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Abstract

Lead (Pb) poisoning is one of the pivotal environmental issues and prompts liver dysfunction by elevating oxidative stress
and inflammation. Nicotinamide (NA) deficiency enhances sensitivity to Pb toxicity. So, we investigated the effect of
nicotinamide (NA) on the rat’s liver histopathological and biochemical profiles in a rat model of Pb toxicity. Thirty-six rats
were divided into four groups (nine rats at each): normal (N), lead toxicity (Pbt), and NA-treated N and Pbt groups. Treated
groups took NA (180 mg/L in drinking water for one month). Pb intoxication was motivated in rats by acquiring 50 mg/L
lead acetate in drinking water. Oxidative stress markers (advanced oxidation protein products and malondialdehyde), anti-
oxidant markers (total glutathione, reduced glutathione to oxidized glutathione ratio, ferric ion reducing power, catalase, and
paraoxonase-1), and inflammatory markers (hepatic nuclear factor-kp expression, interleukin 1p level, and myeloperoxidase
activity) in sera and liver homogenates were determined. In addition, the biochemical parameters of the liver function were
measured. Finally, the liver of rats was evaluated by histopathological observation. NA corrected lead-persuaded biochemi-
cal and histopathological changes in the rat’s liver. In addition, treatment decreased Pb, oxidative stress, and inflammatory
markers in the sera and liver homogenates of N and Pbt groups. In addition, it elevated antioxidant markers (p < 0.001). NA
prevented Pb-induced liver histopathological alternations and reduced liver dysfunction by reducing Pb, oxidative stress,
and inflammation. Moreover, raising GSH/GSSG and diminishing the hepatic NF-kf pathway are cardinal mechanisms of
the treatment against Pb-motivated hepatotoxicity in rats.
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Introduction

Lead (Pb) poisoning is one of the axial environmental issues.
The common ways of Pb exposure are air, drinking water,
food, and industrial compounds. The industrial progress
globally has been correlated with elevating the effect of
xenobiotics such as lead (Pb) on humans and animals [1].
Pb accumulation in the liver leads to tissue injury via effect
on membranes and antioxidant defense systems. Pb prompts
liver dysfunction by elevating inflammation following
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oxidative stress. Moreover, it can interfere with biological
functions in lipids, proteins, DNA, and di-valance ions.
The chelating agents are a prevalent treatment for Pb
intoxication. However, these compounds cannot remove
the intracellular Pb [2] and cannot correct organ (liver
or renal) dysfunction or compensate for oxidative stress
[3]. Pb exposure often follows pathological conditions that
are reciprocal with intracellular oxidative damage. Thus,
the use of some antioxidants versus Pb-related hepatox-
icity has recently increased [4—8]. Vitamins are drastic
nutrients that have significant protective impacts on the
liver. The deficits of C, B, B¢ [9], and B; vitamins [10]
enhance sensitivity to Pb toxicity. Nicotinamide adenine
dinucleotide (NAD+) and nicotinamide adenine dinucleo-
tide phosphate (NADP+) are co-enzymes of vitamin B; or
nicotinamide (NA) that are scavengers of free radicals and
guard tissues versus oxidative damage [11]. The critical
mechanism of Pb-motivated hepatotoxicity is oxidative
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stress. Thus, we investigated the effect of NA on the rat’s
liver histopathological and biochemical profiles in a rat
model of Pb toxicity.

Materials and Methods
Materials

NA (product no.: 1.06828), lead acetate (product no.:
215902), perchlorate sodium (product no.: 931950), sodium
azide (product no.: 71289), thiobarbituric acid (TBA, prod-
uct no.: T5500), trichloroacetic acid (TCA, product no.:
t0699), CaCl, (product no.: 746455), NaCl (product no.:
85810), ethylenediaminetetraacetic acid (EDTA, prod-
uct no.: 798681), H,O,, citric acid (product no.: C1909),
reduced (product no.: G4251) and oxidized (product no.:
G4376) glutathione (GSH and GSSG, respectively), par-
aoxon (product no.: P7832), Trizol reagent (product no.:
50175111), and 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ,
product no.: T1253) were purchased from Sigma-Aldrich
Chemical Co. (USA). Sodium mono (product no.: 106345)
and dihydrogen phosphate (product no.: 106346) were
bought from Merck Company (Germany). Biochemical kits
were received from Pars Azmoon Company (Tehran, Iran).
SYBER Green qPCR Master Mix 2x and cDNA synthesis
kit were provided from Yekta Tajhiz Azma Company (Iran).

Study Design

Thirty-six male Wistar rats weighing 235 + 15 g were
obtained from the Pasteur Institute of Iran, Karaj. The rats
were kept in restrained conditions with free access to food
and water. After two weeks, rats were haphazardly distrib-
uted into four groups (nine rats in each): normal rats (N),
lead toxicity (Pbt), and two similar groups under NA treat-
ment, respectively, N (NA) and Pbt (NA). Pb poisoning was
motivated in rats with 50 mg/L lead acetate in drinking water
for one month. Treated groups received 180 mg/L of NA in
drinking water daily for one month [12]. The groups’ total
weight was equal. In addition, rat taking water level depends
on its weight. Thus, receiving Pb and NA in drinking water
not only did not cause a problem in the design process but
also prevented stress [13]. The groups fed a standard chow
diet (carbohydrate 48.8%, protein 21%, fat 3%, calcium
0.8%, phosphorus 0.4%, fiber 5%, moisture 13%, and ash
8%) that was provided from Faradam Zarin KHavarmianeh
Company, Isfahan, Iran. The study was permitted by the
Ethics Committee of Ardabil University of Medical Sci-
ences (IR ARUMS.REC.1401.044). After 16 h of fasting
and anesthetizing [14] with an intraperitoneal (I.P) injec-
tion of ketamine and xylosine (respectively, 90 and 10 mg/
kg body mass), blood samples were collected from their
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heart [15] and transferred into the test tubes with EDTA (4
mL) and without EDTA (1 mL). The blood was permitted
to clot for 30 min and centrifuged at 2000 g for 15 min.
Liver tissue was taken away and weighed readily. 200 mg
of liver slices was homogenized in 2 mL of homogenization
buffer (50 mmol/L phosphate buffered saline, pH 7.4). The
homogenized tissues were centrifuged at 4 °C and 12,000
rpm for 10 min to obtain the supernatants. Then, 75% of
the supernatant was removed for analysis of oxidative stress
and inflammatory markers except total, reduced (GSH),
and oxidized glutathione (GSSG). Finally, equivalent to the
remaining volume of the supernatant, ice-cold MPA (5%
w/v) was added and centrifuged at 4 °C and 8000 rpm for
25 min. Then, supernatant was removed for measuring total
glutathione, GSH, and GSSG [16].

Determination of Biochemical Parameters

Alanine transaminase (ALT), aspartate transaminase (AST),
alkaline phosphatase (ALP), gamma-glutamyl transpepti-
dase (GGT), total serum protein, albumin, and total bilirubin
(TB) were determined through using commercial kits (Pars
Azmoon, Tehran, Iran). The total globulin fractions were
computed by subtracting the albumin from the total protein.
Liver index of the rat was estimated (liver weight/rat weight
X 100%). Lead content in sera and liver homogenates was
detected with the flame atomic absorption spectrophotom-
eter (PerkinElmer, 3100) at 283.3 nm.

Measuring Oxidative Stress and Inflammatory
Markers

The malondialdehyde (MDA) level of samples was assessed
by adding 100 pL of sample to a mixture (1 mL of TBA
0.67% and 500pL of TCA 20%), boiling for 30 min, and
fast cooling. Then, MDA was determined from the absorb-
ance at 535 nm [17]. Advanced oxidation protein products
(AOPP) were detected by measuring absorbance in wave-
length 340 nm in diluted serum. Briefly, 40 pL of sample
diluted 1 : 5 with citrate solution (200 mmol/L). Chloramine
T (0-100 pmol/L) was used for calibration. Then, 10 pL of
potassium iodide (1160 mM) and 20pL of glacial acetic acid
were added and the absorbance of the solution was instantly
detected at 340 nm [18]. The ferric ion-reducing antioxidant
power (FRAP) was detected at 593 nm. Concisely, 50 pL of
sample was added to a reaction mixture (acetate buffer 300
mmol/L with pH 3.6 containing 10 mmol/L of TPTZ and
FeCl; 20 mmol/L) [19]. Reverse phase-HPLC at 210 nm was
used for determining reduced glutathione (GSH). Moreover,
the mobile phase was sodium perchlorate 100 mmol/L [16].
The paraoxonase-I (PON1) activity was assessed by deter-
mining one minute the absorbance of p-nitrophenol at 412
nm. P-nitrophenol was acquired by paraoxon hydrolysis. 5
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pL of sample added to a 0.800-mL mixture of 1.0 mmol/I
paraoxon and 1.0 mmol/l CaCl,, in 0.05 mole glycine buffer,
pH 10.5. The release of p-nitrophenol was succeeded at 412
nm [20]. Catalase (CAT) activity was detected with a modi-
fied Abi method [21]. Briefly, a 5 pL sample was added to
one mL of phosphate buffered saline (buffer 50 mmol/l, pH
=7 and containing 10 mm of H,0,) and read absorbance at
240 nm to 20 s.

Interleukin-1p (IL-1p) was measured with the ELISA kit
(ZellBio GmBH, Germany). The activity of myeloperoxi-
dase (MPO) was determined via reading the absorbance of
oxidized guaiacol at wavelength 470 nm. Slightly, 10 pL
of the sample was added to a mixture (50 mM potassium
phosphate buffer with 100 mM guaiacol and 0.0017% (w/w)
hydrogen peroxide, pH 7.0 at 25 °C) and read absorbance at
470 nm until 4 min.

NF-kB Expression in the Rat Liver

RNA from hepatic cells was separated with a TRIzol reagent
(Invitrogen, USA). Its mass and grade were identified by
a NanoDrop at 260 nm and 260/280 nm ratios, distinctly.
Reverse transcription (MBI Ferments, Lithuania) was
applied for cDNA generation. qRT-PCR was accomplished
with a high-quality SYBR-Green PCR kit (Toyobo, Japan).
The ABI 7300 (Applied Biosystems, Germany) was used for
gene-specific PCR amplification. B-Actin (ACTB) normal-
ized the gene expression data. RT-PCR primer sequences
were as comes behind: NF-kf: 5'-CCTGTCTGCACCTGT
TCCAA-3' (forward) and 3’ ACTCCTGGGTCTGTGTTG
TT-5' (reverse) as well as ACTB: 5'-GGAGAA GATTTG
GCACCACACT-3' (forward) and 3'-CGGTTGGCCTTA
GGGTTCAGA-5' (reverse). After the normalization, the
2 AACT method determined the correlative gene expression

levels. The first ACT is the alternation in the threshold cycle
between the NF-kf and ACTB: ACT = CT (NF-kp)-CT
(ACTB).

Pathological Study

The liver’s sections were fixed in a buffer solution containing
10% formalin and processed for paraffin embedding. Then,
the sections were stained with hematoxylin-eosin (H&E)
and observed under light microscopy for histopathological
parameters.

Statistical Analysis

All data were expressed as mean + S.D (standard devia-
tions). The Kolmogorov—Smirnov test assessed the normal
distribution of the results. The comparison of variables in all
four groups was done with an analysis of variance (ANOVA-
Tukey) test using SPSS version 16. Statistical significance
was accepted as p < 0.05.

Results

Table 1 compares liver function parameters, LWI, and body
weight in all rat groups. The enzyme activities (ALT, AST,
ALP, and GGT), TB, and LWI in the Pbt group were higher
than in other groups. In addition, total protein, Alb, globu-
lins, and body weight were lower in Pbt. Here, nicotinamide
compensated for the cited changes. There was no difference
in the enzyme activities, bodyweight, and BWI between N
and N (NA) groups. However, TB was lower in N (NA) than
N (p < 0.001).

Table 2 represents the effect of NA on Pb, total glutathione,
GSH/GSSG, FRAP, CAT, MDA, AOPP, and MPO in both sera

Table 1 The effect of nicotinamide (NA) on liver function parameters in normal (N) and lead toxicity (Pbt) rats

Parameter Groups (ten rats in each group)

N N (NA) Pbt Pbt (NA)
Alanine transaminase, ALT (U/L) 25.16 + 1.41 23.99 + 0.94 61.40 +4.13" 39.28 +2.97 "
Aspartate transaminase, AST (U/L) 28.42 +1.53 27.82 + 1.61 98.25+590" 65.04 +3.52 "%
Alkaline phosphatase (U/L) 99.72 +5.76 101.12 + 6.33 17491 + 13.07 101.37 + 7.11%#
y-Glutamyl transpeptidase (U/L) 22.35 +0.94 23.87 +0.88 36.02 +2.58 25.87 +0.89"*
Total protein (g/dL) 7.39 + 0.36 7.42 +0.40 5.68 +0.26" 6.26 +0.37 "*
Albumin (g/dL) 4.02 +0.23 3.98 +0.21 293+0.15° 3.44 +0.18"#
Globulins (g/dL) 3.37 +0.19 3.41+0.24 275+0.15" 2.82+0.19 #
Total bilirubin (mmol/L) 0.41 +0.03 037 £0.02" 279 +0.16" 0.52 +0.04™#
Body weight (g) 279.40 + 16.63 283.01 + 17.01 217.53 £ 1248 " 232.18 + 1473 “#
Liver weight index (g/100g 531 +0.27 5.28 +0.31 847 +0.51" 537+035"

“Indicates significant difference with group N (p < 0.001)
#Indicates significant difference with group Pbt (p < 0.001)
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Table 2 Effect of nicotinamide (NA) on oxidative stress and inflammatory markers in sera and liver homogenates of all groups

Parameter N N (NA) Pbt Pbt (NA)

Lead acetate Serum (pg/L) 1.93 +0.06 1.86 + 0.05 21.40 + 1.68" 592 +0.75"#
Liver (pg/g dry tissue) 349 +0.13 2.07 + 0.08" 14.19 + 0.67 8.28 +0.29™*

Total glutathione Serum (pmol/L) 214.32 + 12.51 236.25 + 12.07" 127.61 + 6.81%# 177.15 £ 10.38"#

Liver (nmol/mg protein)

586.75 + 28.96

631.38 + 30.62"

5

45731 +17.49

506.39 +23.62"#

GSH/GSSG Serum 15.58 + 1.18 2223 +1.26" 334+036" 1031 +1.23 %
Liver 13.40 + 1.04 18.57 £ 1.57° 231 +0.12° 6.38 + 0.46 “*
CAT Serum (U/mg protein) 11821 +7.43 132.56 + 9.04" 71.99 +5.03 " 102.60 + 6.22 #
Liver (U/mg protein) 307.62 + 17.24 321.83 + 19.50" 196.20 + 12.43" 244.97 + 13.56 **
PON-1 Serum (U/mg protein) 131.84 +7.38 147.90 + 8.62" 39.30 £2.75 " 118.13 +7.01 %#
Liver (U/mg protein) 8.79 + 0.50 12.16 + 0.71° 3.26 +0.28" 5.92 +047 %
FRAP Serum (pmol/L) 613.86 + 32.82 633.01 + 35.13" 34573 +19.05 470.44 2571 %#
Liver (nmol/g tissue) 6.19+ 0.34 6.75 + 037" 2.63 +0.18" 4.86 +0.38"%
MDA Serum (nmol/L) 4.60 +0.22 2.87 +0.13" 124.10 + 7.64 * 28.23 + 1.61 *
Liver (nmol/g tissue) 9.85 + 0.64 6.92 + 0.38" 37.25 + 191" 19.06 + 1.13 =#
AOPP Serum (pmol/L) 16.52 + 1.37 12.36 + 1.19° 42.77 +3.68" 34.01 £2.44 %
Liver (nmol/g tissue) 11.43 +0.62 0.68 + 0.03" 53.05 + 3.28" 2621 +320"%
IL-1p Serum (Pg./mg protein) 251.08 + 14.32 229.11 + 11.96" 604.27 + 34.50° 27523 + 1526 *
Liver (Pg./mg protein) 117.54 + 8.29 88.32 + 5.03" 32522 +18.41° 214.66 + 12.24 *
MPO Serum (U/mg protein) 0.66 + 0.05 0.49 + 0.03" 4.04 +£037 " 2.84 +0.21%*
Liver (U/mg protein) 0.73 + 0.06 0.58 + 0.08" 3.27 £ 043" 191 +£024 %%
“Indicates significant difference with group N (p < 0.001)
#Indicates significant difference with group Pbt (p < 0.001)
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and liver homogenates of all rat groups. Figure 1 shows the hepatic
NF-kp/BACT in rat gropes. The hepatic NF-k/BACT, MPO,
MDA, and AOPP were less, and total glutathione, GSH/GSSG,
CAT, PON-1, and FRAP were more in treated groups ones. How-
ever, the Pb level only was lower in Pbt (NA) (p < 0.001).
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Groups

Figure 2a-d presents the liver histopathological
regard of rat groups. Further, Table 3 displays their
semi-quantitative assessment. Figure 2a, b, d exhibits
the histopathological views of N, N (NA), and Pbt (NA)
groups. Hepatocytes of the cited groups were arranged in
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Fig.2 Histopathologic observations (stained by H&E & original
magnification x400) of the liver in the lead toxicity (Pbt) and nicoti-
namide treated one (Pbt-NA). a Normal liver architecture in N group,
hepatocytes of the cited groups arranged in plates that connected
together, and the cells were polygonal in shape with round shape
nuclei. b Normal liver structure in N (NA) group alike N group. ¢

Table 3 Semi-quantitative evaluation of histopathologic changes in
normal (N) and lead toxicity (Pbt) untreated and treated with nicoti-
namide (NA)

Histopathologic changes Group
N N(NA) Pbt Pbt(NA)
Lead acetate residue in the Kupffer - - +++ +
cells
Hyperplasia of Kuepfer cells - - +++ -
Bi-nucleated hepatocytes - - +++ -

Arrows, circles, and stars respectively represent the hyperplasia of
Kupffer cells, binucleated hepatocytes, congested sinusoids, and
autolytic cytoplasm in the liver of Pb group. d NA inhibited the his-
topathological modifications of the liver in Pbt (NA) group that was
induced with lead acetate

plates that connected together, and the cells were polyg-
onal in shape with round shape nuclei. One month of Pb
exposure ruined the liver structures of the Pbt group.
Many hepatocytes are destroyed and lost their shape. In
addition, the accumulation of Pb residue in the Kupffer
cells, hyperplasia of Kupffer cells, a high number of bi-
nucleated hepatocytes, and congested sinusoids was seen
(Fig. 2c and Table 3). NA inhibited the cited changes by
reducing the collection of Pb in hepatocytes of the Pbt
(NA) group.
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Discussion

Thirty-seven years ago, evidence reported that nicotina-
mide deficiency elevated the Pb absorption in young rats
[10]. Lead acetate participated in the liver damage and
dysfunction following the modification of the liver histo-
pathological and biochemical profiles. Protective effect of
nicotinamide versus Pb simulated hepatotoxicity is satis-
fied by diminishing on Pb, oxidative stress, and inflam-
mation along with raising of GSH/GSSG in the sera and
liver homogenate.

Pb via the accumulation in the liver, free radical genera-
tion, endogenous antioxidant reduction, and bio-membrane
injury participates in liver damage and dysfunction [8, 22].
Pb intoxication modified the rat’s liver histopathologi-
cal and biochemical profiles. Pb participated in the liver
damage and dysfunction following simulation of notable
inflammation and necrosis that confirms through hyper-
plasia of Kupffer cells, a high number of bi-nucleated
hepatocytes, congested sinusoids, and autolytic cytoplasm
(Fig. 2d and Table 3). In addition, raising ALT, AST, ALP,
and GGT activities and TB quantity and elevating total
protein, Alb, and globulins levels (Table 1) in the Pbt
group satisfies liver damage and dysfunction. The hepatic
NF-kp is a principal coordinator in liver physiology and
diseases [23]. A decrease in NF-kf} signaling is a potential
target for the hepatoprotective agents proceeding [13]. Pb
conduced to liver poisoning by upping the hepatic NF-kf
signaling following an increase on oxidative stress [8] and
IL-1p [24]. In addition, elevating MPO activity in liver
tissue results in liver injury due to raising MDA [25] and
AOPP [8] as pointers of lipid peroxidation and protein
oxidation, separately. Pbt group had the highest Pb, oxida-
tive stress markers (AOPP and MDA), and inflammatory
markers (NF-kp, IL-1p, and MPO) along with the lowest
antioxidant markers (total glutathione, GSH/GSSG, FRAP,
CAT, and PON) in the sera and the liver homogenates. The
advantageous effect of the treatment against the Pb-moti-
vated hepatotoxicity was through a diminish on Pb residue,
oxidative stress, and inflammatory markers, as well as an
elevation on antioxidant markers (Table 2) that confirms
chelating, antioxidant, and anti-inflammatory properties.
The treatment had a hepatoprotective effect by reducing
NF-kp signaling (Fig. 2), its stimulators, and MPO activity
(Table 2). Reduced glutathione powerfully retards the Pb
reactive toxic metabolites [26]. Hence, lifting GSH/GSSG
is the profitable strategy versus lead-induced hepatotoxic-
ity. PON-1 has an antioxidant effect against lipid peroxida-
tion in the cell membranes and lipoproteins [27]. In this
study, NA raised total glutathione and GSH/GSSG in N
and Pbt groups (Table 2) due to elevating glutathione syn-
thesis and glutathione reductase activity in N (NA) and Pbt
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(NA). An increase in GSH level causes a decrease on Pb
levels in the sera and liver homogenates of the cited groups
by elevating Pb excretion [8, 28]. An elevation on endog-
enous antioxidant (GSH, CAT, and PON-1) decreases lipid
peroxidation [29] and protein oxidation [8]. The signs of
liver histopathological alternations in this research are
alike to previous studies [8, 30]. We reported for the first
time the effect of NA on the cited liver histopathological
and biochemical parameters in the lead intoxication rat
model. Lately, the hepaprotective effect of nicotinic acid
in a rat model of zinc and nicotinic acid deficiency via its
raising effect on antioxidant enzyme activities (superoxide
dismutase, glutathione peroxidase, and CAT) was repre-
sented [31]. In addition, the ameliorating effect of vitamin
B; on renal failure in rats via its diminishing renal NF-kf
signaling and lipid peroxidation was reported [32].

Conclusion

Nicotinamide prevented Pb-induced liver histopathologi-
cal alternations and reduced liver dysfunction by reducing
Pb, oxidative stress, and inflammation in the sera and liver
homogenates. Moreover, raising GSH/GSSG and diminish-
ing the hepatic NF-kf pathway are cardinal saving mecha-
nisms of the treatment against Pb-motivated hepatotoxicity
in rats.
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