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ABSTRACT Vanadium (V) is an essential mineral
element in animals, but excessive V can lead to many
diseases, affecting the health of humans and animals.
However, the molecular crosstalk between mitochon-
dria-associated endoplasmic reticulum membranes
(MAMs) and inflammation under V exposure is still at
the exploratory stage. This study was conducted to
determine the molecular crosstalk between MAMs and
inflammation under V exposure in ducks. In this study,
duck hepatocytes were treated with NaVOs; (0 uM,
100 uM, and 200 uM) and 2-aminoethyl diphenyl borate
(2-APB) (IP3R inhibitor) alone or in combination for
24 h. The data showed that V exposure-induced cell
vacuolization, enlarged intercellular space, and
decreased density and viability. Meanwhile, hydrogen
peroxide (H305), malonaldehyde (MDA), catalase
(CAT), superoxide dismutase (SOD), and reactive

oxygen species (ROS) levels were upregulated under V
treatment. In addition, excessive V could lead to a
marked reduction in the MAMS structure, destruction of
the membrane structure and overload of intracellular
Ca’" and mitochondrial Ca®". Moreover, V treatment
resulted in notable upregulation of the levels of MAMs-
relevant factors (IP3R, Mfn2, Grp75, MCU, VDACI)
but downregulated the levels of IL-18, IL.-18, and lactate
dehydrogenase (LDH) in the cell supernatant. Addi-
tionally, it also significantly elevated the levels of inflam-
mation-relevant factors (NLRP3, ASC, caspase-1,
MAVS, IL-18, IL-18, and TXNIP). However, the inhibi-
tion of IP3R expression attenuated the V-induced varia-
tions in the above indicators. Collectively, our results
revealed that the maintenance of calcium homeostasis
could protect duck hepatocytes from V-induced inflam-
mation injury via MAMs.
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INTRODUCTION

Vanadium (V) is an indispensable trace element that
subsists the growth and development of organisms (Pan-
chal et al., 2017; Janka, 2019). It has been widely used
for industrial chemical catalysis, health care products,
diabetes mellitus therapy, etc., due to its multifaceted
biological roles (Harland and Harden-Williams, 1994;
Tripathi et al., 2018). The mining, manufacturing,
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disposal of V, and associated products have caused seri-
ous environmental problems. Research has indicated
that the average concentration of V in lake sediments is
close to 95 mg/kg, which could present a risk for aquatic
creatures and eventually enrich along the food chain,
causing toxicity in humans (Zhou et al., 2019; Chetelat
et al., 2021). V has been found to be mainly deposited in
the liver and kidney due to the importance of these
organs in detoxification of the organism and excretion of
harmful substances (Scibior et al., 2020). Its inhalation
induces liver damage, which activates inflammatory fac-
tors and the production of reactive oxygen species
(ROS) (Han et al., 2021). It has been demonstrated
that intraperitoneal exposure to sodium metavanadate
induces an inflammatory storm and severe hepatotoxic
damage (Adebiyi et al., 2018). Moreover, the over
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addition of V to the diet of laying hens resulted in
reduced albumen quality and antioxidant stress in the
liver (Yuan et al., 2016). In summary, the liver is
regarded as an important target involved in V poisoning
due to its responsibility for metabolism and detoxifica-
tion. The evidence shows that there are a large number
of mitochondria and endoplasmic reticulum in the liver
to adapt functions such as active biological oxidation.
Hence, there is a strong possibility that the mitochon-
dria and endoplasmic reticulum in the liver are the
action sites of V. A previous study reported that chronic
low doses of V exposure exacerbated mitochondrial defi-
cits, increased ROS generation and influenced Ca?"
transport (Delfert and Mcdonald, 1985). Furthermore,
our previous study suggested that excessive V could
cause the dilatation and swelling of the ER, which
induce ER stress and autophagy (Wang et al., 2022). Tt
is proverbial that contact sites between the ER and
mitochondria emerged mitochondrial-associated endo-
plasmic reticulum membranes (MAMs) as a crucial
hub for various signaling pathways in the liver. How-
ever, the toxic effect of V. on MAMs has rarely been dis-
cussed.

MAMs are the communication region between the ER
and mitochondria, where various functional enzymes
converge to cooperatively regulate cellular functions
(Montesinos and Area-Gomez, 2020; Yang et al., 2020).
Mitochondrial endoplasmic reticulum contacts are not
only essential for organelle physiological functions and
their mutual coordination, but also control intracellular
lipid exchange, cell survival, and homeostasis in cellular
metabolism (Yang et al., 2020). Importantly, MAMs are
becoming an important hub involved in many funda-
mental cellular activities, such as apoptosis, Ca®" signal-
ing, and cellular inflammation (Barazzuol et al., 2021).
Under abnormal conditions, changes in the distance and
composition of MAMs lead to abnormal intracellular sig-
nal transduction, which will affect the physiological
function of MAMs, such as altering Ca?" homeostasis
and leading to mitochondrial dysfunction. Ca" is a sec-
ond messenger that is necessary for cellular homeostasis
and plays a central role in numerous cellular functions
(Park et al., 2020). The Ca®" signal transduction path-
way is a significant system constituted by the Ca?"
release channel protein IPsR, porin VDAC1 and molecu-
lar chaperone GRP75, and it promotes MAMs differenti-
ation and proliferation (Krols et al., 2016; Ahumada-
Castro et al., 2021). The high expression of TP3R is
accompanied by the enhancement of interactions
between the IP3R-Grp75-VDAC1 complex and mito-
chondrial Ca>" overload (Xu et al., 2018). A previous
study showed that heavy metals could lead to mitochon-
drial impairment by inhibiting the regulation for the
Ca®" conduction pathway in the ER, and eventually
lead to MAMs dysfunction (Peng et al., 2022). Studies
have shown that Ca®" is actively released and exerts an
integral role in the management of the inflammatory
reaction by stimulating mitochondria and ER during
inflammation. However, the interaction mechanism
between Ca?" and MAMs in regulating inflammation is

still unclear, especially in heavy metal-induced inflam-
mation.

Indeed, MAMs provide a pivotal site for inflamma-
some formation, are attractive targets for heavy metals
and are linked to Ca?' channels (Bai ct al., 2020).
Inflammation is a rapid local supportive reaction to
pathogenic microorganism influence and tissue damage,
and almost all diseases are closely related to inflamma-
tion (Li et al., 2020). The NLRP3 inflammasome is a
cytosolic multiprotein complex composed of the innate
immune receptor protein NLRP3, adapter protein ASC,
and inflammatory protease caspase-1 that responds to
environmental stimuli, heavy metal poisoning and Ca?"
disorder (Dai et al., 2021). The NLRP3 inflammasome is
a multiprotein signaling complex, that is, also assembled
and activated in response to inflammation to catalyze
the generation of the active forms of the potent proin-
flammatory cytokines IL-18 and IL-18. Research has
confirmed that MAMs are molecular platforms required
for active NLRP3 inflammasome formation where
NLRP3 and its adapter ASC relocate to MAMs (Missir-
oli et al., 2018). Several studies have indicated that
sodium metavanadate causes mitochondrial rupture and
oxidative stress in hepatocytes, triggering inflammation
(Hosseini et al., 2013; Renu et al., 2021). The levels of
Ca®' signaling play a crucial role in the structure of
MAMs and promote the activation of the NLRP3
inflammasome (Wang et al., 2020). Previous studies
have demonstrated that mitochondrial Ca?" overload
induces inflammation by opening the mitochondrial per-
meability transition pore when Ca®’ translocation is
hyperactive and continuous. MAMs contain number of
regulatory proteins that ensure the appropriate function
of MAMs by maintaining optimal distances between
organelles and coordinating ER and mitochondrial Ca®"
transport proteins or channels (Marchi et al., 2017).
Similarly, Ca" transport in the ER of cells exposed to
vanadate is inhibited, causing ER stress and promoting
inflammation (Delfert and Mcdonald, 1985). However,
there are few studies on whether V can trigger Ca?" dis-
orders and cellular inflammation via MAMs.

Our previous study showed that V could induce
MADMs dysfunction and apoptosis in duck renal tubular
epithelial cells. Based on our previous research on
MAMs, we further explored whether MAMSs could pro-
tect duck hepatocytes from V-induced inflammation
injury and alleviate impaired liver function. Although
MAMSs have been confirmed to be significant in heavy
metal studies, the interaction between the structural
changes in MAMs under V exposure and the NLRP3
inflammasome is unclear. To determine the mechanism
of MAMs in V-induced cell inflammation, 2-aminoethyl
diphenyl borate (2-APB), an inhibitor of IP3R, was
used in this study to inhibit the activity of IP3R (Slo-
minski, 1991). Hence, in the current study, the duck
hepatocyte model of V poisoning was applied to explore
the mechanisms of MAMs in V-induced inflammation,
which can better represent living tissues, are more vul-
nerable to cytotoxicity and have advantages over cell
lines (Song et al., 2017).
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MATERIALS AND METHODS
Cell Isolation and Cell Culture

Every animal experiment and procedure received
approval from The Ethics Committee of The Agricul-
tural University (Approval ID: JXAULL-2020-32).
Briefly, the livers were removed from 13-day-old ducks,
soaked in phosphate-buffered saline (PBS), stored on a
plate and chopped. The tissue masses were then resus-
pended in Hank’s balanced salt solution (HBSS) with-
out Ca?" and digested at 37°C for 15 min with 1 g/L
collagenase (Sigma). Then Dulbecco’s modified eagle
medium (DMEM) (Gibco) containing 10% fetal bovine
serum (FBS) was added, followed by centrifugation
(200 x g for 5 min) twice (Yang et al., 2018). Finally,
the hepatocytes were maintained in growth medium
(GM), which consisted of insulin (0.57 ug/mL), strepto-
mycin (80 U/mL), penicillin (80 U/mL), transferrin (5
ug/mL), dexamethasone (40 ng/mL), and L-glutamine
(400 png/mL). We constructed the models by treating
with various concentrations of NaVO; (0, 25, 50, 100,
200, 400, and 800 uM) for 24 h and detected the half-
maximal inhibitory concentration (ICsq) values of V
and the ICyq value was 228.20 uM (Figure S1) (0 uM V,
100 uM V, 200 uM V). Hepatocytes were treated with a
range of 2-APB concentrations (MedChemExpress,
Shanghai, China) (0, 5, 10, 20, 40 uM), and the most
favorable concentration of 2-APB (10 uM) was con-
firmed (Figure S2). Thence, cells were grouped as fol-
lows: 0 uM V (control group), 200 uM V (V group),
200 uM V+ 2-APB (V+ 2-APB group), and 10 uM 2-
APB (2-APB group).

Cell Viability Assay

Briefly, hepatocytes were seeded in 96-well plates at a
density of 1 x 105/ 100 uL cells per well and incubated
for 24 h; these were treated with V and/or 2-APB for 4
time periods. The plates were incubated for 2 to 3 hin a
CO, incubator after the addition of CCK-8 as per the
manufacturer’s technical manual under dark conditions
(Zhao et al, 2021). Finally, a microplate reader
(ELX808; BioTek) was used to measure cell viability.

The Observation of Ultrastructure

Transmission electron microscopy (TEM) was
applied for hepatocyte ultrastructural analysis after V
and 2-APB exposure for 24 h, and the observation
method was performed according to previous publica-
tions (Peng et al., 2022).

Immunofluorescence Staining

In brief, the hepatocytes were fixed in 4% buffered
paraformaldehyde for 20 min. Afterward, hepatocytes
were treated with the corresponding antibody. Mito-
Tracker Green (Beyotime, Shanghai, China) and ER-
Tracker Red (Beyotime, Shanghai, China) were used to

calculate the number of fluorescent spots between mito-
chondria and the ER. Confocal fluorescence microscopy
(Vutara352; Bruker, Germany) was applied to detect
the fluorescence intensity (Miao et al., 2022).

Intracellular ROS Detection

In brief, 12-well plates were seeded with cells. After
treatments, hepatocytes were dissociated with trypsin
digestion for 4 min to obtain single hepatocytes. Then
the hepatocytes were resuspended in GM, collected and
separated from the solution using a centrifuge and
washed twice. According to the ROS kit (Beyotime Bio-
technology, Shanghai, China), the level of intracellular
ROS was detected in a strict sequential order. Flow
cytometry methods (C6 Plus BD) were used to evaluate
cellular ROS levels after treatment (Fang et al., 2021).

Determination of IL-18, IL-18, and LDH Levels

After V and 2-APB treatment, cell supernatants were
analyzed to detect the IL-18, IL-18, and LDH concentra-
tions via kits (Mlbio, Nanjing, China; Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Determination of Oxidative Stress Indices

After digestion, washing and recollection, the levels of
SOD, CAT, Hy0,, and MDA were detected by commer-
cial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) (Dai et al., 2022; Ea et al., 2022; Wid-
owati et al., 2022). A microplate reader (ELX808; Bio-
Tek) was used to calculate the absorbance at a certain
wavelength.

Intracellular and Mitochondrial Ca?* Level
Detection

Intracellular and mitochondrial Ca?" levels were mea-
sured with a Cell Permeant Kit (Fluo-4 AM, Rhod-2/
AM) (Beyotime, Shanghai, China; Yeasen, Shanghai,
China). The hepatocytes were incubated with Fluo-4 AM
or Rhod-2 AM for half an hour at 37°C in the cell incuba-
tor. The levels of Ca®" in the hepatocytes were measured
by flow cytometry.

Quantitative Reverse Transcriptase-
Polymerase Chain Reaction Analysis

The extraction method of total RNA was similar to a
previous study (Wang et al., 2022). TRIzol reagent
(Vazyme, Nanjing, China) was used to isolate the total
RNA (0.05 g tissue per sample), and the purity and con-
centration of RNA were measured by a GeneQuant 1300
spectrophotometer. One microgram of total RNA was
used to generate cDNA with an EasyScript One-Step
gDNA Removal and cDNA Synthesis SuperMix Kit (Ea
et al., 2022). Primer software was employed for PCR
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Table 1. Gene name and their primer sequences.

Gene name Primer sequences (50—30)
Mfn2 Forward: CTGGCATTGATGTAACCAC
Reverse: CAAAGAAAATTCGATCCCCT
PACS-2 Forward: GATTGCCACCACTCCGACCA
Reverse: TGCAAATCAACCTGCTGATGCC
Grp75 Forward: GTTCAAGAGAGAGACGGGCG
Reverse: ATCAGATCAGCCACGATGCC
IP3R Forward: TTCGCTAGGAGAGACCTGCT
Reverse: CTCTGGCTTAGTGCCCCTTG
VDAC1 Forward: TGTTCCACCTGCTTATGCTG
Reverse: AGCCTGTCTTAACTTTAGCG
MCU Forward: CCATGAAAATGCAACTACGCTGA
Reverse: TCCTCAATGCACAAGGCGGTA
Sig-1R Forward: GGTGCTAAATGGCTGCATCG
Reverse: TCTGGCGTCTTCCTAGCTCT
NLRP3 Forward: ATGTCCCGACTACCCTTCCA

Reverse: GAGTAGTGTCTTCCGCACCC
ASC Forward: CAGCATTCTGGATCGGCTCT
Reverse: ATTTTCTCCTGCCTGATGCTT

MAYVS Forward: GATTCGTCTGGCACGTCTGA
Reverse: TGGGTTTGGGGTTTGAGCTT
TXNIP Forward: AAAGGTATTTTTGCCCGCCG
Reverse: ATATGCCTTCTCAGGCTCGC
Caspase-1 Forward: GCAAATTCTTGCCAGGGAGC
Reverse: GTCGGAGATCGTCACTGCTG
IL-18 Forward: GAGATGAAATCTGGCAGCGG
Reverse: ACCCGGACACTGAATGCAAC
1L-18 Forward: ACAAGCTCTACATGTCGTG
Reverse: CAGGCGGTAGAAGATGAAG
B-actin Forward: ATGTCGCCCTGGATTTCG

Reverse: CACAGGACTCCATACCCAAGAAT

primer design (Table 1). Then, quantitative reverse
transcriptase-polymerase chain reaction (qQRT-PCR)
was performed on a QuantStudio 7 Flex real-time PCR
system (ABI 7T900HT, Applied Biosystems). The mRNA
levels of each gene were evaluated by the 9 AACT
method, and the mRNA levels were normalized to
B-actin maintenance gene levels (Xu et al., 2021).

Western Blotting

Western blotting was performed according to a previ-
ous study (Bai et al., 2021; Miao et al., 2022). Briefly,
approximately 0.1 g of sample was homogenized in pro-
tein lysis solution. The obtained tissue homogenate was
centrifuged to collect the supernatant, and its protein
concentration was unified to the same concentration by
the BCA method (Solarbio, Beijing, China). The proc-
essed protein samples were separated by gel electropho-
resis and transferred to PVDF membranes (Bio-Rad).
The primary antibodies were anti-IPsR (1:800; Bioss,
Beijing, China), anti-Mfn2 (1:800; Sigma), anti-Grp75
(1:500; Bioss, Beijing, China), anti-VDAC1 (1:1,000;
Wanleibio, Shenyang, China), anti-NLRP3 (1:2,000;
Wanleibio, Shenyang, China), anti-IL-18 (1:500; Wan-
leibio, Shenyang, China), anti-IL-18 (1:1,000; Wanlei-
bio, Shenyang, China), anti-caspase-1  (1:500;
Wanleibio, Shenyang, China), anti-ASC (1:500; Santa
Cruz Biotechnology), and anti-GAPDH (1:3,000; Bioss,
Beijing, China). Finally, ImageJ software was employed
as an analytical method to analyze the related protein
(Lin et al., 2023).

Statistical Analysis

The data were scrutinized and denoted as the mean +
standard deviation (SD) from at least 3 independent
experiments. The statistical significance of the differen-
ces was determined using ANOVA. A P value of less
than 0.05 was considered statistically significant. All sta-
tistical analyses were performed using SPSS 22.0, and
GraphPad Prism 8.0 was used to analyze all statistics.

RESULTS

V Exposure-Induced Duck Hepatocyte Injury
and MAMs Structural Abnormalities

The cell viability was significantly decreased (P <
0.001) with increasing exposure time and V concentra-
tion (Figure 1A). To explore whether V causes oxidative
stress, we monitored the ROS level and antioxidant indi-
cators. In Figure 1B and C, the intracellular ROS level
was elevated after V treatment with time compared
with the control group (P < 0.05, P < 0.01, or P <
0.001). As shown in Figure 1D to G, compared with the
control group, the levels of MDA, SOD, H,O,, and CAT
in the V-treated groups were markedly increased (P <
0.05, P < 0.01, or P < 0.001), and a dose effect was
shown.

Morphological changes in MAMs were assessed, and
the results are shown in Figure 1H and J. After V treat-
ment, the number and length of MAMs decreased (P <
0.01 or P < 0.001), as observed by TEM. Meanwhile,
after cells were treated with ER-Tracker and Mito-
tracker, the fluorescent spots of ER and mitochondria
decreased, and the Pearson coefficient decreased notice-
ably (P < 0.05 or P<0.001) (Figure 1I and K).

V Disturbed the Levels of MAMs-Related
Factors by Affecting Calcium Homeostasis

The results showed that intracellular and mitochon-
drial Ca®" levels were markedly increased (P < 0.01 or P
< 0.001) after V treatment for 24 h (Figure 2A and B).
With increasing of V concentration, the mRNA levels of
IP3R, Grp75, VDAC1, MCU, and MFN2 were remark-
ably higher than those in the control group (Figure 2C
and D) (P < 0.05, P < 0.01, or P < 0.001). The protein
levels of IP3R, Mfn2, Grp75, and VDAC1 were also sig-
nificantly upregulated (P < 0.001) (Figure 2E and F).

V Exposure-Induced Inflammation in Duck
Hepatocytes

Compared with the control group, the contents of IL-
18 and IL-18 were significantly increased under V expo-
sure (P < 0.001) (Figure 3A). LDH levels increased sig-
nificantly with increasing V concentrations (P < 0.05, P
< 0.01, or P < 0.001) (Figure 3B). Figure 3C and D
shows that the fluorescence intensity of NLRP3 and
ASC was enhanced under V treatment. The
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colocalization puncta of NLRP3 and ASC were
increased significantly under V stress (P < 0.01 or P <
0.001).

The mRNA levels of NLRP3, ASC, caspase-1,
MAYVS, TXNIP, IL-18 and IL-18 also showed signifi-
cant upregulation (P < 0.01 or P < 0.001) (Figure 3E
and F). Compared with the control group, the pro-
tein levels of NLRP3, ASC, and caspase-1 were also
significantly increased (Figure 3G and H) (P < 0.05
or P < 0.001).

2-APB Alleviated V-Induced Injury and MAMs
Morphological Damage in Duck Hepatocytes

Compared with that of the V group, the cell viability
of the V42-APB group was notably increased (P <
0.001) (Figure 4A). Compared with the V group, the
intracellular ROS level increased after V treatment (P <
0.01 or P < 0.001) over time (Figure 4B and C). Antioxi-
dant indicators are shown in Figure 4D to G. Compared
with the V group, the levels of MDA and SOD in the V
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+2-APB group were greatly decreased (P < 0.05 or P <
0.001), and CAT and H5O, tended to decrease
(Figure 4AD—-G).

Morphological changes in MAMs were also evalu-
ated, and the results are shown in Figure 4H and J.
The structure of MAMs in the control group and 2-
APB group was stable through TEM, while the num-
ber and length of MAMs in the V group were
decreased enormously compared with the control
group (P < 0.001). Compared with the V group, the
number of fluorescent spots at the junction of the ER
and mitochondria in the V+2-APB group tended to
increase (Figure 4I and K).

2-APB Regulated V-Induced MAMs
Dysfunction-Related mRNA and Protein
Levels by Regulating Calcium Homeostasis

The experimental results showed that compared with
the V group, the intracellular Ca®" level in the V-+2-
APB group was considerably decreased (P < 0.05). In
addition, the intracellular and mitochondrial Ca®"
levels were not significantly different in the 2-APB
group compared with the control group (Figure 5A
and B). qRT-PCR results showed that compared
with the V group, the mRNA levels of IP3R, Grp75,
and MCU in the V+42-APB group were markedly
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and ASC. (E and F) mRNA levels of inflammation-related factors. (G and H) Protein levels of inflammation-related factors (* P < 0.05 vs. Control,

**P < 0.01 vs. Control, ***P < 0.001 vs. Control).

decreased (P < 0.001), and the mRNA levels of
PACS-2 and Sig-1R were substantially increased (P
< 0.05 or P < 0.01) (Figure 5C and D). The protein
levels of IP3R, Grp75, VDACI1, and Min2 were con-
sistently steeply decreased (P < 0.001) (Figure 5E
and F).

2-APB Reduced V-Induced Inflammation

Compared with the V group, the contents of IL-18, IL-
18, and LDH in the supernatant of the 2-APB group
were significantly decreased (P < 0.001) (Figure 6A and
B). Figure 6C and D shows that the fluorescence
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intensity of NLRP3 and ASC was reduced under V
treatment. The cotreatment of 2-APB moderated those
variations caused by V (P < 0.01 or P < 0.001).

The mRNA levels of NLRP3, ASC, IL-18, and IL-18
were significantly decreased after V+2-APB treatment
compared with the V group (P < 0.01 or P < 0.001)
(Figure 6E and F). Compared with those in the V group,
the NLRP3, ASC, and caspase-1 protein levels in the 2-
APB group were also significantly decreased (Figure 6G
and H) (P < 0.001).

DISCUSSION

The performance of V in the immune system is very
apparent, as this element has a potentially detrimental

-

A) Changes in cell viability at 12,
24, 48, and 96 h structural abnormalities. (B) ROS production at 24 h. (C) ROS levels at 6, 12, 24, and 48 h (D G) Oxidative stress indices.
(H) Analysis of MAM length. (I) Pearson’s coefficient analysis correlation of ER and Mito staining. (J ) Ultrastructural observation. Mito: mitochon-
dria; red arrows: ER-mitochondria coupling. (K) LSCM detection of ER and mitochondrial interactions (*P < 0.05 vs. Control, **P < 0.01 vs.
Control, ***P < 0.001 vs. Control; #P < 0.05 vs. V, ## P < 0.01 vs. V; #4#4# P < 0.001 vs. V).

..
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influence on different kinds of organs (Hanus-Fajerska
et al., 2021). Generally, the toxicity of V is involves dis-
turbing Ca®" channels, along with multisystem and
autoimmune disorders (Bhuvaneshwari and Sankara-
narayanan, 2020). Research has shown that V exposure
can disrupt the function of mitochondria and ER and
promote the hepatocyte death by leading to MAMSs dys-
function (Hu et al., 2021; Xiong et al., 2021). Further-
more, the mechanisms of inflammation induction by
calcium homeostasis disorder have been extensively
studied. Therefore, the interaction between MAMs dys-
function and inflammation induced by V through cal-
cium homeostasis deserves further investigation. Hence,
this study aimed to investigate the V-induced toxic
events occurring in duck hepatocytes, focusing on the
mechanism of MAMs and intracellular inflammation.
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Based on culturing primary duck hepatocytes, the
effects of V. on MAMs dynamics and inflammation and
the molecular crosstalk between MAMs coupling and
inflammation were explored.

A previously study reported that the pathological
changes and ultrastructural pathology of hepatocytes are
induced under V exposure (Cervantes-Valencia et al.,
2021). V exposure decreased cell viability and destroyed
nuclear DNA (nDNA) and mitochondrial DNA
(mtDINA), resulting in mitochondrial damage and dys-
function (Rivas-Garcia et al., 2020; Wang et al., 2023).
Our results showed that V exposure-induced vacuoliza-
tion of hepatocytes, decreased the cell density and
enlarged the intercellular space with decreasing cell via-
bility. Moreover, enhanced production of ROS and oxida-
tive stress occurred in mitochondria and ER on account
of V exposure, resulting in inflammation (Jomova and
Valko, 2011; Burgos-Moron et al., 2019). MDA, SOD,
CAT, and H,O, are recognized as important biomarkers
of oxidative stress. The generation of SOD and CAT can
alleviate the oxidative stress caused by ROS (Liu et al.,

2021; Aziz et al., 2022). Simultaneously, SOD converts
superoxide O generated by oxidative stress into HyO»,
and then CAT decomposes HyO» into water and oxygen
(Wang et al., 2018; Yang et al., 2019). MDA, an indis-
pensable component of oxidative stress, represents the
degree of cell membrane system damage and can also
exacerbate damage to the cell membrane (Aziz et al.,
2021; Shi et al., 2021). Our findings showed that the level
of cellular ROS was aggravated under the induction of V,
and the production of antioxidants also confirmed that V
caused cellular oxidative stress in duck hepatocytes.

The accumulation of high levels of ROS could lead to
structural and functional alterations in MAMs (Aziz
et al., 2021; Resende et al., 2022). Several study
researches have indicated that heavy metals can cause
oxidative stress and MAMs structural abnormalities in
different cells (Li et al., 2018; Che et al., 2021; Paithan-
kar et al., 2021). Similarly, our study showed that the
membrane surface area and length of MAMs decreased
under the stress of V, which implied damage to MAMs.
Defects in MAMs have multidirectional effects on a wide
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range of intracellular activities, leading to Ca®" dysho-  ultrastructural pathology, and intracellular oxidative
meostasis and inflammasome activation, which all con-  stress.
tribute to the onset and progression of liver diseases MAMs constitute the physical connection and power-

(Gao et al., 2020). Consequently, our findings suggested ~ ful functional complex between the ER and mitochon-
that V exposure-induced duck hepatocyte injury and  dria but also ensure the normal function of the Ca®"
MAMs dysfunction by triggering pathological changes,  signaling pathway between them (Hamilton et al., 2020;
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Zhao et al., 2021). Abnormal MAMs structure can lead
to continuous Ca®" transfer from the ER to mitochon-
dria, causing mitochondrial Ca®" overload and mito-
chondrial dysfunction (Zhang et al., 2021). Alteration of
MAMs and cellular components by Ca®" disorder affects
cellular mechanisms such as autophagy or inflammation
(Burgos-Moron et al., 2019; Zhang et al., 2021). It was
determined that an imbalance in Ca>" homeostasis led
to IP3R expression level upregulation (Ye et al., 2021).
Our results indicated that Ca®" transfer was excessive
and persistently induced by V exposure. IPsR, VDACI,
Grp75, Mfn2, PACS-2, MCU, and Sig-1R are the key
regulatory factors that regulate the mechanism of cal-
cium signaling. Evidence suggests that the macromolec-
ular complex formed by IP3R, Grp75, and VDACI1
mediates the transport of Ca®" from the ER to mito-
chondria. Ca®" released from the ER enters the mito-
chondrial matrix through MCU (mitochondrial calcium
single transporter) (Xu et al., 2018). Sig-1R interacts
with IP;R and maintains Ca®" signal transduction from
the ER to mitochondria (Fan and Simmen, 2019).
MFN2 and PACS-2, as the connecting proteins through
MADMSs, promote the integrity of MAMs and regulate
their composition (Myhill et al., 2008). Previous studies
have shown that ER-mitochondria contact sites were
reduced through the impairment of the GRP75-IP3R
interaction in dysfunctional cells caused by V, suggest-
ing a deregulation in MAMs activity (Erustes et al.,
2021). Similarly, our findings revealed that V exposure
upregulated the mRNA levels of MAMs-related factors
(IPsR, VDAC1, Grp75, Mfn2, and MCU) and the pro-
tein levels of MAMs-related factors (IPsR, VDACI,
Grp75, and Mfn2), resulting in MAMs disorder in hepa-
tocytes. Calcium homeostasis imbalance induces
changes in cellular composition leading to structural dis-
ruption of MAMs, resulting in autophagy or inflamma-
tion (Burgos-Moron et al., 2019). Above all, the findings
suggested that V might induce MAMSs dysfunction by
triggering Ca®" disorder in hepatocytes.

MAMSs have been proven to offer a molecular platform
for NLRP3 inflammasome formation to play a pivotal
role in inflammatory reactions (Missiroli et al., 2018).
Oligomerized NLRP3 recruits ASC via homotypic pyrin
domain (PYD) interactions and induces the aggrega-
tion of ASC into a macromolecular focus. Subsequently,
the assembled ASC recruits procaspase-1 to form the
NLRP3-ASC-caspase-1 protein complex, which is called
the NLRP3 inflammasome (Huang et al., 2021). Mean-
while, pro-I1L-18 and pro-11.-18, generated from the pres-
timulation signal in the activation signal, were sheared
to produce mature and active inflammatory factors,
exerting the proinflammatory role with the NLRP3
inflammasome (Wang et al., 2021). Generally, inflam-
mation is a multifaceted process involving numerous
molecular and cellular mechanisms between the patho-
gen and the host, which is often correlated with MAMs
dysfunction, calcium homeostasis regulation and ROS
(Pereira et al., 2022). Inflammation is regulated by the
markers of the inflammation-related activation complex
(NLRP3, ASC, and caspase-1), the product of

inflammation (IL-18, IL-18), mitochondrial antiviral sig-
nal protein (MAVS) and thioredoxin-interacting protein
(TXNIP). A previous study showed that Cd could
increase ROS production and activate NLRP3, thereby
enhancing the secretion of IL-18 and IL-18 (Li et al.,
2021). Likewise, our results indicated a large amount of
IL-18 and IL-18 in the supernatants, which was consis-
tent with previous studies. Similarly, our findings indi-
cated that V exposure-induced inflammation by
upregulating inflammation-related mRNA factors
(NLRP3, ASC, caspase-1, MAVS, TXNIP I1-18, and
IL-18) and inflammation-related protein factors
(NLRP3, ASC, caspase-1), which indicated the occur-
rence of inflammation in hepatocytes. Generally, our
results demonstrated that V could trigger MAMs disor-
ders by disrupting calcium homeostasis, resulting in
inflammation in hepatocytes.

MAMSs contact sites provide a site for activation of
NLRP3, which not only accelerates the storage of Ca®"
from the ER to mitochondria, but also increases Ca®" in
the cytoplasm to promote the assembly of inflammatory
components and control key mitochondrial functions
(Xu et al., 2020; Zhai et al., 2022). They provide impor-
tant substances and sites for the activation of the inflam-
matory response, and Ca”®" plays a key role in MAMs
and inflammatory mechanisms. IP3R is the most ubiqui-
tous intracellular Ca>" channel, and inhibition of IPsR
can slow the release of Ca®" from the ER into the cytosol
and mitochondria, which can alleviate MAMs disorder
to a certain extent (Paknejad and Hite, 2018). To
explore the relationship between MAMs dysfunction
and inflammation, we used 2-APB as an IP3R blocker to
inhibit the Ca®" transport channel. Liang ct al. (2018)
reported that hepatocytes cultured with 2-APB inhib-
ited Ca®" from entering cells and alleviated the distur-
bance of Ca®" transport. Our results revealed that an
IP;R inhibitor attenuated V-induced Ca®" disorder and
MADMSs morphological damage, and upregulated MAMs-
related gene (Mfn2, Grp75, IPsR, VDAC1, MCU) and
protein levels (Mfn2, Grp75, VDACI, IP3R). Similarly,
we found that an IP3R inhibitor could reduce LDH, IL-
18, and IL-18 activity in the cell supernatant, allevi-
ate the degree of cell membrane damage, and reduce
the increase in intracellular and intramitochondrial
Ca?" concentrations under V exposure. In addition,
inhibition of IP3R attenuated V-induced upregulation
of inflammation-related factors. These results indicated
that relieving MAMs dysfunction could attenuate V-
induced cellular inflammation. Therefore, our findings
further suggested that alleviating MAMs dysfunction
by inhibiting IP3R could ameliorate V-induced inflam-
mation.

CONCLUSIONS

The results revealed that excessive V could lead to the
disruption of the structure and function of MAMs as well
as the destruction of cell calcium homeostasis and inflam-
mation in duck hepatocytes. However, relieving MAMs
dysfunction could reduce V-induced inflammation.
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