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ARTICLE INFO ABSTRACT

Keywords: Polystyrene nanoplastics (PS-NPs) are environmental pollutants that induce oxidative stress (OS) in multiple
Polystyrene nanoplastics organs particularly, liver. Sinensetin (SNS) is a naturally present flavones that shows diverse pharmaceutical
Sinensetin

properties i.e., anti-oxidant, anti-inflammatory and anti-apoptotic. Therefore, the present study was designed to
evaluate the therapeutic role of SNS against PS-NPs induced hepatotoxicity. 48 rats were distributed into 4
groups i.e., control, PS-NPs (50 pgkg ) treated, PS-NPs + SNS (50 ugkg ! + 20 mgkg ) co-treated and only SNS
(20 mgkg™!) treated group. PS-NPs intoxication reduced the activities of catalase (CAT), glutathione-S-
transferase (GST), superoxide dismutase (SOD), glutathione peroxidases (GPx) glutathione reductase (GSR)
and glutathione (GSH) level, whereas increased the levels of ROS and MDA. Additionally, PS-NPs increased the
levels of liver serum marker enzymes i.e., alanine transaminase (ALT), alkaline phosphatase (ALP) and aspartate
aminotransferase (AST). Moreover, the level of inflammatory makers such as nuclear factor-kappa B (NF-kB),
interleukin-6 (IL-6), tumor necrosis factor-a (TNF-), interleukin-1 beta (IL-1B) and cyclooxygenase-2 (COX-2)
activity were increased following the PS-NPS exposure. The intoxication of PS-NPs elevated Caspase-3, Bax and
Caspase-9 levels, while reducing the Bcl-2 level. Furthermore, the exposure of PS-NPs induced significant his-
topathological damages in hepatic tissue of rats. However, the supplementation of SNS considerably improved
the PS-NPs induced damages as well as histological changes due to its hepatoprotective, anti-inflammatory, anti-
apoptotic and anti-oxidant nature.

Hepatic damage
Oxidative stress
Apoptosis

1. Introduction

Plastic is a potential environmental pollutant and a critical problem
of the 21% century due to its tendency to persist in the environment for a
long time span. The annual plastic production has been raised up to 400
million tons throughout the world (Gu et al., 2020; Ahmad et al., 2023).
Plastics materials are converted into smaller plastics of 1-100 nm,
named as “nanoplastics” (NPs) by UV radiation, mechanical abrasion,
hydrolysis, and biodegradation (Gigault et al., 2018). NPs have been
reported in multiple food products i.e., tea bags, honey, milk, drinking
water and table salt (Prata et al., 2020). Human are exposed to NPs
through ingestion, inhalation as well as dermal contact (Yong et al.,
2020). Due to small size, NPs can penetrate into the cell membrane and
decreases the activities of anti-oxidant enzymes. It is reported that NPs
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have the ability to cause genotoxicity, reproductive toxicity, neurotox-
icity as well as inflammatory responses (Sharma et al., 2021).

Multiple kind of plastics are reported in environment such as poly-
styrene (PS), polyvinyl chloride (PVC) and polyethylene (PE) (Andrady,
2011). One of the most common form of plastics is PS (Gelbke et al.,
2019). PS is mainly used for the manufacturing of various type of
products i.e. bio imaging, personal care products, disposable cups,
plates, cutleries, automobile tires and synthetic textiles (Zheng et al.,
2019). PS-NPs are the environmental toxicants that are reported in
various pharmaceutical products, cosmetics, biomedical and electronic
materials (Koelmans et al., 2015). Exposure to PS-NPs causes OS,
apoptosis and inflammation, which leads to renal, brain, heart and lungs
damages (Sarasamma et al., 2020; Jung et al., 2020). PS-NPs can enter
into body of rats and may accumulate in liver, spleen and lymph node
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(Pitt et al., 2018). PS-NPs have ability to damage the hepatic tissue and
also disturb hepatic metabolism as well as induce OS in liver that results
in increased levels of liver serum markers i.e., AST, ALT and ALP
(Bouteraa et al., 2020). According to a previous study the exposure of
PS-NPs also induces histopathological damages in liver of rats due to
inflammation and OS (Pitt et al., 2018).

Flavonoids have received a lot of attention due to their anti-oxidants,
anti-allergic, anti-inflammatory and anti-bacterial activities (Saraei
et al., 2019). Sinensetin (SNS) is a flavone that is present in Orthosiphon
aristatus and various citrus fruits. It is reported to display strong thera-
peutic properties i.e., anti-inflammatory and anti-oxidant (Nasri et al.,
2017). Therefore, the present study was planned to evaluate the miti-
gative role of SNS against PS-NPs induced hepatotoxicity in rats.

2. Material and methods
2.1. Chemicals

PS-NPs and SNS were acquired from Sigma-Aldrich (Germany).
2.2. Animals

Fourty eight albino rats having weight 180-220 g (6-8 weeks old)
were used and kept in the animal house of University of Agriculture
Faisalabad. 12 h light/dark cycle, standard temperature (25 + 2 °C) and
humidity (45 + 5 %) were maintained. Moreover, commercial food and
water was provided to the rats. All the rats were handled in compliance
with the protocols of European Union of Animal Care and Experimen-
tation (CEE Council 86/609).

2.3. Experimental design

48 rats were allocated into 4 groups (n = 12). First group was
designed as control group. The second group was exposed to PS-NPs (50
pgkg ™). Third group was co-treated with PS-NPs + SNS (50 ugkg ™! + 20
mgkg ™). Fourth group was treated with only SNS (20 mgkg ™). All the
doses were given orally on daily bases through oral gavage. The
experiment was conducted for thirty days. On the last day, the rats were
sedated by using 6 mgkg™! of xylazine and 60 mgkg™' of ketamine,
decapitated and blood was stored in sterile containers for further
assessment. Liver was excised and cut into 2 equal parts; one part was
kept in zipper bag at —80 °C for further assessment. While second part
was fixed in formalin (10 %) for the histological examination.

2.4. Assessment of antioxidants

CAT activity was evaluated by the procedure outlined by Chance and
Maehly (1955). SOD activity was appraised by using the technique of
Nishikimi et al., (1972). GST activity was measured according to the
method of Couri and Abdel-Rahman (1979). To estimate GSR activity
the method of Carlberg and Mannervik (1975) technique was followed.
The protocol outlined by Sedlak and Lindsay (1968) was used to
appraise the level of GSH. While Lawrence and Burk (1976) method was
followed to examine GPx activity.

2.5. Assessment of oxidative stress markers

The level of ROS was appraised by using the method of Hayashi et al.,
(2007). For measuring MDA content, Ohkawa et al. (1979) approach
was followed.
2.6. Assessment of liver function enzymes

The levels of liver function enzymes i.e., AST (ab263883), ALP

(ab287823) and ALT (ab285264) were assessed by using ELISA kits (MA,
Abcam, USA), according to the manufacturer’s instructions.
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2.7. Inflammatory markers analysis

The levels of IL-18 (CSB-E08055r), NF-kB (CSB-E13148r) IL-6 (CSB-
E04640r), TNF-o (CSB-E07379r) and COX-2 activity (CSB-E13399r)
were evaluated by using the rat ELISA kits. The analysis was performed
by using Elisa plate reader in accordance with the company’s in-
structions (Bio-Tek, Winooski, VT, USA).

2.8. Apoptotic markers analysis

The levels of Bax (CSB-EL002573RA), Bcl-2 (CSB-E08854r), Caspase-
3 (CSB-E08857r) and Caspase-9 (CSB-E08863r) were evaluated via
ELISA kits (Cusabio Technology Llc, Houston, TX, USA) in compliance
with the manufacturer’s instructions.

2.9. Histopathological examination

Liver tissues were fixed in 10 % formaldehyde solution, dehydrated
using the increasing concentrations of alcohol and encased in the
paraffin. 4-5 pm thick sections were cut with the help of a microtome
and staining was performed by using Hematoxylin-Eosin. Lastly, a
compound microscope (Nikon, Japan), connected with a micro-
photographic system was used to examine the slides.

2.10. Statistical analysis

Data were displayed as Mean + SEM. The whole data were examined
using one way ANOVA and Tukey’s test. Significance level was set at P
< 0.05.

3. Results
3.1. Protective effect of SNS on antioxidant profile

PS-NPs intoxication induced a significant (p < 0.05) reduction in the
activities of anti-oxidant enzymes i.e., CAT, SOD, GPx, GST, GSR and
GSH level in PS-NPs administered animals in comparison to the control
animals. Nevertheless, SNS supplementation with PS-NPs significantly
increased the anti-oxidants activities as compared to PS-NPs exposed
animals. Moreover, no remarkable difference was noted in the anti-
oxidants activities between only SNS supplemented and control groups
(Table 1).

Table 1
Protective effect of SNS on biochemical markers.

Parameters Groups

Control PS-NPs PS-NPs + SNS
SNS

CAT (Umg ! protein) 9.4+ 4.8 + 7.9 + 9.5 +
0.22° 0.12¢ 0.13° 0.23°

SOD (Umg~! protein) 8.37 + 4.09 + 6.48 + 8.44 +
0.28° 0.22¢ 0.12° 0.29°

GPx (Umg’l protein) 19.54 + 8.05 + 14.16 + 19.89 +
0.73% 0.56° 0.67° 0.84°

GSR (nM NADPH 7.16 + 2.26 + 5.27 + 7.19 +

oxidized/min/mg 0.21° 0.19¢ 0.31° 0.23°
tissue)

GST (nM/min/mg protein) 27.39 + 11.42 + 21.60 + 27.64 +
1.06% 0.82¢ 0.74° 1.18°

GSH (uM/g tissue) 16.04 + 6.57 + 11.51 + 16.09 +
1.03? 0.16° 0.54° 1.16°

ROS (Umg ! tissue) 1.24 + 6.85 + 2.05 + 1.19 +
0.60% 0.16° 0.08" 0.08?

MDA (nmol/mg protein) 0.60 + 3.14 + 1.73 + 0.63 +
0.12° 0.04¢ 0.07° 0.13°

Values are shown on the basis of Mean + SEM. The values with different su-
perscripts are significantly different from other groups.
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3.2. Protective effect of SNS on oxidative stress markers

PS-NPs intoxication significantly (p < 0.05) increased the level of
ROS and MDA in PS-NPs exposed group as compared to the control
group. Nevertheless, the supplementation of SNS in co-administrated
group (SNS + PS-NPs) significantly reduced the level of MDA and ROS
in comparison to PS-NPs exposed group. Furthermore, ROS and MDA
levels in SNS only supplemented and control animals were comparable
(Table 1).

3.3. Protective effect of SNS on liver function enzymes

The intoxication of PS-NPs significantly (p < 0.05) increased the
levels of ALT, ALP and AST as compared to control animals. Neverthe-
less, the supplementation of SNS in co-administrated group significantly
lowered the levels of these enzymes in contrast to PS-NPs exposed ani-
mals. Furthermore, only SNS supplemented group exhibited the level of
these markers close to control animals (Table 2).

3.4. Protective effect of SNS on inflammatory indices

The levels of NF-kB, IL-1p, TNF-a, IL-6 and COX-2 activity were
significantly (p < 0.05) increased following the PS-NPs administration
as compared to the control group. Nevertheless, SNS supplementation
reduced the level of above-mentioned markers in SNS + PS-NPs sup-
plemented animals in comparison to PS-NPs exposed animals. However,
in only SNS treated animals these levels were near to control animals
(Table 3).

3.5. Protective effect of SNS on apoptotic markers

The exposure of PS-NPs significantly (p < 0.05) increased the levels
of Caspase-3, Bax and Caspase-9, whereas reducing the Bcl-2 level in PS-
NPs administered animals as compared to control animals. However,
SNS treatment lowered (p < 0.05) the levels of Caspase-3, Bax and
Caspase-9, while increasing the Bcl-2 level in co-administrated (PS-NPs
-+ SNS) animals in contrast to PS-NPs administered animals. Moreover,
no remarkable change was seen in the levels of apoptotic markers in only
SNS supplemented and control animals (Table 4).

3.6. Protective effect of SNS on the histology of hepatic tissues

The intoxication of PS-NPs induced significant (p < 0.05) damages in
hepatic tissues i.e. disrupted central venules, detrimental alterations in
hepatocytes nuclei and Kupffer cells as well as dilated sinusoids in
comparison to control group. However, the co-treatments of PS-NPs and
SNS significantly recovered these injuries in hepatic tissues as compared
to PS-NPs exposed group. Moreover, the histological profile in only SNS
supplemented group was similar to control group (Fig. 1).

Table 2
Protective effect of SNS on liver serum markers.
Parameters Groups
Control PS-NPs PS-NPs + SNS
SNS
ALT (U/L) 42,98 + 1.69% 84.99 + 1.58¢ 53.92 + 0.87° 42.80 + 1.78%
AST (U/L) 74.22 + 2,117 175.52 + 96.94 + 2.05" 73.45 + 2.39°
4.95¢
ALP (U/L) 134.23 + 357.18 + 179.32 + 131.30 +
5.33% 6.16° 5.27° 3.587

Values are shown on the basis of Mean + SEM. The values with different su-
perscripts are significantly different from other groups.

Journal of King Saud University - Science 36 (2024) 103079

Table 3
Protective effect of SNS on inflammatory markers.
Parameters Groups
Control PS-NPs PS-NPs + SNS
SNS
NF-xB (ngg ™" 14.66 + 65.59 + 23.72 + 14.44 +
tissue) 0.68* 2.08° 1.31° 0.58°
TNF-a (ngg~* 8.21 + 27.97 + 12.21 + 8.16 +
tissue) 0.28% 1.42¢ 0.93" 0.29%
IL-1p (ngg ™! 25.89 + 83.13 + 35.49 + 25.45 +
tissue) 0.79° 0.87¢ 0.93° 0.85°
IL-6 (ngg ! tissue)  7.16 + 26.45 + 12.51 + 7.10 =
0.34% 0.49° 0.96" 0.37°
COX-2 (ngg ™! 22.26 + 74.63 + 33.19 + 21.99 +
tissue) 1.08% 1.44° 1.15° 0.99°

Values are shown on the basis of Mean + SEM. The values with different su-
perscripts are significantly different from other groups.

Table 4
Protective effect of SNS on apoptotic markers.
Parameters Groups
Control PS-NPs PS-NPs + SNS
SNS
Bcl-2 (ng/mg 17.29 + 3.22 + 12.00 + 17.38 +
Protein) 0.61° 0.17¢ 1.02° 0.68°
Bax (ng/mg 1.54 + 8.20 + 2.84 + 1.51 &
Protein) 0.15% 0.32¢ 0.12" 0.12%
Caspase-3 (pg/mL) 1.79 + 15.18 + 2.76 + 1.77 £
0.09° 0.84° 0.11° 0.09°
Caspase-9 (pg/mL)  2.56 + 14.43 + 3.60 + 2.51 +
0.13° 0.42° 0.14° 0.117

Values are shown on the basis of Mean + SEM. The values with different su-
perscripts are significantly different from other groups.

4. Discussion

The present study was planned to evaluate the therapeutic role of
SNS against PS-NPs induced hepatic damage in rats. The exposure to PS-
NPs induces hepatotoxicity by inducing OS, lipid peroxidation (LP) as
well as increasing the level of inflammatory markers (Mohamed et al.,
2019). Additionally, PS-NPs exposure affects the structure of hepatic
system as well as impairs liver parenchymal cells (Kazemi et al., 2016).
PS-NP exposure to mammals occurs through inhalation and ingestion.
Because PS-NPs are so prevalent in the environment, their exposure is
almost inevitable. Moreover, it is reported that humans are exposed to
PS-NPs via the aquatic food chain. Furthermore, PS-NPs have also been
found in salt, water (Ossmann et al., 2018), air, beer and honey (Barria
et al., 2020). SNS is an important naturally occurring flavonoid that is
present in the leaves of Orthosiphon aristatus that possesses potential
therapeutic effects i.e., anti-bacterial, anti-oxidant, hepato-protective
and anti-inflammatory activities (Hu et al., 2021).

The exposure to PS-NPs significantly decreased the activities of anti-
oxidants i.e., CAT, SOD, GPx, GST, GSR and GSH level, while increasing
the levels of MDA and ROS. The endogenous-antioxidant-enzymes are
considered as the first line of defense that safeguards the macromole-
cules (proteins, lipids, and DNA) by lowering ROS production. CAT fa-
cilitates the transformation of HyO into H20 and O (Safhi et al., 2016).
SOD helps in the transformation of O, into HyO5 (Stinghen et al., 2014).
GSR converts glutathione disulfide into GSH that protects the cells from
OS by decreasing HyO5 and other peroxides (Deponte, 2013). GST plays
multiple functions, but generally helps in the process of detoxification
(Allocati et al., 2018). OS is caused by an imbalance in the anti-oxidants
and pro-oxidants that in turn causes hepatotoxicity (Ijaz et al., 2023).
MDA, a marker of lipid peroxidation (LP), is overproduced when there is
an increase in free radicals. LP is a reliable indicator of OS and antiox-
idant status (Alvi et al., 2022). However, our findings suggested that
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Fig. 1. Photomicrographs of rat hepatic tissues. (A) Control group presenting normal histology. (B) PS-NPs intoxication prompted adverse alterations in liver i.e.,
unclear hepatocyte boundaries, congested central veins, degenerated hepatocytes, necrotic cells with nuclear dissolution and dilated sinusoid. (C) PS-NPs + SNS
group displayed restored histology of liver tissues. (D) SNS group showing normal histology almost as in the control rats. PS-NPs: Polystyrene nanoplastics; SNS:
Sinensetin; S: Sinusoids; CV: Central vein; KC: Kupffer cell; N: Nucleus; H: Hepatocytes.

SNS-administration significantly reduced the levels of MDA and ROS by
increasing the activities of anti-oxidative enzymes due to its
anti-oxidative nature.

In the current investigation, PS-NPs intoxication induced a signifi-
cant increase in the levels of ALT, AST and ALP, which showed severe
hepatic injury. The measurement of the aforesaid liver function enzymes
in the blood is one of the routinely used methods for analyzing the liver
activity (Ulasoglu et al., 2019). Previous research has shown that OS
disrupts the membrane integrity of hepatocytes that leads to the
increased levels of hepatic function marker enzymes in the blood (Pra-
tibha et al., 2006). However, SNS supplementation reduced the levels of
these enzymes. The release of hepatic enzymes was thought to be pre-
vented by the palliative effect of SNS on the hepatocytes’ membranes
due to its hepato-protective property.

The intoxication of PS-NPs increased the levels of NF-kB, IL-6, TNF-a,
IL-1p and COX-2 activity. NF-xB stimulation has a pivotal role in in-
flammatory cytokines expressions that indicates acute inflammation and
other diseases associated with excessive ROS. NF-kB stimulation

encourages the production of IL-1p, TNF-a, IL-6 via gene up-regulation
that results in inflammation (Cai et al., 2022). COX-2 is also an in-
flammatory indicator that performs a pivotal role in inflammation (Ju
et al., 2022). However, the supplementation of SNS decreased the levels
of inflammatory markers that may be attributed to its anti-inflammatory
nature.

PS-NPs exposure increased Bax, Caspase-3 and Caspase-9 levels, on
the other hand decreased the Bcl-2 level. Bcl-2 and Bax are the members
of Bcl-2 family (Santana, 2018). Apoptotic marker Bax triggers the cell
death. Contrarily, Bcl-2 prevents the cells from apoptotic cell death
(Opferman and Kothari, 2018). An increase in Bax level and a decrease
in Bcl-2 induces the liberation of cytochrome C into cytoplasmic matrix
that activates the Caspase-9 and eventually stimulates Caspase-3 that
chops up cellular proteins; as a result, it induces change in cell structure
and prompts apoptosis. (Chipuk and Green, 2009). However, SNS
administration reduced the levels of Bax, Caspase-3 and Caspase-9,
while increasing the Bcl-2 level, that may be due to its anti-apoptotic
nature.
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Our findings revealed that the administration of PS-NPs induced
severe histopathological abnormalities in liver such as, disrupted central
venules, detrimental alterations in hepatocytes nuclei and Kupffer cells
as well as dilated sinusoids. These damages were triggered by PS-NPs via
the production of excessive free radicals and LP. Free radicals have the
potential to destroy macromolecules and cause oxidative damage, which
ultimately disrupts cellular processes and results in the degeneration of
hepatic tissues (Bouteraa et al., 2020). However, the supplementation of
SNS significantly improved the histomorphological damages due to its
hepatoprotective, anti-oxidant, anti-apoptotic and anti-inflammatory
activities.

5. Conclusion

Our findings indicated that SNS demonstrated significant attenuative
potential against PS-NPs-induced liver damage. SNS supplementation
significantly recovered the levels of hepatic function enzymes, anti-
oxidant enzymes activities, MDA and ROS levels, inflammatory
indices, levels of apoptotic markers and histopathological damages due
to its hepatoprotective, anti-oxidant, anti-apoptotic and anti-
inflammatory nature. Taken together, the results of the current study
indicated that SNS might be used as a curative agent to cure hepatic
damage.
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