only GA only Mn only Mn1x3-FA Mn1GA

SOD

Liver 1.32� 0.03 1.33� 0.01 1.46� 0.06a 0.71� 0.05a 1.21� 0.06b 1.31� 0.09b

Kidney 1.73� 0.07 1.83� 0.04a 1.86� 0.06a 1.07 �0.05a 1.58� 0.05b 1.68� 0.06b

CAT

Liver 7.52� 0.62 8.91� 0.76a 8.41� 0.19a 3.09� 0.38a 5.24� 0.72b 5.44 �0.64b

Kidney 11.62� 0.25 12.48� 0.39 14.25� 0.77a 6.41� 0.80a 9.08� 0.29b 11.16� 0.52b

GST

Liver 0.68� 0.03 0.72� 0.04a 0.77� 0.02a 0.24� 0.07a 0.57� 0.01b 0.63� 0.04b

Kidney 0.16� 0.03 0.19� 0.02 0.21� 0.04a 0.10� 0.01a 0.15� 0.02b 0.16� 0.01b

GPx

Liver 53.37� 3.08 59.39� 1.02a 60.16� 2.89a 45.74� 0.91a 53.18� 0.45b 52.62� 2.07b

Kidney 74.11� 1.62 81.29� 4.15a 77.59� 0.96 60.51� 2.98a 72.18� 8.05b 69.52� 0.76b

GSH

Liver 2.01� 0.38 2.05� 0.08 2.03� 0.24 1.28� 0.03a 1.68� 0.02b 1.70� 0.02b

Kidney 2.41� 0.15 2.15� 0.53 2.38� 0.15 1.32� 0.04a 2.11� 0.26b 2.05� 0.08b

Note: SOD activity (nmoles epinephrine oxidized/min/mg protein); CAT activity (mmole H2O2 consumed/min/mg protein), GST activity (mmole CDNB–GSH complex

formed/min/mg protein), GPx activity (mmole of residual GSH/mg protein), GSH level (Units/mg protein). Manganese (Mn:15mg/kg); Gallic acid (GA:20mg/kg);

Omega-3 fatty acids (x-3 FA:30mg/kg). Data bar denotes a mean�SD; n¼ 10 rats.
aP< 0.05 versus Control.
bP< 0.05 versus Mn alone.

Figure 1. Effect of gallic acid and x-3 FA on biomarkers of hepatorenal toxicity in rats treated with manganese for 14 successive days. Manganese (Mn:15mg/kg);

Gallic acid (GA:20mg/kg); Omega-3 fatty acids (x-3 FA:30mg/kg). Data bar denotes a mean�SD; n¼ 10 rats. *P<0.05 versus Control; **P< 0.05 versus Mn alone.

(A color version of this figure is available in the online journal.)
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GA and x-3-FA reduced hepato-renal oxidative stress
and inflammatory responses in Mn-treated rats

Figures 2 to 4 show the modulatory effects of GA and x-3-
FA co-treatment on the oxidative stress (RONS and LPO)
and inflammatory (NO, IL-1b, MPO, and TNF-a) bio-
markers in Mn-treated rats. Alone, GA or x-3-FA did not
alter biomarkers of oxidative stress and inflammation
in treated rats compared to the control. But Mn only treat-
ment increased (P< 0.05) MPO activity as well as the levels
of RONS, LPO, TNF-a, IL-1b, and NO in hepatorenal tis-
sues of treated rats in relation to control. Conversely,
co-treatment with GA and x-3-FA decreased (P< 0.05) the
oxidative stress and inflammatory biomarkers of treated
rats compared with rats treated with Mn only.

GA and x-3-FA improved hepato-renal lesions in
Mn-treated rats

Representative sections of the hepatorenal tissues and fre-
quency of lesion identified semi quantitative from rats are
shown in Figure 5 and Table 4, respectively. The liver
and kidney histology from control (a) and rats treated
with x-3-FA only (b) and GA only (c) appear normal. Rat
liver, treated with Mn only (d) showed severe portal and
sinusoidal congestion (red arrows) with severe periportal
cellular infiltration and proliferation of periportal connec-
tive tissue (black arrows). The kidney lesions (d) in rats
exposed to Mn only were characterized with mild intersti-
tial congestion at the renal cortex (red arrows), tubular
degeneration, necrosis, and pink staining material in their
lumen (black arrows). The hepatic and renal lesions were

partially ameliorated in rats co-treated withMn andx-3-FA
(E), whereas the tissues in rats co-administered with Mn
and GA (F) appeared structurally and functionally normal.

GA and x-3-FA ameliorated Mn-induced changes in
hematological parameters

Table 3 shows the modulatory effects of GA and x-3-FA
co-treatment on the PCV, WBC, and differential leukocyte
count, namely monocytes, eosinophils, lymphocytes, and
neutrophils in Mn-treated rats. PCV, WBC levels, and dif-
ferential leukocyte count in rats treated with GA or x-3-FA
only were not altered (P< 0.05) from the control. Exposure
of Mn only caused a decrease (P< 0.05) in the PCV level but
increased WBC and differential leukocyte count in rats
compared with t control group. Co-administration with
GA or x-3-FA increased (P< 0.05) the level of PCV,
decreased WBC and differential leukocyte count in the
rats when compared with rats treated with Mn only.

Discussion

The present study showed the protective effects of
gallic acid and x-3FA on hepatorenal oxidative injury and
inflammation related to manganese intoxication in rats.
Manganese toxicity is associated with exposure to contam-
inated food, water, and air, and has been implicated with
the pathophysiology of several disorders including neuro-
nal, hepatic, renal, and reproductive dysfunction,4,5 hence
the need to explore novel strategies in mitigating manga-
nese toxic outcome upon inadvertent exposure.
Pharmacokinetically, gallic acid appears to be rapidly

Figure 2. Effect of gallic acid and x-3 FA on RONS and LPO levels in hepatorenal tissues of rats treated with manganese for 14 successive days. Manganese

(Mn:15mg/kg); Gallic acid (GA:20mg/kg); Omega-3 fatty acids (x-3 FA:30mg/kg). Data bar denotes a mean�SD; n¼ 10 rats. *P< 0.05 versus Control; **P< 0.05

versus Mn alone. (A color version of this figure is available in the online journal.)
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Figure 4. Effect of gallic acid and x-3 FA on TNF-a and IL-1b level in in hepatorenal tissues of rats treated with manganese for 14 successive days. Manganese

(Mn:15mg/kg); Gallic acid (GA:20mg/kg); Omega-3 fatty acids (x-3 FA:30mg/kg). Data bar denotes a mean�SD; n¼ 10 rats. *P< 0.05 versus Control; **P< 0.05

versus Mn alone. (A color version of this figure is available in the online journal.)

Figure 3. Effect of gallic acid and x-3 FA on MPO activity and NO level in hepatorenal tissues of rats treated with manganese for 14 successive days. Manganese

(Mn:15mg/kg); Gallic acid (GA:20mg/kg); Omega-3 fatty acids (x-3 FA:30mg/kg). Data bar denotes a mean�SD; n¼ 10 rats. *P< 0.05 versus Control; **P< 0.05

versus Mn alone. (A color version of this figure is available in the online journal.)
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taken up and slowly eliminated from studies in rats,34,35

hence its bioavailability to serve as a protective agents
against toxic chemical exposure; on the other hand,
x-3FA bioavalibity tends to be impacted by storage condi-
tion and oxidation36,37 despite its essential role in cell mem-
brane function and its use as supplements in mitigating
pathologic condition38 toxicity and enhancing normal

cellular function. The hepatic functional integrity is usually
evaluated by measuring the standard biochemical param-
eters, precisely the serum level of hepatic aminotransfer-
ases (ALT and AST), ALP, LDH, and GGT activities
coupled with hepatic histological analysis.39 The marked
upsurge in serum aminotransferases in rats exposed to
manganese only unveiled alteration in the membrane

Figure 5. Representative photomicrographs of the kidney and liver. Upper panel: The kidney of control (a), x-3-FA (b), and gallic acid (c) alone rats showing normal

histology. The kidney of rats exposed to manganese alone (d) showing severe interstitial congestion at the renal cortex (black arrows) and tubule degeneration (red

arrows). The kidney of rats treated with manganese and x-3-FA (e), showing very mild interstitial congestion. The kidney of rats co-treated with manganese and gallic

acid seems comparable to control. Lower panel: the liver of control (a), x-3-FA only (b), and gallic acid alone (c) treated rats showing normal histology. Liver of rats

exposed to manganese only (d) displaying severe portal congestion (red arrows) and the proliferation of periportal connective tissue (black arrows). The liver of rats

treated with manganese and x-3-FA (e), showing mild portal and sinusoidal congestion. The rat liver treated with manganese and gallic acid seems comparable to

control. The magnification: �100. (A color version of this figure is available in the online journal.)

Table 3. Effects of gallic acid and x-3-FA on hematological parameters in manganese-treated rats.

Control x3-FA only GA only Mn only Mn1x3-FA Mn1GA

WBC count/1000 6.47� 0.21 5.40� 0.57 5.70� 0.28 13.60� 0.28a 6.06 �0.91b 6.50� 0.14b

PCV (%) 51.50� 1.00 53.00� 1.41 52.33� 1.15 40.83� 1.15a 51.00� 1.02b 51.25� 2.06b

Neutrophils (%) 36.50� 2.12 36.50� 2.12 38.00� 1.41 55.50� 0.71a 39.00� 1.83b 39.50� 0.71b

Lymphocytes (%) 47.00� 1.41 46.50� 2.12 46.00� 2.83 68.33� 1.53a 51.33� 2.31b 49.50� 0.71b

Eosinophils (%) 1.67� 0.58 1.67� 0.58 1.50� 0.58 1.50� 0.58 2.00� 0.01b 2.00� 0.01b

Monocytes (%) 2.75� 0.50 2.75� 0.50 2.50� 0.71 5.67� 0.58a 3.00� 0.01b 3.00� 0.03b

Note: Manganese (Mn:15mg/kg); Gallic acid (GA:20mg/kg); Omega-3 fatty acids (x-3 FA:30mg/kg). Data bar denotes a mean�SD; n¼ 10 rats.
aP< 0.05 versus Control.
bP< 0.05 versus Mn alone.
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integrity due to hepatic injury leading to their release from
the periportal hepatocytes into the blood. The protective
role of gallic acid or x-3FA in manganese-mediated liver
injury was evidenced by a reduction of the serum AST and
ALT activities in the treated rats.

Also, estimation of an ectoenzyme ALP is a well-known
indicator for hepatobiliary health and bile movement to the
intestine. At the same time, LDH, which is situated in the
cytosolic part of the plasma membrane, is a recognized
index for acute liver toxicity.40,41 GGT, which is responsible
for glutathione metabolism and amino acid reabsorption
from the glomerular filtrate and intestinal lumen42 is
well-documented to be a usual sensitive enzymatic indica-
tor of hepatobiliary diseases.43 The noticeable increase in
serum LDH, ALP, and GGT concentration in rats treated
with manganese only reveals liver injury and cholestasis
in experimental rats. Co-administered with manganese
and gallic acid or x-3FA significantly decreases serum con-
centrations of ALP, LDH, and GGT and connotes hepato-
protective effects of gallic acid or x-3FA.

Urea is formed during protein metabolism, while creat-
inine is formed from the breakdown of creatinine phos-
phate in the muscle. The kidney is responsible for the
clearance of both urea and creatinine from the bloodstream.
Therefore, an upsurge in the serum or plasma creatinine
and urea levels is well known to indicate renal
damage.44,45 The present study revealed that exposure to
manganese is associated with impairment in the kidney
function, as shown by the increase in serum levels of urea
and creatinine. Co-administration of gallic acid or x-3FA
significantly diminished these biomarkers of renal injury in
the treated rats, thus signifying the beneficial role of gallic
acid or x-3FA on the manganese-mediated renal injury.
Histopathological data verified that manganese intoxica-
tion occasioned hepatic and renal toxicity in rats, hence
supporting the clinical biochemistry data. Gallic acid or
x-3FA effectively abrogated hepatorenal injury associated
with manganese exposure in the treated rats.

Exposure to excessive environmental contaminants
including metals is connected with free radicals generation
which reportedly has made organisms to develop defense
mechanisms comprising of enzymatic antioxidants includ-
ing catalase (CAT), superoxide dismutase (SOD), glutathi-
one peroxidase (GPx), and glutathione S-transferase (GST)
and non-enzymatic antioxidants such as GSH, vitamin C,

and vitamin E.46 Endogenous hepatorenal antioxidant
defense enzymes and oxidative stress indices were assayed
to delineate the hepatorenal protective mechanisms of
gallic acid or x-3FA in manganese-exposed rats. This
study demonstrated that manganese exposure caused
marked decreases in the activities of antioxidant enzymes,
namely CAT, GPx, SOD, and GST, as well as GSH level in
rats, thus connoting impairment in their antioxidant pro-
tective function in the hepatorenal tissues of treated rats.
Besides, the upsurge in RONS and LPO levels indicates that
exposure to manganese triggered a damaging impact on
cellular membrane integrity and further reduces mecha-
nism of endogenous antioxidant defenses in experimental
animals. Rats administered manganese, and gallic acid or
x-3FA exhibited a significant increase in the antioxidant
status with a marked decrease in the RONS and LPO
levels. This observation implies that gallic acid or x-3FA
shows antioxidant and anti-lipid peroxidative mechanisms
against manganese-mediated hepatorenal toxicity.

Inflammatory cytokines specifically IL-1b and TNF-a are
vital mediators of inflammation. TNF-a controls cytokine
generation and inflammatory response progress, whereas
an increase in NO level or MPO concentration is linked
with oxido-inflammatory stress.47–49 The marked increase
in MPO concentration and levels of TNF-a, NO, and IL-1b
in manganese exposed rats implies a state of hepatic and
renal inflammation in the exposed rats. Moreover, the
marked increase in hepatic and renal NO levels may
result in nitration of proteins and modifications in signal
transduction pathways. Gallic acid or x-3FA adequately
protected against hepatorenal toxicity due to manganese
exposure via anti-inflammatory mechanism relating to
decreasing renal and hepatic MPO activity similarly as in
the levels of NO, IL-1b, and TNF-a in the treated rats.

Accumulation of manganese in bones,50 liver, and
kidneys51 suppresses the hematopoietic function by the
secretion of defective erythropoietin that affects the RBC
formation.52 The present investigation showed that manga-
nese treatment caused a severe decreased in packed cell
volume (PCV), clinically relevant in detecting anaemia.53

Metal toxicity may precipitate the production of abnormal
and reduced RBC count.54 Furthermore, excessive genera-
tion of ROS due to manganese exposure can lead to anemia
from ROS-mediated erythrocyte damage,51 reduced quan-
tity/quality of RBC, and tissue hypoxia.55 GA and x-3FA

Table 4. Effects of gallic acid and x3-FA on hepatic and renal lesions frequencies, identified in manganese-treated rats for 14 consecutive days.

Parameters Control x3-FA only GA only Mn only Mn1x3-FA Mn1GA

Liver

Portal/sinusoidal congestion 0 0 0 5 2 1

Focal area of necrosis 0 0 0 5 1 0

Cellular infiltration 0 0 1 5 1 0

Hepatic degeneration 0 0 0 3 1 0

Kidney

Congestion of renal cortex 0 0 3 2 1 0

Tubular degeneration 0 0 5 2 1 0

Necrotic tissues 0 0 5 2 1 0

Note: Manganese (Mn:15mg/kg); Gallic acid (GA:20mg/kg); Omega-3 fatty acids (x-3 FA:30mg/kg). Values are the number of rats with observed lesions in their

tissues. Degree of lesion: 0–5; None (0); mild (1); mild-moderate (2); moderate (3); moderate to severe (4); and severe (5).
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significantly increased the PCV level compared to
manganese-treated group, by averting the impact of
manganese-induced hepatic-secretion of defective erythro-
poietin-/renal toxicity,55 and oxidative damage. GA and
x-3FA exhibited similar potential in improving white
blood cells (WBC) levels in treated rats, and similar to pre-
vious report,55 WBC increased significantly in rats exposed
to manganese compared with control. Conversely, Stookey
et al.,56 reported decrease in WBC count after manganese
exposure. These discrepancies might in part be due to the
route and duration of manganese administration. Increases
in WBC count observed in manganese-treated rats maybe
indicative of rat immune response to manganese load and
tissue damage,57 since WBCs play important function in
organismic defense.

Taken together, the protective effects of gallic acid or
x-3FA on hepatorenal damage due to manganese exposure
are related to the restoration of antioxidant status, the inhi-
bition of RONS, LPO, and inflammation in the treated rats.
Therefore, dietary supplements with GA or fish oil, which
is rich in x-3FA, can serve as nutriceutical presently avail-
able as non-prescriptive/prescriptive supplements58;
despite conflicting report on x-3FAefficacies, the additive
effect of polyphenolic compounds in combination with
x-3FA in modulating oxidative damage has been
reported.59 Strategies to combine polyphenols such as GA
or its esters with stable x-3FA with limited opportunities
for oxidation maybe potential therapeutic drug candidates
against target organs injuries, mediated by oxido-
inflammatory responses in individuals environmentally
or occupationally exposed to manganese or relevant toxic
chemicals.

Authors’ contributions: All authors participated in the
design, interpretations of the study, and analysis of the data
and review of the manuscript; SEO, SON conceptualized the
experiments, ESN and MEE carried out a preliminary analysis
of the data, MEE and ESN: carried out the research. SEO, SON,
supervised the investigation, ESN proof check data for error.
SEO, MEE, and ESN wrote and revised the manuscript.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no conflicts of interest concerning this
study, publication and authorship, of this manuscript.

FUNDING

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

ORCID iD

Solomon E Owumi https://orcid.org/0000-0002-4973-0376

REFERENCES

1. Rehman K, Fatima F, Waheed I, Akash M. Prevalence of exposure of

heavy metals and their impact on health consequences. J Cell Biochem

2018;119:157–84

2. Agency for Toxic Substances and Disease Registry (ATSDR). 2012.

Toxicological prole for Manganese. Atlanta, GA: U.S. Department of

Health and Human Services, Public Health Service

3. Bouchard MF, Surette C, Cormier P, Foucher D. Low level exposure to

manganese from drinking water and cognition in school-age children.

Neurotoxicology 2018;64:110–7

4. Crossgrove J, Zheng W. Manganese toxicity upon overexposure. NMR

Biomed 2004;17:544–53

5. Spangler JG. Air manganese levels and chronic liver disease mortality

in North Carolina counties: an ecological study. Int J Environ Res Public

Health 2012;9:3258–63

6. Sanchez-Gonzalez C, Lopez-Chaves C, Gomez-Aracena J, Galindo P,

Aranda P, Llopis J. Association of plasmamanganese levels with chron-

ic renal failure. J Trace Elem Med Biol 2015;31:78–84
7. Nascimento S, Baierle M, Goethel G, Barth A, Brucker N, Charao M,

Sauer E, Gauer B, ArboMD, Altknecht L, Jager M, Dias AC, de Salles JF,

Saint’ Pierre T, Gioda A, Moresco R, Garcia SC. Associations among

environmental exposure to manganese, neuropsychological perfor-

mance, oxidative damage and kidney biomarkers in children. Environ

Res 2016;147:32–43
8. Chtourou Y, Garoui el M, Boudawara T, Zeghal N. Protective role of

silymarin against manganese-induced nephrotoxicity and oxidative

stress in rat. Environ Toxicol 2014;29:1147–54
9. Chen P, Bornhorst J, Aschner M. Manganese metabolism in humans.

Front Biosci 2018;23:1655–79
10. Siriwardhana N, Kalupahana NS. Moustaid-Moussa N. Health benefits

of n-3 polyunsaturated fatty acids: eicosapentaenoic acid and docosa-

hexaenoic acid. Adv Food Nutr Res 2012;65:211–22
11. Scorletti E, Byrne CD. Omega-3 fatty acids, hepatic lipid metabolism,

and nonalcoholic fatty liver disease. Annu Rev Nutr 2013;33:231–48
12. Maksymchuk OV. [Influence of omega-3 polyunsaturated fatty acids on

oxidative stress and cytochrome P450 2E1 expression in rat liver]. Ukr

Biochem J 2014;86:132–7
13. Firat O, Makay O, Yeniay L, Gokce G, Yenisey C, Coker A. Omega-3

fatty acids inhibit oxidative stress in a rat model of liver regeneration.

Ann Surg Treat Res 2017;93:1–10
14. Gholamine B, Houshmand G, Hosseinzadeh A, Kalantar M, Mehrzadi

S, Goudarzi M. Gallic acid ameliorates sodium arsenite-induced renal

and hepatic toxicity in rats. Drug Chem Toxicol 2019;25:1–12
15. de Oliveira LS, Thome GR, Lopes TF, Reichert KP, de Oliveira JS, da

Silva Pereira A, Baldissareli J, da Costa Krewer C, Morsch VM,

Chitolina Schetinger MR, Spanevello RM. Effects of gallic acid on

delta-aminolevulinic dehydratase activity and in the biochemical, his-

tological and oxidative stress parameters in the liver and kidney of

diabetic rats. Biomed Pharmacother 2016;84:1291–9
16. Choubey S, Goyal S, Varughese LR, Kumar V, Sharma AK, Beniwal V.

Probing gallic acid for its broad spectrum applications. Mini Rev Med

Chem 2018;18:1283–93

17. Adedara IA, Subair TI, Ego VC, Oyediran O, Farombi EO.

Chemoprotective role of quercetin in manganese-induced toxicity

along the brain-pituitary-testicular axis in rats. Chem Biol Interact

2017;263:88–98

18. Radan M, Dianat M, Badavi M, Mard SA, Bayati V, Goudarzi G. In vivo

and in vitro evidence for the involvement of Nrf2-antioxidant response

element signaling pathway in the inflammation and oxidative stress

induced by particulate matter (PM10): the effective role of gallic acid.

Free Radic Res 2019;53:210–25
19. Zhou P, Wu J, Wang Y, Zhang H, Xia Y, Zhang Y, Xu S. The synergistic

therapeutic efficacy of vancomycin and omega-3 fatty acids alleviates

Staphylococcus aureus-induced osteomyelitis in rats. Biomed

Pharmacother 2019;111:1228–33
20. Bradford MM. A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye

binding. Anal Biochem 1976;72:248–54

21. Farombi EO, Tahnteng JG, Agboola AO, Nwankwo JO, Emerole GO.

Chemoprevention of 2-acetylaminofluorene-induced hepatotoxicity

and lipid peroxidation in rats by kolaviron – a garcinia kola seed

extract. Food Chem Toxicol 2000;38:535–41

Owumi et al. Gallic acid, x-3 fatty acids: mitigate manganese toxicity 843
...............................................................................................................................................................

https://orcid.org/0000-0002-4973-0376
https://orcid.org/0000-0002-4973-0376


22. Misra HP, Fridovich I. The role of superoxide anion in the autoxidation

of epinephrine and a simple assay for superoxide dismutase. J Biol
Chem 1972;247:3170–5

23. Clairborne A. Catalase activity. In: Greenwald RA (ed) Handbook of

methods for oxygen radical research. Boca Raton, FL: CRC Press, 1995.

24. Ellman GL. Tissue sulfhydryl groups. Arch Biochem Biophys
1959;82:70–7

25. Rotruck JT, Pope AL, Ganther HE, Swanson AB, Hafeman DG,

Hoekstra WG. Selenium: biochemical role as a component of glutathi-

one peroxidase. Science 1973;179:588–90
26. Habig WH, Pabst MJ, Jakoby WB. Glutathione S-transferases. The first

enzymatic step in mercapturic acid formation. J Biol Chem
1974;249:7130–9

27. Adedara IA, Abolaji AO, Rocha JB, Farombi EO. Diphenyl diselenide

protects against mortality, locomotor deficits and oxidative stress in

Drosophila melanogaster model of manganese-induced neurotoxicity.

Neurochem Res 2016;41:1430–8
28. Owumi SE, Dim UJ. Manganese suppresses oxidative stress, inflamma-

tion and caspase-3 activation in rats exposed to chlorpyrifos. Toxicol
Rep 2019;6:202–9

29. Granell S, Gironella M, Bulbena O, Panes J, Mauri M, Sabater L, Aparisi

L, Gelpi E, Closa D. Heparin mobilizes xanthine oxidase and induces

lung inflammation in acute pancreatitis. Crit Care Med 2003;31:525–30

30. Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS,

Tannenbaum SR. Analysis of nitrate, nitrite, and [15N]nitrate in biolog-

ical fluids. Anal Biochem 1982;126:131–8

31. Bancroft JDG, M. Theory and practice of histological techniques. 6th ed.

China: Churchill Livingstone/Elsevier, 2008

32. Shackelford C, Long G, Wolf J, Okerberg C, Herbert R. Qualitative and

quantitative analysis of nonneoplastic lesions in toxicology studies.

Toxicol Pathol 2002;30:93–6
33. OECD Histopathology Guidance Document for the Medaka Extended

One-Generation Reproduction Test (MEOGRT). 2014

34. Ma F, Gong X, Zhou X, Zhao Y, Li M. An UHPLC-MS/MS method for

simultaneous quantification of gallic acid and protocatechuic acid in rat

plasma after oral administration of polygonum capitatum extract and

its application to pharmacokinetics. J Ethnopharmacol 2015;162:377–83
35. Huang Y, Zhou Z, Yang W, Gong Z, Li Y, Chen S, Wang Y, Wang A, Lan

Y, Liu T, Zheng L. Comparative pharmacokinetics of gallic acid, proto-

catechuic acid, and quercitrin in normal and pyelonephritis rats after

oral administration of a polygonum capitatum extract. Molecules
2019;24:pii: E3873

36. Cholewski M, Tomczykowa M, Tomczyk M. A comprehensive review

of chemistry, sources and bioavailability of omega-3 fatty acids.

Nutrients 2018;10:1662
37. Burri L, Hoem N, Banni S, Berge K. Marine omega-3 phospholipids:

metabolism and biological activities. Int J Mol Sci 2012;13:15401–19
38. Murru E, Banni S, Carta G. Nutritional properties of dietary omega-3-

enriched phospholipids. Biomed Res Int 2013;2013:965417
39. Holstege A. [Elevated liver enzymes]. Dtsch Med Wochenschr

2016;141:1640–6

40. Batt AM, Ferrari L. Manifestations of chemically induced liver damage.

Clin Chem 1995;41:1882–7

41. Jaiswal SK, Siddiqi NJ, Sharma B. Studies on the ameliorative effect of

curcumin on carbofuran induced perturbations in the activity of lactate

dehydrogenase in Wistar rats. Saudi J Biol Sci 2018;25:1585–92

42. Kaplan MM. Laboratory tests. In: Schiff LS and Eugene R(ed) Diseases

of the liver. 7th ed. Philadelphia: Lippincott, 1993

43. Adedara IA, Owumi SE, Uwaifo AO, Farombi EO. Aflatoxin B(1) and

ethanol co-exposure induces hepatic oxidative damage in mice. Toxicol
Ind Health 2010;26:717–24

44. Chiavaroli L, Mirrahimi A, Sievenpiper JL, Jenkins DJ, Darling PB.

Dietary fiber effects in chronic kidney disease: a systematic review

and meta-analysis of controlled feeding trials. Eur J Clin Nutr
2015;69:761–8

45. Saatkamp CJ, de Almeida ML, Bispo JA, Pinheiro AL, Fernandes AB,

Silveira L Jr. Quantifying creatinine and urea in human urine through

raman spectroscopy aiming at diagnosis of kidney disease. J Biomed Opt
2016;21:37001

46. Adedara IA, Teberen R, Ebokaiwe AP, Ehwerhemuepha T, Farombi EO.

Induction of oxidative stress in liver and kidney of rats exposed to

Nigerian bonny light crude oil. Environ Toxicol 2012;27:372–9
47. Parameswaran N, Patial S. Tumor necrosis factor-alpha signaling in

macrophages. Crit Rev Eukaryot Gene Exp 2010;20:87–103

48. Kato Y. Neutrophil myeloperoxidase and its substrates: formation of

specific markers and reactive compounds during inflammation. J Clin
Biochem Nutr 2016;58:99–104

49. Guzik TJ, Korbut R, Adamek-Guzik T. Nitric oxide and superoxide in

inflammation and immune regulation. J Physiol Pharmacol
2003;54:469–87

50. Kolanjiappan K, Manoharan S, Kayalvizhi M. Measurement of eryth-

rocyte lipids, lipid peroxidation, antioxidants and osmotic fragility in

cervical cancer patients. Clin Chim Acta 2002;326:143–9
51. Pankaj PPV. Potential role of spirulina platensis in maintaining blood

parameters in alloxan induced diabetic mice. Int J Pharm Pharmaceut Sci
2013;5:450–6

52. Hoffbrand AVM, PAH, Pettit JE. Essential haematology. 7th ed. Hoboken,

NJ: Wiley-Blackwell Publishing, 2006

53. Moreno Chulilla JA, Romero Colas MS, Gutierrez Martin M.

Classification of anemia for gastroenterologists. World J Gastroenterol
2009;15:4627–37

54. Fauci AS, Kasper DL, Longo DL, Braunwald E, Hauser L, Jameson JL,

Loscalzo J (2008)Harrison’s principles of internal medicine, vol 2, 17th edn.

Wiley, New York, pp 2470–2471. https://doi.org/10.1111/j.1445-

5994.2008.01837.x

55. Mahmoud AM. Hematological alterations in diabetic rats – Role of

adipocytokines and effect of citrus flavonoids. Excli J 2013;12:647–57
56. Stookey JD, Burg M, Sellmeyer DE, Greenleaf JE, Arieff A, Van Hove L,

Gardner C, King JC. A proposed method for assessing plasma hyper-

tonicity in vivo. Eur J Clin Nutr 2007;61:143–6
57. Howard MR, Hamilton PJ. Haematology. Blood cells. London, UK:

Churchill Livingstone, 2002, p. 133

58. Hilleman DE, Wiggins BS, Bottorff MB. Critical differences between

dietary supplement and prescription omega-3 fatty acids: a narrative

review. Adv Ther 2020;37:656–70
59. Mendez L, Munoz S, Miralles-Perez B, Nogues MR, Ramos-Romero S,

Torres JL, Medina I. Modulation of the liver protein carbonylome by the

combined effect of marine omega-3 PUFAs and grape polyphenols sup-

plementation in rats fed an obesogenic high fat and high sucrose diet.

Mar Drugs 2019;18:E34

(Received January 30, 2020, Accepted March 18, 2020)

844 Experimental Biology and Medicine Volume 245 May 2020
...............................................................................................................................................................


	table-fn1-1535370220917643
	table-fn2-1535370220917643
	table-fn3-1535370220917643
	table-fn4-1535370220917643
	table-fn5-1535370220917643
	table-fn6-1535370220917643
	table-fn7-1535370220917643
	table-fn8-1535370220917643
	table-fn9-1535370220917643
	table-fn10-1535370220917643

