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ABSTRACT

Mercuric chloride (HgCl,) is extremely toxic to both humans and animals. It could be absorbed via ingestion, inhalation, and
skin contact. Exposure to HgCl, can cause severe health effects, including damages to the gastrointestinal, respiratory, and cen-
tral nervous systems. The purpose of this work was to explore if carvacrol (CRV) could protect rats lungs from damage caused
by HgCl,. Intraperitoneal injections of HgCl, at a dose of 1.23 mg/kg body weight were given either alone or in conjunction with
oral CRV administration at doses of 25 and 50mg/kg body weight for 7days. The study included biochemical and histologi-
cal techniques to examine the lung tissue's oxidative stress, apoptosis, inflammation, and autophagy processes. HgCl,-induced
reductions in GSH levels and antioxidant enzymes (SOD, CAT, and GPx) activity were enhanced by CRV co-administration.
Furthermore, MDA levels were lowered by CRV. The inflammatory mediators NF-xB, IxB, NLRP3, TNF-a, IL-18, IL6, COX-2,
and iNOS were all reduced by CRV. When exposed to HgCl,, the levels of apoptotic Bax, caspase-3, Apafl, p53, caspase-6, and
caspase-9 increased, but the levels of antiapoptotic Bcl-2 reduced after CRV treatment. CRV decreased levels of Beclin-1, LC3A,
and LC3B, which in turn decreased HgCl,-induced autophagy damage. After HgCl, treatment, higher pathological damage was
observed in terms of alveolar septal thickening, congestion, edema, and inflammatory cell infiltration compared to the control
group while CRV ameliorated these effects. Consequently, by preventing HgCl,-induced increases in oxidative stress and the
corresponding inflammation, autophagy, apoptosis, and disturbance of tissue integrity in lung tissues, CRV might be seen as a
useful therapeutic alternative.

1 | Introduction heavy metals [3]. Although the Earth's crust contains these ele-

ments naturally, human activities including mining, industrial
Heavy metals have been reported as elements that have a high processes, and inappropriate waste disposal also release them
density and could be toxic or harmful to human and other into the environment [4]. At present, pollution caused by metal
creatures at certain concentrations [1, 2]. Lead, mercury, co- is commonly led by mining, urban wastes, industrial sewage,
balt, cadmium, arsenic, and chromium are a few examples of  fossil fuel residues, acid rain, fertilizers, and pesticides [5].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.

© 2024 The Author(s). Environmental Toxicology published by Wiley Periodicals LLC.

Environmental Toxicology, 2024; 39:5227-5237 5227
https://doi.org/10.1002/tox.24397


https://doi.org/10.1002/tox.24397
https://doi.org/10.1002/tox.24397
mailto:
https://orcid.org/0000-0002-8222-5515
https://orcid.org/0000-0001-6775-7858
mailto:
mailto:bernaeriten@gmail.com
mailto:cuneyt.caglayan@bilecik.edu.tr
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Ftox.24397&domain=pdf&date_stamp=2024-08-06

Mercuric chloride is a chemical made of mercury and chlorine
that is often referred to as mercury (IT) chloride (HgClL,) [6]. It
has been used historically in fungicides, disinfectants, and as
a reagent in laboratory settings [7]. However, because of its tox-
icity and detrimental effects on health, its use has decreased.
HgCl, exposure can happen by skin contact, ingestion, or in-
halation. It can lead to serious health issues that influence the
skin, kidneys, and neurological system. Frequent or prolonged
exposure to high concentrations of HgCl, can cause symptoms
like renal damage, respiratory troubles, gastrointestinal disor-
ders, tremors, and in extreme situations, even death [8].

Breathing in dust particles or vapors containing HgCl, might
cause lung problems in the long run as well as acute respira-
tory distress. Inhaling HgCl, can irritate the respiratory system
and result in symptoms including coughing and dyspnea [9].
Extended exposure to elevated HgCl, concentrations may lead
to more serious lung complications, such as chemical pneumo-
nia, pulmonary edema, and pneumonitis, which are inflamma-
tions of the lung tissue. Inhaling HgCl, over an extended period
of time can cause respiratory problems like chronic bronchitis,
reduced lung function, and fibrosis [10]. Reducing exposure to
HgCl, is essential to avoid respiratory issues. Thus, in cases of
HgCl,-induced toxicity, it is preferable to investigate appropriate
treatment opportunities with a plant origin that might alleviate
against toxicities caused by HgCl,.

Carvacrol (CRV) is a natural monoterpenoid phenol, which is
commonly identified in essential oils, particularly in oregano oil
and thyme oil [11]. It is widely used as a flavor, fragrance, and
preservative in food or cosmetics [12, 13]. Recently, important
explorations have been performed to determine the pharma-
cological and biological effects of CRV in clinical applications
[14]. Studies indicate that CRV has antioxidant, anticancer,
anti-inflamatory, antiapoptotic, and antimicrobial activities
[11, 15-17]. CRV's ability to prevent lung toxicity caused by
HgCl, has not been thoroughly studied, though. Therefore, this
study aimed to assess the potential utility of CRV as an herbal
remedy to protect rats from lung impairment caused by HgCl,.

2 | Materials and Methods
2.1 | Chemicals

Carvacrol (98%) and HgCl, (99.5%) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). All of the other compounds and
chemical reagents utilized in the current research were of ana-
lytical grade.

2.2 | Animals

Thirty-five Wistar albino rats (10-12weeks, 220-250g) were
used in the experimental procedures. All rats had unlimited
access to water and a standard rat diet throughout this study.
The rats were housed in a standard environment with a room
temperature of 24 +£1°C, humidity level of 45% +5%, and 12h
light-dark cycle. The experiment protocol was approved by the
Animal Experiments Local Ethics Committee of the Ataturk
University (Approval No: 2023-9/146).

2.3 | Experimental Design

The treated dosages of CRV and HgCl, have been determined
from our previously published studies [11, 18]. The rats were
arbitrarily divided in five groups of seven rats. Every group re-
ceived treatment for 7days in a row.

(D Control group: physiological saline was orally given to rats.
(IT) CRV group: CRV (50mg/kg, b. w.) was orally given to rats.

(IIT) HgCl, group: HgCl, (1.23mg/kg, b. w.) was administered
intraperitoneally (i.p.).

(IV) HgCL,+ CRV 25 group: HgCl, (1.23mg/kg, b. w.) was ad-
ministered intraperitoneally (i.p.). Thirty minutes later, CRV
(25mg/kg, b. w.) was orally given to rats.

(V) HgCl,+CRV 50 group: HgCl, (1.23mg/kg, b. w.) was ad-
ministered intraperitoneally (i.p.). Thirty minutes later, CRV
(50mg/kg, b. w.) was orally given to rats.

Rats were given mild sevoflurane anesthesia and decapitated
(sevorane liquid 100%, Abbott Laboratory, Istanbul, Tiirkiye)
24h after the last administration (on the 8th day). A portion
of the lung tissues was stored at—80°C until biochemical and
molecular analyses. The remaining part of the lung tissues was
fixed in 10% buffered formalin solution for pathological analysis.

2.4 | Lipid Peroxidation and Oxidative Stress
Biomarker

The lung tissues were homogenized in a homogenizer in a
solution of 1.15% KCI to produce the homogenate. Levels of
malondialdehyde (MDA), an indicator of lipid peroxidation,
were measured according to Placer, Cushman, and Johnson
[19]. Superoxide dismutase (SOD) activity was determined by
Sun, Oberley, and Li [20], catalase (CAT) activity by Aebi [21]
method, glutathione peroxidase (GPx) activity by Lawrence and
Burk [22], and glutathione (GSH) level by Sedlak and Lindsay
[23] method. The amounts of GSH and MDA were calculated in
nmol/g of tissue. SOD and GPx enzyme activities have been ex-
pressed as U/g protein. CAT enzyme activity has been reported
as katal/g protein. Protein content of lung tissues was deter-
mined by the method developed by Lowry et al. [24].

2.5 | RT-PCR Analyses in Lung Tissues

In the first part of the RT-PCR analyses, total RNAs were iso-
lated from lung tissues. In the total RNA isolation process,
1mL QIAzol Lysis Reagent (79 306; Qiagen) was added to the
tissues and homogenized. Then, 200 L chloroform was in-
cluded to the homogenates and vortexed for 15s. The vortexed
solution was centrifuged at 12000g for 15min, and the top-
most translucent phase was shifted to new tubes. Afterwards,
500 uL isopropanol was added to the tubes and centrifuged
at 12000g for 10 min. After centrifugation, isopropanol was
removed and the pellet was washed with ethyl alcohol. After
the ethyl alcohol was removed from the tubes, the pellet was
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dissolved with DNase/RNase free water. In the second part
of the RT-PCR analyses, RNAs were converted into cDNAs.
For this, iScript cDNA Synthesis Kit (Bio-Rad) was used. In
these processes, 4 uL 5X iScript Reaction Mix and 1 uL iScript
Reverse Transcriptase were added to the RNAs and incubated
on the Rotor-Gene Q (Qiagen) device for 5min at 25°C, 20 min
at 46°C, and 1 min at 96°C was incubated. In the third part
of the RT-PCR analyses, the synthesized cDNAs were reacted
with iTaq Universal SYBR Green Supermix (BIORAD) and the
primers whose sequences are given in Table 1. The reaction
was carried out on the Rotor-Gene Q (Qiagen) instrument.
Temperature and time cycles were performed according to
the manufacturer's instructions. After the cycles were com-
pleted, genes were normalized to -Actin using the 2744CT
method [25].

2.6 | Histological Method

To examine histological changes in the lung, the rat tissues were
preserved in 10% formalin. Subsequently, sections with 5um
thickness were extracted from the tissues embedded in paraf-
fin and stained with hematoxylin and eosin (H&E). A binocular
Olympus Cx43 light microscope (Olympus Inc., Tokyo, Japan)
was used to examine the stained sections, and an EP50 camera
was used to take pictures. Damage was assessed blindly for each
section. Four independent variables (pathological changes) were
scored. Histopathological examination was performed consider-
ing pathological changes such as congestion, inflammatory cell
infiltration, alveolar septal thickening and edema. In scoring
these pathological changes, 0 = negative, 1 = mild, 2 = moder-
ate, 3 = high were used.

2.7 | Statistical Analysis

Biochemical and histological data were statistically analyzed
using the package program SPSS 20.0. The “one-way analysis
of variance (ANOVA)” test was used to establish statistical dif-
ferences and significance levels, and the Tukey test was utilized
to determine group differences. Results were judged significant
at the p<0.05 level, and all data were presented as mean +stan-
dard deviations (SD).

3 | Results

3.1 | Effect of Carvacrol on HgCl,-Induced Lung
Oxidative Stress

The antioxidant (SOD, CAT, GPx, and GSH) and oxidant
(MDA) markers analyzed in lung tissue are presented in
Figure 1. It was determined that HgCl, treatment reduced an-
tioxidant capacity by decreasing SOD, CAT, and GPx activi-
ties and GSH levels (p <0.05). Additionally, MDA levels were
found to be higher in the HgCl, supplement group as com-
pared with the control group (p <0.05). Nevertheless, when
CRYV plus HgCl, was administered, MDA levels were consid-
erably reduced, whereas SOD, CAT, and GPx activities, as well
as GSH levels, were elevated in comparison to the group that
was only given HgCl, treatment.

3.2 | Effect of Carvacrol on HgCl,-Induced Lung
Apoptosis

The protective effects of CRV against HgCl,-induced lung tox-
icity were assessed through analysis of apoptotic markers Bax,
Bcl-2, Apaf-1, p53, caspase-3, caspase-6, and caspase-9. The
data obtained show that HgCl,-induced group triggered apop-
tosis by up-regulating mRNA transcript levels of Bax, Apafl,
p53, caspase-3, caspase-6, and caspase-9 and down-regulating
mRNA transcript level of Bcl-2 compared with the control
group (p <0.05). However, CRV treatment significantly modu-
lated the mRNA transcript levels of the above-mentioned pa-
rameters compared with the HgCl, group (p <0.05, Figures 2
and 3).

3.3 | Effect of Carvacrol on HgCl,-Induced Lung
Inflammation

With the aim of determining the effects of CRV on inflamma-
tion, the mRNA transcript levels of NF-xB, IxB, TNF-a, IL-1(,
IL-6, NLRP3, COX-2, and iNOS were studied. It was deter-
mined that HgCl, administration caused inflammation in lung
tissue and up-regulated the mRNA transcript levels of NF-xB,
IxB, TNF-a, IL-1f3, IL-6, NLRP3, COX-2, and iNOS (p <0.05).
Nevertheless, CRV was found to reduce mRNA transcript levels
of above-mentioned parameters in a dose-dependent manner,
thereby alleviating inflammation in the lung tissue (Figures 4
and 5).

3.4 | Effect of Carvacrol on HgCl,-Induced JAK2,
STAT3, and RAGE Levels

The mRNA transcript levels of JAK2, STAT3, and RAGE in
the lung tissue were found increased significantly in HgCl,-
treated group in compared with the control group (p<0.05).
Administration of both dose of CRV with HgCl, significantly
(p<0.05) decreased in these parameters compared to only
HgCl, group (Figure 6).

3.5 | Effect of Carvacrol on HgCl,-Induced Lung
Autophagy

Analysis results of autophagic markers of lung tissue are shown
in Figure 7. It was determined that the mRNA transcript levels
of Beclinl, LC3A, and LC3B in the lung tissues of HgCl,-treated
rats increased compared with the control group (p<0.05). In
contrast, CRV administration significantly reduced the levels
of these autophagic parameters as compared with HgCl, alone
injected rats.

3.6 | Histopathological Results

Histopathological changes in the lung as a result of HgCl, and
CRYV are demonstrated in Figure 8. The control and CRV groups
showed less congestion, bleeding, and normal histological struc-
ture in terms of alveolar and bronchioles (Figure 8A,B). In the
HgCl, group, thickening of the alveolar septum, an increase in
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TABLE1 | Primer sequences.

Gene Sequences (5'-3") Length (bp) Accession no.
Bcl-2 F: GACTTTGCAGAGATGTCCAG 214 NM_016993.2
R: TCAGGTACTCAGTCATCCAC
Bax F: TTTCATCCAGGATCGAGCAG 154 NM_017059.2
R: AATCATCCTCTGCAGCTCCA
p53 F: GCGCTTCGAGATGTTCCGA 121 NM_030989.3
R: AGACTGGCCCTTCTTGGTCT
Apaf-1 F: ACCTGAGGTGTCAGGACC 192 NM_023979.2
R: CCGTCGAGCATGAGCCAA
Caspase-3 F: ACTGGAATGTCAGCTCGCAA 270 NM_012922.2
R: GCAGTAGTCGCCTCTGAAGA
Caspase-6 F: GAACGAACGGACCTGTGGA 124 NM_012922.2
R: CAGTCCAGCTCTGTACCTCG
Caspase-9 F: ACGTGAACTTCTGCCCTTCC 117 NM_031632.2
R: GGTCGTTCTTCACCTCCACC
NF-xB F: AGTCCCGCCCCTTCTAAAAC 106 NM_001276711.1
R: CAATGGCCTCTGTGTAGCCC
IxB F: TCTGAAAGCTGGCTGTGATC 180 NM_001105720.2
R: GCTAAGTGTAGACACGTGTG
NLRP3 F: TCCTGCAGAGCCTACAGTTG 185 NM_001191642.1
R: GGCTTGCAGCACTGAAGAAC
TNF-a F: CTCGAGTGACAAGCCCGTAG 139 NM_012675.3
R: ATCTGCTGGTACCACCAGTT
IL-18 F: ATGGCAACTGTCCCTGAACT 197 NM_031512.2
R: AGTGACACTGCCTTCCTGAA
IL-6 F: AGCGATGATGCACTGTCAGA 127 NM_012589.2
R: GGAACTCCAGAAGACCAGAGC
COX-2 F: AGGTTCTTCTGAGGAGAGAG 240 NM_017232.3
R: CTCCACCGATGACCTGATAT
iINOS F: AGATCAATGCAGCTGTGCTC 235 NM_012611.3
R: GGCTCGATCTGGTAGTAGTAGA
JAK2 F: TAGGTACGGAGTATCTCGTG 215 NM_031514.1
R: TGGAGTTATAGACAGCCAGG
STAT3 F: TACCTGGAGCAGCTTCATCA 153 NM_012747.2
R: GATCTCGCCCAAGAGGTTAT
RAGE F: CTGAGGTAGGGCATGAGGATG 113 NM_053336.2
R: TTCATCACCGGTTTCTGTGACC
Beclin-1 F: TCTCGTCAAGGCGTCACTTC 198 NM_053739.2
R: CCATTCTTTAGGCCCCGACG
LC3A F: GACCATGTTAACATGAGCGA 139 NM_199500.2
R: CCTGTTCATAGATGTCAGCG
LC3B F: GAGCTTCGAACAAAGAGTGG 152 NM_022867.2
R: CGCTCATATTCACGTGATCA
B-Actin F: CAGCCTTCCTTCTTGGGTATG 360 NM_031144.3

R: AGCTCAGTAACAGTCCGCCT
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FIGURE1 | Effects of CRV and HgCl, treatments on oxidative stress parameters in lung tissue. (A) Ameliorative effect of CRV on HgCl,-induced
SOD activity. (B) Ameliorative effect of CRV on HgCl,-induced CAT activity. (C) Ameliorative effect of CRV on HgCl,-induced GPx activity. (D)
Ameliorative effect of CRV on HgCl,-induced GSH level. (E) Ameliorative effect of CRV on HgCl,-induced MDA level. Values are expressed as
mean + SD. Different letters (a—d) on the columns show a statistical difference (p <0.05).

inflammatory cells, and an increase in vascular congestion and
bleeding were observed (Figure 8C). According to the score re-
sults of the HgCl, group, higher pathological damage was ob-
served in terms of alveolar septal thickening, congestion, edema,
and inflammatory cell infiltration (p <0.05). Improvement in
septal thickening, congestion, bleeding, and inflammation was
observed in the HgCl,+CRV-25 and HgCl,+CRV-50 groups
(Figure 8D,E). Histopathological changes were also scored
and analyzed (Figure 8F). Additionally, it was determined that
co-administratioon of 25 and 50mg CRV with HgCl, caused a
significant decrease in the pathological damage score (alveolar
septal thickening, congestion, edema, and inflammatory cell in-
filtration) (p <0.05).

4 | Discussion

Mercury is released by several industrial processes, such as the
production of batteries and pesticides, as well as natural phenom-
ena like volcanic eruptions [26]. It is regarded as one of the most
hazardous environmental contaminants that can contaminate soil
and water. The possibility that mercury toxicity has harmful effects
in adult human and animal body tissues, including neurological,
respiratory, renal, dermatological, immunological, reproductive,
and developmental diseases, is extremely concerning. Therefore, it
is recommended to search for suitable therapy options with a plant
origin that may protect against toxicities generated by HgCl, in sit-
uations of HgCl,-induced toxicity. For that reason, the purpose of
this study was to determine whether CRV, an herbal treatment,
might protect rats’ lungs from HgCl,-induced lung damage.

It is well known that HgCl, produces reactive oxygen species
(ROS), which lead to oxidative stress and, ultimately, lipid

peroxidation, which destabilizes and fragments the cell mem-
brane [27, 28]. Our findings demonstrate a considerable increase
in MDA levels following HgCl, treatment. Therefore, through
increased lipid peroxidation, HgCl, may produce biochemical
and functional alterations in the lung tissues. Additionally,
reduced GSH and superoxide radical generation are also con-
nected to the toxicity of HgCl, [29]. GSH serves as an intracellu-
lar antioxidant and mercury carrier because of the thiol (—SH)
group. Actually, cells use GSH as their first line of defense
when they come into contact with HgCl,-containing materials.
Because HgCl, binds to GSH and then removes it from the cells,
the amount of GSH in the cell and its antioxidant capacity are
decreased [27]. The current study demonstrated that the lung
GSH levels of rats given HgCl, were considerably lower. Our
findings show that pretreatment with CRV considerably amelio-
rated the raised MDA and decreased GSH levels while protect-
ing rat lung tissue from HgCl,-induced oxidative damage. This
could be because CRV has exceptional antioxidant properties.
The CAT, GPx, and SOD, components of the enzymatic antioxi-
dant system, guard against ROS and oxidative damage [30]. The
restoration of these biochemical markers in the current study
showed that CRV could protect the experimental rats’ lung from
harm caused by exposure to HgCl,. The significant antioxidant
activity of CRV, demonstrated by its capacity to protect the lipid
cell membrane from oxidation, decrease lipid peroxidation, and
increase the levels of antioxidant enzymes, may help to explain
our findings.

The natural physiological reaction of cells to various stimuli, in-
fections, or damage—including cytotoxic chemical treatments
or radiation therapy—that results in irreversible DNA dam-
ages causes apoptosis [31]. The molecular machinery involved
in apoptosis is well-characterized and critically depends on the
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FIGURE 2 | Effects of CRV and HgCl, treatments on Bax, Bcl-2, Apaf-1, and p53 mRNA transcription levels in lung tissue. (A) Bax mRNA
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mean + SD. Different letters (a—d) on the columns show a statistical difference (p <0.05).
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FIGURE3 | Effects of CRV and HgCl, treatments on caspase-3, caspase-6, and caspase-9 mRNA transcription levels in lung tissue. (A) caspase-3
mRNA transcript levels, (B) caspase-6 mRNA transcript level, and (C) caspase-9 mRNA transcript levels. Values are expressed as mean+ SD.
Different letters (a-d) on the columns show a statistical difference (p <0.05).

activation of caspase proteases. This can be achieved either at preventing the cell cycle at G1, or interphase, to bounce the cells
the cell surface by activating death receptors or through an phase to healing; nevertheless, it will prompt apoptosis if im-
intrinsic pathway started by mitochondrial outer membrane pairment is extensive and repair efforts be unsuccessful [34].
permeabilization. The proteins Bax and Bak cause the release Our study, similar to earlier ones [29, 35, 36], also showed that
of cytochrome ¢ from mitochondria during apoptosis. Upon re- HgCl,-induced lung caused apoptosis, as evidenced by the lungs
lease, cytochrome c binds to ATP and apoptotic protease acti- of the HgCl,-treated group having significantly higher levels of
vating factor-1 (Apaf-1), which in turn binds to pro-caspase-9 to Bax, caspase-3, Apafl, p53, caspase-6, and caspase-9 and lower
form an apoptosome, a protein complex [32, 33]. Caspases are levels of Bcl-2. HgCl, can induce cellular apoptosis by transfer-
cleaved by the apoptosome into their active forms, caspase-9, ring cytochrome-c from mitochondria to the cytoplasm, which
and caspase-3, respectively, which cleaves and activates pro- initiates the caspase pathway and results in the formation of
caspase. p53 precludes the cells from duplicating through apoptosomes. Rats administered HgCl,+CRV for treatment
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showed a considerable decrease in apoptotic markers in their
lungs as compared with the HgCl,-treated group. In an investi-
gation, CoQ10NPs increased the level of Bcl-2 and decreased the
amounts of Bax and caspase-3 to prevent hepatorenal apoptosis
induced by HgCl, [36]. In a study, CRV regulated the protein ex-
pression of Bcl-2, Bax, caspase-3, and p-ERK impling that CRV
has antiapoptotic properties that mitigate ethanol-mediated
hippocampus neuronal damage [37]. Another study reported
that the levels of apoptotic Bax and caspase-3 increased when
exposed to HgCl,, but the levels of antiapoptotic Bcl-2 dropped
after HgCl, treatment while CRV treatment reversed these ef-
fects [29] further suggesting ameliorative effects of CRV toward
HgCl,-induced apoptosis.

One characteristic that distinguishes the inflammatory re-
sponse is the creation of proinflammatory cytokines, containing
TNF-a, IL-6, and IL-183, via NF-xB and/or the inflammasome
NLRP3 [38]. The NF-xB signaling pathway is one significant
mechanism that starts the transcription of NLRP3 [39]. It
often undergoes phosphorylation at Ser536, translocates to the
nucleus, and increases NLRP3 and IL-18 mRNA synthesis.
Moreover, Fann et al. [40] claim that NF-xB is an indispensable
downstream target of MAPK signaling, which regulates IL-18
and TNF-a among other inflammatory cytokines. TNF-a and
IL-1B, which both inhibit TNF-a and IL-1§ expression and trig-
ger innate immunity and ensuing inflammatory responses, are

the main drivers of the inflammatory cascade. Several studies
have suggested that pathogenic conditions frequently result
in prolonged and/or excessive NO generation, the majority of
which is caused by iNOS expression [41]. Specifically, iNOS has
garnered significant interest because of its vital roles in disor-
ders associated with inflammation. In reaction to physical,
chemical, and biological stimuli such as UV radiation exposure,
dioxin, and LPS assault, the majority of normal mammalian tis-
sues exhibit modest expression of the COX-2 protein [42]. The
byproduct of iNOS, has been shown to control COX-2 expression
and prostaglandin synthesis in inflammatory models [43]. Our
work has shown that HgCl, may cause an increase in inflam-
matory cytokines by activating pathways such as NLRP3, iNOS/
COX-2, TNF-a, NF-xB, and IL-1f3, which regulate the produc-
tion of various pro-inflammatory and cytotoxic genes. CRV de-
creased the level of these inflammatory factors indicating that
CRV's lung protective effects also stem from its ability to regu-
late inflammation. In parallel to our studies, trimetazidine, an
anti-ischemic medication, inhibits renal inflammatory stress,
and caspase-dependent apoptosis in rats to prevent mercury
nephrotoxicity [44]. Overall, antioxidants may be repurposed to
suppress oxidative inflammation in rats, hence reducing HgCl,
lung toxicity.

Several critical biological processes, including angiogenesis,
death, differentiation, proliferation of cells, and immunological

5234

Environmental Toxicology, 2024

85UB01 SUOWIWOD SAIERID (dedl|dde ayy Aq peusenob afe sapie YO ‘s Jo SNl Joj Afeiq18ulUO 8|1 UO (SUONIPUOD-pUE-SWLBI W00 A8 1M Aeg Ul UO//:SdNy) SUONIPUOD pue SWS | 81 88S *[G202/2T/80] Uo ARiqiTauliuo AB|Im ‘1legep3 u/es 3109|id Aq L6EvZ X0)/200T OT/I0p/Wod A8 | imAreiq1jeuluoy//sdny woiy pepeojumod ‘2T ‘v20Z ‘8.2.22ST



umemation
alveolar septal thickness
edema

g
L,
g =
H

Hgll,  HgCl/CRV HgCl,+CRY
% 50

FIGURE 8 | Histological evaluation of hematoxylin-eosin (H&E) stained sections of CRV and HgCl, treated lung tissues. (A) Control group,
(B) CRV group, and (C) HgCl, group: arrow— inflammatory cell infiltration; curved arrow—congestion; and star—alveolar septal thickness; (D)
HgCl, + CRV 25 group: arrow— inflammatory cell infiltration; star—alveolar septal thickness; (E) HgCl,+ CRV 50 group: arrow—inflammatory
cell infiltration; star—alveolar septal thickness. Scale bars: 100 um. (F) Semi-quantitative lung histopathological scores for animal groups treated
with CRV and HgCl,. Data are expressed as mean = SD. ?p <0.05 (compared with control); ®p <0.05 (compared with HgCl,).

control, are mediated by the JAK/STAT system [45, 46]. RAGE,
amember of the immunoglobulin superfamily with a recent evo-
lutionary background, is encoded in the major histocompatibil-
ity complex's Class III region [47]. The only organ with clearly
visible high levels of RAGE expression is the lung. However,
RAGE expression increases rapidly in inflammatory regions,
primarily on inflammatory and epithelial cells [48]. Our find-
ings further demonstrate that lung damage raised the levels of
STAT3, RAGE, and JAK2, but that the cells were shielded from
this toxicity by CRV treatment. Together, these findings added
to the evidence supporting CRV's capacity to inhibit STAT3,
RAGE, and JAK2, thus reducing the inflammatory effects
brought on by HgCl,.

One important intracellular route for the breakdown and recy-
cling of long-lived proteins and whole organelles is autophagy
[49]. The structural proteins of autophagosomal membranes
are called LC3s [50]. Three members of the human LC3 gene

family—LC3A, LC3B, and LC3C—as well as two different
forms of the LC3A protein have been found. One of the primary
elements of the autophagosome membrane, which is present
in both the inner and outer sites of the membrane, is the form
LC3-II. A key function of autophagy, a process of programmed
cell survival that is enhanced during times of cell stress and ter-
minated during the cell cycle, is played by Beclin 1, the mamma-
lian orthologue of yeast Atg6 [51]. We used RT-PCR to measure
the mRNA transcript levels of LC3A, LC3B, and Beclin-1 to as-
sess their expression levels in order to examine the impact of
CRV on HgCl,-induced autophagy in the lungs. Our research
showed that CRV treatment in the lung tissue decreased the
mRNA transcript levels of LC3A, LC3B, and Beclin-1, which
were increased by HgCl,. There are limited studies regarding
autophagic effects of HgCl,. In a study, HgCl, exposure upreg-
ulated the expression levels of LC3 proteins were upregulated
[52]. In another study, HgCl, upregulated Beclin-1, LC3A, and
LC3B levels in testes [29].
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When lung tissue was examined with H&E staining, thickening
of the alveolar septum, an increase in inflammatory cells, and
an increase in vascular congestion and bleeding showed HgCl,-
induced lung injury. It was determined that CRV administered
together with HgCl, caused a significant decrease in alveolar
septal thickening, congestion, edema, and inflammatory cell
infiltration. The results showed herein demonstrated that CRV
treatment reduced the severity of HgCl,-induced lung damage.

5 | Conclusion

In conclusion, our investigation revealed that the treatment with
of CRV may be able to counteract and lessen the oxidative stress,
apoptosis, autophagy, and inflammation that HgCl, has caused
in lung tissue, as well as shield the lung from the toxicity caused
by HgCl,.
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