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Abstract: Mancozeb (Mz) is one of the most widely used pesticides that has been reported to cause
adverse human health risks. White Nelumbo nucifera (N. nucifera) petals have therapeutic properties
to prevent toxicity. Hence, this study attempted to determine the effects of N. nucifera extract on
hepatotoxicity and oxidative stress in mancozeb-treated rats. Seventy-two male rats were divided into
nine groups and designed with a control; N. nucifera extract was administered at the doses of 0.55, 1.1,
and 2.2 mg/kg bw/day, Mz was administered at 500 mg/kg bw/day, and the co-treatment groups
(N. nucifera and Mz) were administered 0.55, 1.1, and 2.2 mg/kg bw/day of N. nucifera followed
by administering Mz 500 mg/kg bw/day daily for 30 days. The results showed that all doses of
N. nucifera extract did not induce hepatic toxicity and could suppress the toxicity of mancozeb by
increasing body weight gain and decreasing relative liver weight, lobular inflammation, and total
injury score. The combination treatment also decreased the molecular markers of oxidative stress
(2-hydroxybutyric acid, 4-hydroxynonenal, l-tyrosine, pentosidine, and N6-carboxymethyllysine).
Furthermore, the reduced glutathione and oxidized glutathione contents were adjusted close to the
normal level. Therefore, N. nucifera extract is a natural antioxidant supplement that could decrease
the toxicity of mancozeb and can be safely consumed.

Keywords: pesticides; mancozeb; toxicity; Nelumbo nucifera; liver; oxidative stress; glutathione

1. Introduction

No one in the human population can completely avoid exposure to pesticides. Con-
cerns have been significantly rising about health risks over the potentially toxic effects
of pesticides associated with occupational exposure through several routes. Mancozeb
(Mz), which is one of the most imported fungicides in Thailand [1] is an antifungal agent
that is metal-containing (manganese and zinc) and belongs to the Dithiocarbamates group.
It has been widely used since the 1940s [2]. The metal ions have oxygen-transferring
features to produce highly reactive hydroxyl radicals in Fenton reactions [3] or Fenton-like
reactions, which decompose H2O2 into a hydroxyl radical (HO•) [4]. HO• is one of the
most harmful radicals, as it is able to react with the main molecules, including proteins and
lipids [5]. Additionally, previous studies have reported that it can cause toxicity in several
organs [6–8].

The liver is the most sensitive and primary target organ regarding pesticide toxicity [9].
This organ also serves vital purposes; it is the primary site of the biotransformation process
and prevents chemical toxicity through the detoxification system [10] due to its high metabolic
potential (phases I and II reactions) [11]. Hence, for toxicological and pharmacological testing,
hepatocytes are an obvious option [12].
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In a prior study that reported the toxicity of Mz, the relative liver weight increased,
while body weight gain declined. Aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) were altered in a concentration-dependent manner [13]. Mz also affected
the histological features of the liver; 500 mg/kg of Mz induced hepatocyte degeneration,
inflammation, and venous dilatation [14]. The antioxidant enzyme activity was reduced,
which indicated increased lipid peroxidation (LPO) in rats exposed to Mz at doses of
250 and 500 mg/kg for 40 days [15]. Mz provokes redox homeostasis imbalance [7], and
GSH content was significantly decreased after the exposure of 30 mg/kg of Mz [16]. Since
the major component of Mz is metal ions that involve oxidative stress phenomena [17], ad-
vanced oxidation protein products (AOPPs) [16,18], and advanced glycation end products
(AGEs) [19] are present in the reaction. Thus, these products are considered to be markers
of oxidative stress.

Nelumbo nucifera (N. nucifera) is one of the most meaningful plants; its fruits and
pollen have a high economic value, but its petals are leftover as agricultural waste. White
N. nucifera petal aqueous extract has the highest total phenolic content, total tannin con-
tent, and maximal antioxidant activity, which it contains more of than red N. nucifera [20].
Polyphenols and flavonoids, which are commonly found in several plants, are able to scav-
enge ROS, thereby resulting in the inhibition of oxidative stress formation [21]. Flavonoids
have anti-inflammatory properties, because they inhibit inflammatory transcription factors,
reduce tissue damage and fibrosis caused by radicals [22], and regulate the cellular redox
state [23]. The lotus-seed-treated group was found to lower the body weight loss of rats
induced using carbon tetrachloride [24], while lotus leaf extracted with hot water was found
to decrease the relative weights of retroperitoneal adipose tissues and epididymis [25]. Fur-
thermore, the flavonoid extract from N. nucifera leaves reduced AST and ALT levels in the
D-galactose-induced group [26]. N. nucifera was reported to improve histological features
by reducing hepatic necroinflammation and steatosis [27]. The antioxidant properties of
N. nucifera lotus leaves have been confirmed in their antioxidative stress by inhibiting LPO
in hepatocyte cells [28]. In an in vitro study, a solution of 70% ethanol of N. nucifera flowers
decreased malondialdehyde and maintained GSH and glutathione peroxidase to the normal
level in isolated perfused rat kidneys that were induced by a Fenton mixture [29].

Due to the limited knowledge of the antioxidant potential of N. nucifera in relation to
the complications resulting from the intake of Mz, this study aimed to investigate the po-
tential protective effects of natural N. nucifera extract on mancozeb-induced hepatotoxicity
and oxidative stress in male rats.

2. Materials and Methods
2.1. Ethics Statement

All protocols were approved by the Animal Ethics Committee, Faculty of Medicine,
Chiangmai University (approval No. 21/2021), and according to the Guides for the Care
and Use of Laboratory Animals.

2.2. Plant Collection, Extraction, and Phytochemical Analysis

White N. nucifera lotuses were collected from the Thung Yang subdistrict, Laplae
district, Uttaradit Province, Thailand, in September 2019. Only complete petals were
selected, washed, steamed, and dried at 60 ◦C. Dried petals were pulverized and stored at
4 ◦C in an opaque bottle before use. N. nucifera extract was soaked with hot distilled water
at 75–80 ◦C for five minutes. Then, the solutions were filtered to remove insoluble particles.
The extract solution was lyophilized by a Lyophilizer Lyotrap (LTE Scientific Ltd., Oldham,
UK), which resulted in a 12.5% yield that was diluted before experimentation [30]. The
phytochemical constituents from the extract were measured using liquid chromatography
mass spectrometry (LC-MS) to investigate N. nucifera compositions, as reported in previous
study [20].
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2.3. Animals and Experimental Design

Seventy–two adult male Wistar rats aged 6–8 weeks, weighing 200–250 g, were pur-
chased from Nomura Siam International Co., Ltd. (Bangkok, Thailand). Two to three rats
were housed in each cage under standard environmental conditions (25 ± 2 ◦C temperature
and 12-h light/dark cycle) and fed a standard diet and filtered water. After one week of
acclimatization, the rats were divided into 9 groups (n = 8 per group) (none significantly
differed in initial body weight among the groups at p < 0.05) as follows:

- Group I (control): rats in this group received 1 mL/day of distilled water.
- Group II, III, and IV (N. nucifera extract): rats were administered N. nucifera extract at

doses 0.55, 1.1, and 2.2 mg/kg bw/day, which corresponds to the daily tea consump-
tion in humans (1.1 mg/kg bw/day) [31].

- Group V (olive oil): rats were given 1 mL/day of olive oil as a vehicle group [15].
- Group VI (Mz and olive oil): the rats obtained 500 mg/kg bw/day of Mz; the dose of

Mz was chosen due to its ability to induce liver toxicity [32].
- Group VII, VIII, and IX (N. nucifera extract and Mz): rats were treated with N. nucifera

extract 0.55, 1.1, 2.2 mg/kg bw/day followed by 500 mg/kg bw/day of Mz.

All groups were orally treated by gavage needle daily for 30 days.

2.4. Body Weight, Liver Weight, and Relative Liver Weight Analysis

The body weight data was recorded every 3 days from arrival until they were sacrificed.
At the end of the experiment period, the animals were anesthetized using Isoflurane and
sacrificed. Their abdominal cavities were opened to carefully harvest the livers, then
cleaned and weighed. The relative liver weights were calculated by dividing each liver
weight by their body weight.

2.5. Determination of Liver Function

Blood samples of 3 mL were taken from the left ventricle and stored in EDTA blood
tube. The serums AST and ALT were measured using an Automated Clinical Chemistry
Analyzer BX-3010 (Sysmex Asia Pacific Pte Ltd., Singapore) at Hematology and Biochemistry
Laboratory of Small Animals Hospital, Faculty of Veterinary Medicine, Chiang Mai University.

2.6. Liver Histopathological Evaluation

After being sacrificed, the livers were quickly dissected and fixed in 10% formalde-
hyde. The tissues were processed according to the paraffin technique, wherein they were
dehydrated through ascending grades of ethanol, cleaned in xylene, embedded in paraffin
wax, segmented at 3 µm by rotary microtome, and stained with hematoxylin and eosin
(H and E). For microscopic examination, photomicrographs were taken at 400× using
an Olympus CH-BI45-2 digital microscope camera (Olympus, Tokyo, Japan), and image
capture was taken with a UCMOSO3100KPA Toupcam microscope digital camera (ToupTek
Company, Zhejiang, China) at Research Unit I, Faculty of Medicine, Chiang Mai University.
The blind slides also investigated the degree of hepatic injury under a light microscope;
grading and scoring (<5% = 0, 5−33% = 1, 33–60% = 2, >60% = 3) was documented accord-
ing to The Nonalcoholic Steatohepatitis Clinical Research Network (The NASH CRN) [33]
by a veterinary pathologist.

2.7. Oxidative Stress Molecular Markers and Glutathione Levels Measurement

The markers of oxidative stress, including 2-hydroxybutyric acid, 4-hydroxynonenal
(4-HNE), l-tyrosine, pentosidine, and N6-carboxymethyllysine, as well as the reduced and
oxidized glutathione contents from blood serum, were conducted using a Bruker Advance
Neo 500 MHz (Bruker Daltonics, Billerica, MA, USA) nuclear magnetic resonance spectrometer
(NMR) using deuterium oxide (D2O) as the test solvent and trimethylsilylpropanoic acid (TSP)
as the standard internal substance. A 1H-qNMR examination was performed on a 500 MHz
spectrometer. The quantitative resonance peaks of each aforementioned molecular marker
were at δ2.30 ppm, δ8.09 ppm, δ 7.19 ppm, δ7.44 ppm, δ1.30 ppm, δ2.92 ppm, and δ2.16 ppm,
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respectively (Figure 1). The data was processed using MestReNova 11.0.4 software (Mestrelab
Research S.L., Santiago de Compostela, Spain) to specify peaks, analyze the spectra, and
calculate sample concentrations [34].
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Figure 1. The 1H-qNMR spectra from blood serum show peak identification: peak 1—2-hydroxybutyric
acid; peak 2—4-HNE; peak 3—l-tyrosine; peak 4—pentosidine; peak 5—N6-carboxymethyllysine; peak
6—reduced glutathione; and peak 7—oxidized glutathione.
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2.8. Statistical Analysis

The data were presented as descriptive statistic mean ± standard error (SE). The normal
distribution was examined by the Kolmogorov–Smirnov test. Mean values were analyzed us-
ing one-way ANOVA following Duncan’s multiple-range test for normality. The mean values
of the other parameters, which are non-normality, were measured using the Kruskal–Wallis
test, followed by Mann–Whitney U tests, which were performed to analyze the differences
between groups. SPSS 22 statistical software (Chicago, IL, USA) was applied for all statistical
analyses. A difference of p < 0.05 was considered statistically significant.

3. Results
3.1. Effects of N. nucifera Extract on Body Weight

The mean values of body weight gain, liver weight, and relative liver weight are pre-
sented in Table 1 [Group I: = Control; Group II: N. nucifera (0.55 mg/kg bw/day); Group III:
N. nucifera (1.1 mg/kg bw/day); Group IV: N. nucifera (2.2 mg/kg bw/day); Group V: olive oil;
Group VI: Mz (500 mg/kg bw/day); Group VII: N. nucifera (0.55 mg/kg bw/day) and Mz
(500 mg/kg bw/day); Group VIII: N. nucifera (1.1 mg/kg bw/day) and Mz (500 mg/kg bw/day);
Group IX: N. nucifera (2.2 mg/kg bw/day) and Mz (500 mg/kg bw/day)]. The body weight gain
results showed that groups II, III, IV, and V increased significantly (p < 0.05) when compared
with group VI. In contrast, there was a significant (p < 0.05) decrease in groups VI, VII, and IX
when compared to group I. There were no statistically significant differences in liver weight
between groups (p < 0.05). Additionally, the relative liver weight was found to be reduced with
statistical difference (p < 0.05) in groups II, III, IV, and V when compared to group VI. Group VI,
VII, and VIII were significantly higher (p < 0.05) than group I.

Table 1. Effects of N. nucifera extract on body weight. The values are expressed as mean ± SE.

Group Body Weight Gain (%) Liver Weight (g) Relative Liver Weight (%)

Group I 79.46 ± 6.16 14.38 ± 0.80 3.44 ± 0.14
Group II 75.53 ± 3.55 # 14.67 ± 0.71 3.57 ± 0.07 #

Group III 72.73 ± 1.40 # 13.82 ± 0.51 3.43 ± 0.10 #

Group IV 76.62 ± 2.41# 14.14 ± 0.42 3.51 ± 0.08 #

Group V 87.81 ± 8.75 # 15.16 ± 0.75 3.45 ± 0.15 #

Group VI 56.22 ± 3.39 # 14.87 ± 0.44 4.01 ± 0.10 #

Group VII 55.25 ± 9.62 * 15.21 ± 1.24 4.13 ± 0.12 *
Group VIII 64.60 ± 2.90 15.05 ± 0.68 3.85 ± 0.11 *
Group IX 56.82 ± 3.80 * 12.72 ± 0.48 3.75 ± 0.14

Values are presented as mean ± SE of n = 8. * p < 0.05 vs. Group I; # p < 0.05 vs. Group VI.

3.2. Effects of N. nucifera Extract on Liver Function Parameters

In this experiment, the concentrations of hepatic enzymes (AST and ALT) were not
significantly different in all groups at p < 0.05, as shown in Table 2.

Table 2. Effects of N. nucifera extract on liver function. All values are reported as mean ± SE.

Group (n = 8) AST (U/L) ALT (U/L)

Group I 171.37 ± 15.25 63.00 ± 10.14
Group II 220.12 ± 42.06 71.50 ± 10.93
Group III 151.87 ± 14.70 52.00 ± 5.16
Group IV 226.25 ± 64.16 54.62 ± 8.98
Group V 184.37 ± 11.25 53.12 ± 6.12
Group VI 175.37 ± 19.12 70.37 ± 11.77
Group VII 159.50 ± 23.87 46.25 ± 8.03
Group VIII 194.50 ± 38.46 68.87 ± 12.14
Group IX 161.25 ± 19.44 58.25 ± 9.90
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3.3. Effects of N. nucifera Extract on Histopathological Features and Total Score Injury of Livers

The mean values of necrotic hepatitis, lobular inflammation, and hepatocellular bal-
looning scores are shown in Figure 2A; all the above parameters significantly increased
in group VI (p < 0.05) when compared with group I. The data for lobular inflammation
scores revealed that groups II, III, V, and IX were considerably lower (p < 0.05) than group
VI. There were no significant differences between all groups in enlargement, hemorrhage,
macro- and micro-vesicular steatosis, fibrosis, and cholestatic hepatitis scores at p < 0.05, as
demonstrated in Figure 2B.
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Figure 2. Effects of N. nucifera extract on histopathological features of livers. (A) histopathological
features of livers; necrotic hepatitis, lobular inflammation, and hepatocellular ballooning expressed
as mean score ± SE. (B) histopathological features of livers; enlargement, hemorrhage, macro- and
micro-vesicular steatosis, fibrosis, and cholestatic hepatitis as mean score ± SE. The results are shown
as mean ± SE of n = 8. * p < 0.05 vs. Group I; # p < 0.05 vs. Group VI.

The mean of total score injury (Figure 3) revealed that, although all groups were
significantly increased (p < 0.05) when compared to group I, Groups III–V were significantly
lower than group VI (p < 0.05). The oral administration of Mz led to remarkably elevated
scores (p < 0.05) in groups VI–IX in comparison with group I; however, this tended to reduce
from group VI with statistical differences at p < 0.05 in groups VIII and IX. Likewise, we
carried out histopathological observations, as demonstrated in Figure 4. Group I showed
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the typical hepatocytes radiating out from a central vein (Figure 4A). None of the abnormal
structures of hepatocytes and central veins in groups II, III, IV (Figure 4B–D), and group
V (Figure 4E) appeared. Mz caused the disorganization of the hepatic parenchymal and
altered the liver cell morphologies; necrotic hepatitis, hepatocellular ballooning, and lobular
inflammation were found in group VI (Figure 4F–G). Group VII (Figure 4H) and group
VIII (Figure 4I) featured mild hepatocellular ballooning. Group IX illustrated the normal
structure of hepatocytes and was nearly identical to group I (Figure 4J).
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Figure 4. Photograph of histological changes of liver using hematoxylin and eosin (E,H) staining;
40× scale bar 50 µm. (A): group I; the central vein (CV) of the liver lobule is surrounded by
hepatocytes with a regular hepatic architecture. (B): group II, (C): group III, (D): group IV, and
(E): group V presented normal histology of central veins and hepatocytes. (F,G): group VI; the
liver tissues of this group showed the disorganization of the hepatic parenchymal, necrotic hepatitis
(filled black arrow), hepatocellular ballooning (black arrow), and macrophage aggregation (circle).
(H): group VII; the hepatocytes displayed hepatocellular ballooning. (I): group VIII; the livers had
mild hepatocellular ballooning. (J): group IX; typical hepatocytes almost as group I.

3.4. Effects of N. nucifera Extract on Oxidative Stress Molecular Markers

LPO reaction was analyzed by measuring 2-hydroxybutyric acid and 4-HNE, as
shown in Figure 5. The induction of Mz brought about a significant increase (p < 0.05)
in all experiment groups when compared to group I. However, when the extract was
combined with Mz (groups VII–IX), there was a significant attenuation (p < 0.05) of both
LPO indicators compared with group VI. In groups II–IV, the markers were significantly
lower (p < 0.05) than in group VI. Additionally, the 4-HNE parameter in group V was
slightly higher (p < 0.05) than in group I.
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The markers of AOPPs and l-tyrosine (Figure 6) were investigated, and the data
revealed that the Mz caused significantly elevated concentrations (p < 0.05) when compared
with group I. All groups had fewer concentrations of l-tyrosine than group VI (p < 0.05),
except for groups VII and VIII, when compared to group VI. The differences in l-tyrosine
levels between groups VII, VIII, and VI were not significant (p < 0.05). Group V exhibited
a mild increase (p < 0.05) when compared to group I. Interestingly, group IX showed a
considerable alleviation when compared to group VI at p < 0.05.
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Pentosidine and N6-carboxymethyllysine refer to AGE phenomenon; the mean values
of these indexes are illustrated in Figure 7. Groups III–V exhibited significantly lower levels
of these markers when compared to group VI (p < 0.05). Exposure to Mz led to significantly
higher levels (p < 0.05) of both markers in groups VI–IX when compared with group I.
Meanwhile, treatment with the different doses of the extract significantly declined (p < 0.05)
the levels of these markers when compared to group VI.
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3.5. Effects of N. nucifera Extract on Glutathione Levels

The reduced and oxidized glutathione concentrations were measured (Figure 8),
and the results showed no differences with statistical significance in groups II–V when
compared to group I. The administration of Mz caused the reduced glutathione contents to
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significantly decline (p < 0.05) in groups VI–IX, while it led to a remarkable increase (p < 0.05)
in GSSG concentrations when compared to group I. Noticeably, reduced glutathione levels
were elevated in group IX (p < 0.05), along with a reduced rate of oxidized glutathione,
when compared with group VI (p < 0.05).
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4. Discussion

Mz exposure is an ongoing problem that can bring about serious health risks in the
long run. For this reason, natural products have raised great attention to attenuate Mz
toxicity due to their antioxidant properties. In the current study, we examined the effects of
N. nucifera on the livers of Mz-treated rats in order to better understand their hepatoprotec-
tive capacity by investigating weight, liver function biomarkers, histopathological changes,
oxidative stress molecular markers, and glutathione contents.

Body weight gain [35] alteration is regarded as a sensitive indicator of toxic-induced
pathology. Generally, relative organ weights were estimated as a critical prerequisite to
compare the effect of xenobiotics on individual organs between the treated and untreated
groups [36]. Our result reported that the N. nucifera extract did not affect those markers;
the findings agree well with prior research that reported the safe use of N. nucifera fruit
ethanol extract on body weight in rat models [37]. Our study found that Mz exposure was
toxicologically relevant to body weight gain and relative liver weight. As illustrated in
previous research, Mz inhibited the percentage of body weight gain in rats [38]. To support
these findings, fungicides, such as Mz, are endocrine-disrupting chemicals that alter growth
rates via a hormone function disturbance mechanism [39]. These results were similar to
another study that revealed an increase in the relative liver weight after obtaining 500 mg/kg
bw/day of Mz [32]. The low body weight gain was proportional to the loss of final body
weight associated with increasing relative organ weights [40]. Nonetheless, N. nucifera extract
combined with Mz tended to improve those parameters to the control level.

The rates of AST and ALT were quantified, as these enzymes are an indicator of
liver damage; as a result of injury, the enzymes increased and migrated into the circula-
tion [41]. The extract did not alter these liver enzyme levels, which is consistent with a
previous report where N. nucifera fruits administered in amounts of 50 and 100 mg/kg
bw/day did not change the AST or ALT contents [37]. In the present study, Mz amounts at
500 mg/kg bw/day did not produce any significant difference with group I; in contrast to
earlier research by Yahia et al., the levels of AST and ALT increased after Mz administration
at doses of 800 and 1200 mg/kg exposed in rats for 8 weeks [42], which may have been
due to the lower concentrations of Mz and the short experiment duration. Although the
biochemical analyses remained unchanged, the liver’s histology had altered similarly to
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the prior findings; the toxicity of Kaempferia parviflora extract caused the variations in the
liver histology of rats, although there were no changes in the levels of AST and ALT [43].

The current study of cell morphology levels found necrotic hepatitis, lobular inflam-
mation, and hepatocellular ballooning after obtaining Mz, which were in accordance with
earlier research that illustrated the focal necrosis of hepatocytes in Mz-treated rats [14].
The hepatotoxicity of Mz on histological features such as inflammatory infiltration and
balloonization has also been reported [44]. The total score injury was highest in group VI
only; this result was supported by prior evidence on another ROS-generating substance [24].
The detrimental histological effects induced by Mz may be related to ROS accommodated
during oxidative stress reaction; the balance between ROS and their scavengers is inter-
rupted, and the overwhelming product can damage key biomolecules, which then causes
apoptosis, inflammation, or necrosis [45]. Damage to the cytoskeleton or the membrane
can induce hepatocellular ballooning, which results in the loss of cell structure and allows
fluid into the cell [46]. In this animal model experiment, the other parameters were not
obviously different; this is in contrast with the previous results from an in vitro study,
which demonstrated fatty-acid-induced steatosis in hepatocarcinoma cell lines [47]. Since
liver fibrosis is associated with chronic liver injury [48], and cholestatic hepatitis commonly
manifests 2 to 12 weeks after exposure [49], these histologic features were not found in our
study because of the short period. Our data revealed that the liver cell morphology was
unaffected by the N. nucifera extract. Additionally, it had a hepatoprotective ability against
Mz toxicity by reducing the hepatocyte inflammatory and total injury score compared
to group VI. This might have occurred via a ROS scavenging mechanism of antioxidant
substances, including phenolic compounds [50], which are a prominent constituent in
this extract.

NMR has become a “gold standard” for metabolomic studies in just three decades,
especially in pharmacological and medical fields [51]. Our research applied this device to
confirm the existence of oxidative stress reactions: LPO, AOPPs, and AGEs refer to adverse
impacts on the primary biomolecules of lipids, proteins, and carbohydrates, respectively.
LPO was analyzed by measuring the 2-hydroxybutyric acid and 4-HNE. 2-hydroxybutyric
acid that emerged as a byproduct of raising hepatic glutathione stress and increasing the ra-
tio of the reduced and oxidized forms of nicotinamide adenine dinucleotide (NADH/NAD
and ratio) from elevated lipid oxidation [52]. The 4-HNE is also a secondary product
generated during polyunsaturated fatty acid peroxidation [53]. The findings indicated
no significant difference between the lotus extract groups (groups II, III, and IV) and the
control group (group I). It implied that the N. nucifera extract did not influence the oxidative
degradation of the lipids. At the same time, exposure to Mz caused lipid oxidation to be
exacerbated; previous studies support our results [15,54]. The risk of LPO mainly belongs
to the formation of ROS. These radicals are impacted structures, and the dynamics of the
phospholipid bilayer membrane [55] was a possible mechanism.

In a recent study, we evaluated l-tyrosine content as an AOPP marker; this amino
acid residue may oxidize, thereby changing the structure of proteins and causing them to
cross-link, aggregate, or fragment under oxidative stress conditions such as AOPP reac-
tion [56]. Compared to group I, three dosages of N. nucifera extract did not contribute to
any differences. Conversely, Mz brought about increased l-tyrosine levels when compared
with group I, which is consistent with the prior insecticide research that 25 mg/kg of cyper-
methrin treated in rats resulted in considerably higher AOPP levels in liver and kidney [57].
It has been reported that proteins are major targets for oxidation processes because of
their large scale and rapid interactions with oxidants [58]. In addition, tyrosine contains
the phenolic side-chain, which readily oxidizes and then combines to yield dityrosine
cross-links in protein, which is a biomarker of oxidative stress [59].

AGEs are categorized as fluorescent AGEs (pentosidine) and nonfluorescent AGEs
(N6-carboxymethyllysine), which are related to the glycation reaction of glucose or other
saccharide derivatives with lipids or protein during the Maillard reaction [60]. Similar
to the results of the LPO and AOPPs, three different doses of N. nucifera extract did not
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produce any alteration when compared to group I. Meanwhile, the administration of Mz
led to remarkably increased markers of glycoxidation. The results were corroborated by
the previous evidence; AGEs were formed as a result of free radicals and metal-catalyzed
oxidation [61]. The underlying mechanisms of this conclusion may be due to glyoxal, which
is an AGE precursor that originated in metal ions catalyzed by the autoxidation of glucose,
which is known as the so-called Wolff pathway [62].

The N. nucifera extract could prevent Mz-induced oxidative stress by inhibiting LPO,
AOPPs, and AGEs. The present study was confirmed by previous results, which demon-
strated the antioxidant properties of white N. nucifera extract that significantly decreased
both LPO and AOPP contents in an in vitro model [20]. Other data from in vitro research
suggested that N. nucifera leaf extract treatments inhibited AGE generation on rat using lens
aldose reductase [63]. White N. nucifera extract is rich in antioxidants, particularly phenolics
and total tannins, which support these capacities. These compounds play a critical role in
defending against cell damage caused by oxidative stress through scavenging ROS/singlet
oxygen and metal chelating, especially for the most hazardous oxygen free radicals, HO•,
which is a product of the reaction between transition metal ions and H2O2 (Fenton reaction),
including guarding against the Fenton-like reactions that trigger the release of alkoxyl
radicals (LO•) from the degradation of lipid hydroperoxides [64].

GSH is the essential hydrophilic antioxidant shielding cells against external and
internal harmful substances, including ROS, and serves a purpose in regulating the balance
of redox status [65]. Our findings reported that groups II–IV were not significantly different
compared to group I in all parameters. GSH decreased considerably compared to group VI
in groups VII–IX. On the other hand, those groups were higher than group I in GSSG levels.
The earlier evidence in another pesticide supported our data; in an in vitro experiment,
exposure to methomyl significantly decreased GSH but elevated GSSG levels [66]. We have
observed that N. nucifera extract was found to adjust the GSH and GSSG close to the normal
range in groups VII–IX when compared to Mz-treated alone. As Mz consists of transition
metal ions that combine with peroxides to influence ROS accumulation, antioxidants such
as glutathione are crucial in diminishing radicals [67]. In oxidative stress conditions, not
only is an excessive amount of reactive oxygen species (ROS) unable to be completely
eliminated, leading to cell damage, but there is also increased demand for glutathione. This
prompts the conversion of GSSG to GSH through the glutathione reductase pathway [68].
Thus, GSH is reduced in parallel with increasing GSSG. The lotus extract possesses an
antioxidant constituent that has been reported for rebalancing ROS and its scavengers to
the regular proposition and promoting the expression of phase II detoxifying enzymes by
triggering the nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2) [69],
which supports the current results.

5. Conclusions

In conclusion, the current study indicated the effects of N. nucifera extract at different
doses on hepatotoxicity and oxidative stress caused by Mz. The extract was safely used and
suppresses Mz toxicity on body weight, histological changes, oxidative stress molecular
markers, and glutathione contents, probably via ROS scavenging and metal chelating, as
well as by stimulating phase II detoxifying enzyme expression processes. However, the
dosage effects, duration, and underlying mechanisms still require further study. N. nucifera,
a local plant, has a great probability of developing into a valuable supplement of natural
antioxidants against Mz toxicity. They have high pharmaceutical properties, as well as
their affordability for people who have high-risk exposure to Mz, especially cultivators or
individuals who desire to use it as an additional natural foodstuff.

Author Contributions: Conceptualization, P.N., P.S., J.L.-o., C.J. and R.Q.; methodology, P.N., P.S.,
C.J., R.Q., K.I. and J.L.-o.; software, P.N., P.S., J.L.-o. and C.J.; validation, P.S., C.J. and R.Q.; formal
analysis, P.N., P.S. and C.J.; investigation, P.N., P.S., C.J., K.P., K.I. and J.L.-o.; resources, P.S. and C.J.;
data curation, P.N., P.S. and C.J.; writing—original draft preparation, P.N.; writing-review and editing,



Toxics 2023, 11, 480 13 of 15

P.S., C.J. and R.Q.; visualization, P.N. and P.S.; supervision, P.S.; project administration, P.S.; funding
acquisition, P.S. and P.N. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Faculty of Medicine Research Fund, Chiang Mai University,
Chiang Mai, Thailand (049-2565).

Institutional Review Board Statement: The study was conducted in accordance with the Guides for
the Care and Use of Laboratory Animals and approved by the Animal Ethics Committee of Faculty
of Medicine, Chiang Mai University, Thailand (Approval No. 21/2021, 31 August 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data have been included in the manuscript.

Acknowledgments: The authors are thankful to the Research Unit I and Histology Research Labo-
ratory (Department of Anatomy), Toxicology Section (Department of Forensic Medicine), Medical
Science Research Equipment Center, Faculty of Medicine, Chiang Mai University, Thailand, and
Central Science Laboratory, Faculty of Science, Chiang Mai University, Thailand, for the support
of the experiment facilities. We thank the scholarship of teaching assistants and research assistants
for academics, Graduate school, Chiang Mai University, Thailand, for financial aid. Moreover, the
authors greatly appreciate Andy Barraclough for language proofreading.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Panuwet, P.; Siriwong, W.; Prapamontol, T.; Ryan, P.B.; Fiedler, N.; Robson, M.G.; Barr, D.B. Agricultural pesticide management in

Thailand: Situation and population health risk. Environ. Sci. Policy 2012, 17, 72–81. [CrossRef]
2. Costa, L.G.; Aschner, M. Toxicology of Pesticides. In Reference Module in Biomedical Sciences; Elsevier: Amsterdam, The Netherlands, 2014.
3. Das, T.K.; Wati, M.R.; Fatima-Shad, K. Oxidative Stress Gated by Fenton and Haber Weiss Reactions and Its Association with

Alzheimer’s Disease. Arch. Neurosci. 2014, 2, e60038. [CrossRef]
4. Bokare, A.D.; Choi, W. Review of iron-free Fenton-like systems for activating H2O2 in advanced oxidation processes. J. Hazard.

Mater. 2014, 275, 121–135. [CrossRef]
5. Sanna, D.; Fadda, A. Role of the Hydroxyl Radical-Generating System in the Estimation of the Antioxidant Activity of Plant

Extracts by Electron Paramagnetic Resonance (EPR). Molecules 2022, 27, 4560. [CrossRef]
6. Kackar, R.; Srivastava, M.K.; Raizada, R.B. Studies on rat thyroid after oral administration of mancozeb: Morphological and

biochemical evaluations. J. Appl. Toxicol. 1997, 17, 369–375. [CrossRef]
7. Iorio, R.; Castellucci, A.; Rossi, G.; Cinque, B.; Cifone, M.G.; Macchiarelli, G.; Cecconi, S. Mancozeb affects mitochondrial activity,

redox status and ATP production in mouse granulosa cells. Toxicol. In Vitro 2015, 30, 438–445. [CrossRef]
8. Yahia, D.; El-Amir, Y.O.; Rushdi, M. Mancozeb fungicide-induced genotoxic effects, metabolic alterations, and histological

changes in the colon and liver of Sprague Dawley rats. Toxicol. Ind. Health 2019, 35, 265–276. [CrossRef]
9. Plaa, G.L.; Hook, J.B. Target organ toxicity: Liver and kidney. Environ. Health Perspect. 1976, 15, 1. [CrossRef]
10. Gu, X.; Manautou, J.E. Molecular mechanisms underlying chemical liver injury. Expert Rev. Mol. Med. 2012, 14, e4. [CrossRef]
11. Woolbright, B.L.; Williams, C.D.; McGill, M.R.; Jaeschke, H. Liver Toxicity. In Reference Module in Biomedical Sciences; Elsevier:

Amsterdam, The Netherlands, 2014.
12. Soldatow, V.Y.; LeCluyse, E.L.; Griffith, L.G.; Rusyn, I. In vitro models for liver toxicity testing. Toxicol. Res. 2013, 2, 23–39.

[CrossRef]
13. Kackar, R.; Srivastava, M.K.; Raizada, R.B. Assessment of toxicological effects of mancozeb in male rats after chronic exposure.

Indian J. Exp. Biol. 1999, 37, 553–559.
14. Gök, E.; Deveci, E. Histopathological, immunohistochemical and biochemical alterations in liver tissue after fungicide-mancozeb

exposures in Wistar albino rats. Acta Cir. Bras. 2022, 37, e370404. [CrossRef]
15. Mohammadi-Sardoo, M.; Mandegary, A.; Nabiuni, M.; Nematollahi-Mahani, S.-N.; Amirheidari, B. Mancozeb induces testicular

dysfunction through oxidative stress and apoptosis: Protective role of N-acetylcysteine antioxidant. Toxicol. Ind. Health 2018,
34, 798–811. [CrossRef]

16. Aprioku, J.S.; Amamina, A.M.; Nnabuenyi, P.A. Mancozeb-induced hepatotoxicity: Protective role of curcumin in rat animal
model. Toxicol. Res. 2023, 12, 107–116. [CrossRef]

17. Jomova, K.; Valko, M. Advances in metal-induced oxidative stress and human disease. Toxicology 2011, 283, 65–87. [CrossRef]
18. Xiao, L.-L.; Zhang, F.; Zhao, Y.-L.; Zhang, L.-J.; Xie, Z.-Y.; Huang, K.-Z.; Ouyang, X.-X.; Wu, X.-X.; Xu, X.-W.; Li, L.-J. Using

advanced oxidation protein products and ischaemia-modified albumin to monitor oxidative stress levels in patients with
drug-induced liver injury. Sci. Rep. 2020, 10, 18128. [CrossRef]

19. Chen, J.-H.; Lin, X.; Bu, C.; Zhang, X. Role of advanced glycation end products in mobility and considerations in possible dietary
and nutritional intervention strategies. Nutr. Metab. 2018, 15, 72. [CrossRef]

https://doi.org/10.1016/j.envsci.2011.12.005
https://doi.org/10.5812/archneurosci.20078
https://doi.org/10.1016/j.jhazmat.2014.04.054
https://doi.org/10.3390/molecules27144560
https://doi.org/10.1002/(sici)1099-1263(199711/12)17:63.0.co;2-q
https://doi.org/10.1016/j.tiv.2015.09.018
https://doi.org/10.1177/0748233719834150
https://doi.org/10.1289/ehp.76151
https://doi.org/10.1017/s1462399411002110
https://doi.org/10.1039/c2tx20051a
https://doi.org/10.1590/acb370404
https://doi.org/10.1177/0748233718778397
https://doi.org/10.1093/toxres/tfac085
https://doi.org/10.1016/j.tox.2011.03.001
https://doi.org/10.1038/s41598-020-75141-2
https://doi.org/10.1186/s12986-018-0306-7


Toxics 2023, 11, 480 14 of 15

20. Laoung-On, J.; Jaikang, C.; Saenphet, K.; Sudwan, P. Phytochemical Screening, Antioxidant and Sperm Viability of Nelumbo
nucifera Petal Extracts. Plants 2021, 10, 1375. [CrossRef]

21. Chang, C.L.; Lin, C.S.; Lai, G.H. Phytochemical Characteristics, Free Radical Scavenging Activities, and Neuroprotection of Five
Medicinal Plant Extracts. Evid. Based Complement. Altern. Med. 2012, 2012, 984295. [CrossRef]

22. Maleki, S.J.; Crespo, J.F.; Cabanillas, B. Anti-inflammatory effects of flavonoids. Food Chem. 2019, 299, 125124. [CrossRef]
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