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Yuan Cui a,b, Qianqian Xiao a,b, Qiong Zhang a,b, Jiawei Yang a,b, Yuetong Liu a,b,
Weidong Hao a,b, Jianjun Jiang a,b, Qinghe Meng a,b, Xuetao Wei a,b,*

a Department of Toxicology, School of Public Health, Peking University, Beijing 100191, PR China
b Beijing Key Laboratory of Toxicological Research and Risk Assessment for Food Safety, Beijing 100191, PR China

H I G H L I G H T S G R A P H I C A L A B S T R A C T

• The mechanism of BTBPE hepatotoxici-
ty has been explored from perspective of
ceRNA for the first time.

• BTBPE caused necroptosis in liver and
BRL cells.

• NUAK1 was a newly discovered up-
stream regulatory target for necroptosis.

• miR-743a-5p was found for the first
time to inhibit necroptosis by targeting
NUAK1 and down-regulating NUAK1.

• The GAS5-miR-743a-5p-NUAK1 axis is
involved in the regulation of necroptosis
in the form of ceRNA for the first time.

A R T I C L E I N F O

Keywords:
BTBPE
Necroptosis
GAS5
MiR-743a-5p
NUAK1
Liver

A B S T R A C T

The brominated flame retardant 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE) widely used in manufacturing
is inevitably released into the environment, resulting in the exposure of organisms to BTBPE. Therefore, it is
particularly important to explore its toxic mechanism. The liver is one of the main accumulating organs of
BTBPE, but the mechanism underlying BTBPE hepatotoxicity has not been thoroughly investigated. In our study,
BTBPE was administered to Sprague–Dawley (SD) rats and rat hepatocytes (BRL cells) in vivo and in vitro,
respectively, and HE staining, AO/EB staining, fluorescent probes, qPCR, immunofluorescence, and dual-
luciferase reporter assays were performed. We investigated the mechanism of action of growth arrest-specific
5 (GAS5), miR-743a-5p, and NUAK family kinase 1 (NUAK1) in BTBPE-induced necroptosis from the perspec-
tive of competing endogenous RNAs (ceRNAs) using NUAK1 inhibitors, siRNAs, mimics, and overexpression
plasmids. Our study showed that exposure to BTBPE caused necroptosis in the liver and BRL cells, accompanied
by an oxidation-reduction imbalance and an inflammatory response. It is worth noting that NUAK1 is a newly
discovered upstream regulatory target for necroptosis. In addition, miR-743a-5p was shown to inhibit nec-
roptosis by targeting NUAK1 and down-regulating NUAK1. GAS5 upregulates NUAK1 expression by competi-
tively binding to miR-743a-5p, thereby inducing necroptosis. This study demonstrated, for the first time, that the
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GAS5-miR-743a-5p-NUAK1 axis is involved in the regulation of necroptosis via ceRNAs. Thus, GAS5 and NUAK1
induce necroptosis by competitively binding to miR-743a-5p.

1. Introduction

Brominated flame retardants are widely used in electronic products,
textiles, furniture, and other commodities and are released into the
environment and harm the health of organisms [1]. Novel brominated
flame retardants can enter the body through the digestive and respira-
tory tracts, and have been shown to have potential biological toxicity
and accumulative effects [2]. 1,2-bis(2,4,6-tribromophenoxy) ethane
(BTBPE) is a new type of brominated flame retardant that is widely
distributed in water, soil, sediments, and indoor and outdoor atmo-
spheres. The BTBPE content in sewage can reach 20.2 ng/L [3]. In
biological sludge, the BTBPE can reach 1226.8 ng/g [3]. The concen-
tration of BTBPE in the atmosphere in South Korea is as high as 1000
ng/g dw [4]. In addition, in UK car interior dust, the BTBPE content can
reach 120 ng/g [5]. According to the test results of 111 breast milk
samples donated by 37 healthy mothers in Beijing, the concentration of
BTBPE in breast milk was 2.56 ng/g lw [6]. Theoretically, the occupa-
tional population will be exposed to higher concentrations of BTBPE,
and high exposure and cumulative effects will exacerbate BTBPE harm
to the body. However, there is currently a lack of exposure information
for BTBPE occupational groups. Exposure to BTBPE can cause oxidative
stress and mitochondrial damage, which can impair immune, endocrine,
and reproductive functions [7–9]. In addition, some studies and our
laboratory research have found that BTBPE is toxic to the thyroid [10,
11]. Our laboratory has also found that BTBPE damages the intestinal
barrier by damaging tight junctions and inhibitingmucus secretion [12].
Importantly, in-depth research on the mechanism of hepatotoxic action
of BTBPE is lacking.

The cell fate directly affects the health of an organism. In a healthy
state, cells replace old and new cells via apoptosis, which is usually not
accompanied by inflammation and maintains homeostasis of the inter-
nal environment and health [13]. However, when the body receives
external environmental stimuli such as bacteria, viruses, toxic sub-
stances, and radiation, cells die in various ways, including pyroptosis,
ferroptosis, excessive autophagy, and necroptosis [14–17]. These other
forms of cell death are usually accompanied by the release of cell con-
tents, and the production of large amounts of oxidative products and
inflammatory factors [18,19]. Necroptosis is a type of programmed cell
death commonly observed in various pathological states. When cells are
exposed to harmful stimuli, the expression levels of receptor-interacting
serine/threonine-protein kinase 1 (RIP1), receptor-interacting ser-
ine/threonine-protein kinase 3 (RIP3), mixed lineage kinase
domain-like (MLKL) proteins, and their phosphorylated proteins in-
crease, accompanied by increased levels of reactive oxygen species
(ROS) and cytoplasmic calcium ions. In addition, the production of in-
flammatory factors is increased, cell contents leak, and significant
inflammation is usually observed in vivo [12]. Necroptosis caused by
different factors has the same regulatory mechanism, but different
initiation mechanisms. At present, there are still many gaps in the
research on the regulation of necroptosis by non-coding RNA. Previous
studies have found that NUAK family kinase 1 (NUAK1) is associated
with biological processes such as response to glucose starvation, regu-
lation of myosin light chain phosphatase activity, synaptic function,
tumor formation, cell adhesion, and cell aging [20–23]. NUAK1 has p53
binding activity and protein serine/threonine kinase activity [24,25];
however, there is currently no research on the relationship between
NUAK1 and necroptosis.

Recent studies have shown that less than 2 % of the total genome is
composed of protein-coding genes, indicating that non-coding RNA ac-
count for most of the human transcriptome [26]. Recently, popular areas
in non-coding RNAs research have included microRNAs (miRNAs),

pseudogenes (Ψ), long non-coding RNA (lncRNA), and circular RNA
(circRNA) [27]. Non-coding RNAs have been shown to be involved in a
wide range of biological processes, such as cell fate programming, aging,
and disease [28–30]. lncRNAs range in length from 200 nucleotides to
100 kb and are associated with a variety of biological processes.
Although thousands of lncRNAs have been identified over the last few
decades, only a small number have been functionally characterized
[26]. miRNAs are well-known post-transcriptional regulators; however,
in recent years, miRNAs, as information media, have been shown to
interact with many different types of RNA molecules to establish a ho-
meostasis balance between transcriptional products [31]. A classic
example of RNA-RNA interactions is the post-transcriptional regulation
of RNA transcripts by miRNAs [26]. As researchers continue to under-
stand the transcriptome space, a hypothesis has emerged that numerous
miRNA binding sites are present on various RNA transcripts, and all RNA
transcripts containing miRNA binding sites can interact and regulate
each other through specific competition for shared miRNAs, thereby
acting as competing endogenous RNAs (ceRNAs) [26]. lncRNAs usually
act upstream of the ceRNA regulatory relationships, and miRNAs often
act as bridges between mRNA and lncRNAs, which together form a
ceRNA regulatory network. lncRNAs mainly weaken the activity of
miRNAs through the targeted binding of sites to upregulate target genes
regulated by miRNAs [32]. Research on how ceRNAs regulate nec-
roptosis is limited. In this study, we focused on lncRNA growth
arrest-specific 5 (GAS5). Based on the information provided in the
database (LncRNADisease v3.0), we found a strong correlation between
GAS5 and non-alcoholic fatty liver disease (score: 0.985791), as shown
in Fig. 1A and B, which is consistent with our research objectives. In
addition, GAS5 was associated with diabetic cardiomyopathy, renal
fibrosis, cerebral infarction, and other diseases, as shown in Fig. 1C and
D. However, there are currently no studies on the relationship between
GAS5 expression and necroptosis.

The liver is one of the main accumulating organs of BTBPE, and the
mechanism of BTBPE hepatotoxicity has not been thoroughly investi-
gated[7,33]. This study considered the hepatotoxicity of BTBPE as a
starting point, and found that BTBPE induced necroptosis in rat hepa-
tocytes. Moreover, the mechanism of BTBPE-induced necroptosis was
explored from the perspective of ceRNAs, and GAS5 and NUAK1 were
found to regulate necroptosis through co-competition with
miR-743a-5p. This study is the first to identify a relationship between
NUAK1 and necroptosis. We discovered that the
GAS5-miR-743a-5p-NUAK1 axis is involved in necroptosis. This study
enriches our understanding of the mechanisms underlying the liver
damage caused by BTBPE exposure, provides new directions for the
study of necroptosis, and identifies the biological functions of GAS5,
miR-743a-5p, and NUAK1.

2. Materials and methods

2.1. Animals and cell treatments

BTBPE (CAS: 37853–59-1, purity ≥ 98 %) was purchased from
AccuStandard Inc. (New Haven, CT, USA). Sprague–Dawley (SD) rats
were raised in a specific pathogen-free barrier system. A total of 48
healthy male SD rats aged 6–7 weeks were randomly divided into four
groups. The in vivo experimental dose was calculated based on the daily
human exposure dose and safety factor. The control (NC), low-dose (L),
medium-dose (M), and high-dose (H) groups were orally administered
BTBPE at 0, 2.5, 25, and 250 mg/kg/day, respectively, once daily for
one month. All animal procedures were approved by the Animal Welfare
and Ethics Inspection Committee of Peking University and were
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performed in accordance with the governmental Guidelines for the Care
and Use of Laboratory Animals.

In the in vitro studies, BTBPE was dissolved in DMSO to different
concentrations of the mother liquor, which was then diluted again to the
desired final concentration using a medium. BTBPE at 0 µM (NC group),
5 µM (L group), 10 µM (M group), and 20 µM (H group) was used to treat
rat hepatocytes (BRL cells, BeNa Culture Collection, BNCC338493) for
24 h. BRL cells were cultured in 90 % DMEM (Thermo Fisher Scientific
Inc., USA) and 10 % fetal bovine serum (Cellmax, Beijing, SA201.01).
The BTBPE group was treated with 20 µM BTBPE, the HTH group was
treated with 1 μM HTH-01–015 (HY-12334, MCE Company, HTH),
HTH+BTBPE group given 20 µM BTBPE and 1 μM HTH, the miR-743a-
5p mimic group was transfected with 100 pmol mimic per well, the miR-
743a-5p mimic+BTBPE group was transfected with 100 pmol mimic per
well and treated with 20 µM BTBPE, the si-GAS5 group was transfected
with 100 pmol siRNA per well (siRNA sequence of GAS5 is shown in

Table S1), the si-GAS5 +BTBPE group was transfected with 100 pmol
siRNA per well and treated with 20 µM BTBPE, the OE-NUAK1 group
and OE-GAS5 group was transfected with 1 µg recombinant plasmid per
well, and the miR-743a-5p mimic+OE-NUAK1 group and miR-743a-5p
mimic+OE-GAS5 group were transfected with 1 µg recombinant
plasmid and 100 pmol mimic per well. The pcDNA3.1 plasmid was used
to overexpress GAS5 and NUAK1. The transfection time was 12 h.

2.2. Hematoxylin and eosin staining

The liver tissue was fixed in 4 % paraformaldehyde. Subsequently,
dehydration, embedding, slicing, and hematoxylin and eosin (HE)
staining were performed [34]. Histopathological observations were
performed using a vertical light microscope and images were obtained
using an M8 digital scanning microscope imaging system (Precipitate
Point, Bavaria, Germany) (n = 3).

Fig. 1. BTBPE induces necroptosis in rat liver. (A) PI staining images in liver after BTBPE exposure. (B) Relative proportion of necrotic cells in liver after BTBPE
exposure. (C) The mRNA levels of RIP1, RIP3 and MLKL in liver after BTBPE exposure. (D) The mRNA levels of antioxidant enzyme-related genes in liver after BTBPE
exposure. (E) Heatmap to analyze the mean values of the antioxidant enzyme-related gene PCR quantification results in liver after BTBPE exposure. All experiments
were repeated at least three times (n ≥ 3). Results are expressed as mean ± standard deviation. The asterisk represents a significant difference compared to the NC
group or between different groups (*P < 0.05).
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2.3. ELISA assay

The liver was prepared into 10 % tissue homogenate. The kit
(Nanjing Jiancheng, Bioengineering Institute, PR China) detected the
content of interleukin 4 (IL4), interleukin 6 (IL6) and interferon γ (IFNγ)
in rat liver. The absorbance of each hole was measured by multifunc-
tional microplate reader (BMG Labtech FLUOstar Omega, Germany).

2.4. Propidium iodide staining

The liver tissue was fixed in 4 % paraformaldehyde. Subsequently,
slicing, dewaxing with water, drawing circles, PI staining of the nuclei,
and sealing with an anti-fluorescence quenching agent were performed.
Images were captured using a fluorescence microscope (IX53; Olympus
Corporation, Tokyo, Japan) (n = 3).

2.5. AO/EB staining

An acridine orange/ethidium bromide (AO/EB) staining kit (Sangon
Biotech Co., Ltd., China) was used to detect necrotic cells. After treat-
ment, the medium was discarded and the cells were washed with PBS.
AO and EB staining solutions were added and images were observed
under a fluorescence microscope after staining for 5 min (n = 3). After
AO/EB staining, normal cells appeared green and necrotic cells
appeared orange or orange-red.

2.6. Antioxidant ability and ROS assay

The liver was prepared into 10 % tissue homogenate. Antioxidant
capacity was assessed using kits to determine reduced glutathione (GSH)
and superoxide dismutase (SOD) levels according to the manufacturer’s
instructions (Jiangsu Meimian Industrial Co. Ltd.(Jiangsu,China)). The
absorbance of each hole was measured by multifunctional microplate
reader.

A DCFH-DA probe (Wanlei Biological Company, China; WLA131)
was used to detect the ROS levels in BRL cells. After treatment, the
medium was discarded and the cells were washed with PBS. BRL cells
were incubated with DCFH-DA probes diluted 1000 times in culture
medium for 30 min in a 37℃ incubator. The DCFH-DA probe does not
exhibit fluorescence. When the DCFH-DA probe enters the cell, it is
hydrolyzed to DCFH, which is then oxidized to a green fluorescent
substance by ROS[35]. Excess DCFH-DA probes were washed with PBS
and examined by flow cytometry (Beckman Coulter FC500-MPL)
(n = 3).

2.7. Cytoplasmic calcium ion staining

A Fluo-4 AM probe (Beyotime Biotechnology, Shanghai, China) was
used to detect cytoplasmic calcium levels. Fluo-4 AM is cleaved by
intracellular esterases to form Fluo-4, which binds calcium ions and
produces strong green fluorescence. After treatment, the medium was
discarded and the cells were washed with PBS. Fluo-4 working solution
was added and the cells were incubated in dark at 37℃ for 30 min, then
observed using a fluorescence microscope (n = 3).

2.8. Dual luciferase reporter assay

A recombinant plasmid was constructed based on the pMIR-Glo
vector. Sequences near the target binding sites between the 3′ UTR re-
gion of NUAK1 or GAS5 and miR-743a-5p were inserted into the vector.
The recombinant plasmids were named pMIR-GAS5 and pMIR-NUAK1,
respectively. The sequences of pMIR-GAS5 and pMIR-NUAK1 are listed
in Table S2. BRL cells were transfected with 750 ng of pMIR-GAS5 or
pMIR-NUAK1 and 100 pmol of the miR-743a-5p mimic. Lipofectamine
2000 reagent was used for cell transfection. Dual luciferase reporter
assay was performed using Dual Luciferase®Reporter Assay System

(Promega). Luciferase activity was measured using a multifunctional
microplate reader (n = 3).

2.9. Total RNA isolation and real-time quantitative PCR analysis

Total RNA was isolated from the liver and BRL cells of each group
using TRIzol reagent (TransGen Biotech, Beijing, China). The reverse
transcription of cDNA was performed according to the manufacturer’s
instructions (SPARKscript 1st Strand cDNA Synthesis Kit (with
gDNAEraser) (Shandong Sparkjade Biotechnology Co., Ltd.)). SYBR
Green (K1070, APExBIO, Houston, USA) was used for the qRT-PCR
(n = 6)[36]. β-actin was used as an internal reference gene. U6 was
used as the internal reference gene for miRNA. The primers used for
gene detection are listed in Table S3.

2.10. Immunofluorescence

The BRL cells were treated as described above and fixed with para-
formaldehyde. After removing paraformaldehyde, the sample was
sealed with a sealing solution for 60 min. After the sealing solution was
removed, and diluted specific primary antibody was used overnight at
4℃. After removing the primary antibody, the diluted fluorescently
labeled secondary antibody was added and incubated in the dark for
60 min. The secondary antibody was recovered, and antifade mounting
medium with DAPI (Beyotime Biotechnology) was added[37]. Fluores-
cence images were obtained using a fluorescence microscope. ImageJ
software was used to analyze relative fluorescence intensity (n = 3). The
dilutions of the primary antibodies were as follows: RIP1 (Bioss, USA)
1:100, pRIP3 (CST, USA) 1:1000, and pMLKL (CST, USA), 1:1000.

2.11. Statistical analysis

Statistical analysis was performed using one-way analysis of variance
(ANOVA) in SPSS 24.0. All experiments were repeated at least three
times (n ≥ 3). Results are expressed as mean ± standard deviation. The
asterisk represents a significant difference compared to the NC group or
between different groups (* P < 0.05). Spearman’s rank correlation
analysis was used to investigate the relationships between the levels of
all detected genes.

3. Results

3.1. BTBPE induces necroptosis in rat liver

After BTBPE exposure, the rat livers were stained with PI. The PI
stains dead cells red. As the BTBPE exposure dose increased, the number
of dead cells gradually increased, as shown in Fig. 1A and B. Subse-
quently, the mRNA levels of necroptosis markers were detected, as
shown in Fig. 1C. The results showed that as the dose of BTBPE
increased, the gene expression levels of RIP1, RIP3, and MLKL gradually
increased. An imbalance in redox state is accompanied by necroptosis.
Therefore, we examined the gene expression of several antioxidant en-
zymes (Fig. 1D). The average expression levels of the antioxidant
enzyme genes were characterized using a heatmap (Fig. 1E). The gene
expression levels of several antioxidant enzymes were significantly
reduced in the M and H groups. Then, we examined the SOD and GSH
levels in liver (SFig. 1E and F). The GSH and SOD levels were signifi-
cantly reduced in the M and H groups. These results indicate that BTBPE
exposure induces necroptosis in rat liver.

3.2. BTBPE induces inflammation in rat liver

HE staining showed inflammatory cell infiltration in the liver after
BTBPE exposure, which was particularly evident in the H group
(Fig. 2A). Subsequently, the expression levels of 16 inflammation-
related genes were determined and the average expression levels were

Y. Cui et al.



Journal of Hazardous Materials 478 (2024) 135375

5

characterized using a heatmap (Fig. 2B and C). In the M group, most
inflammatory genes showed significant changes, whereas in the H
group, all genes showed significant changes. Then, we examined the IL4,
IL6 and IFNγ levels in liver (SFig. 1 G-I). The IL4 level were significantly
reduced in the M and H groups. The IL6 and IFNγ levels were signifi-
cantly increased in the M and H groups. These results indicate that
BTBPE exposure induces inflammation in rat liver.

3.3. BTBPE induces necroptosis in BRL cells

To further verify the necroptotic effects of BTBPE, we used BRL cells.
The results showed that as the dose of BTBPE increased, the gene
expression levels of RIP1, RIP3, and MLKL gradually increased (Fig. 3A-
C). The AO/EB staining results also showed that the relative proportion
of necrotic cells gradually increased with increasing BTBPE dose
(Fig. 3D and E). Next, we used immunofluorescence to detect the rela-
tive protein levels of RIP1, pRIP3, and pMLKL (Fig. 2A and B, Fig. 3F and
G, and Fig. 3H and I, respectively). As the exposure dose of BTBPE

increased, the relative fluorescence intensities of RIP1, pRIP3, and
pMLKL gradually increased.

Increased cytoplasmic calcium and ROS levels are the concomitant
effects of necroptosis. The Fluo-4 AM probe was used to detect calcium
ion levels in BRL cells, and the green fluorescence intensity represented
the cytoplasmic calcium ion level (Fig. 3J and K). As the BTBPE dose
increased, the calcium ion levels in BRL cells gradually increased. A
DCFH-DA probe was used to detect ROS levels in BRL cells (Fig. 3L and
M). As the exposure dose of BTBPE increased, the levels of ROS in BRL
cells gradually increased. These results indicate that BTBPE causes
necroptosis in BRL cells.

3.4. Both NUAK1 and GAS5 are target genes for miR-743a-5p

In the livers of the M and H groups, the gene expression levels of
NUAK1 and GAS5 were significantly increased (Fig. 4A and B). Simi-
larly, in BRL cells, BTBPE exposure significantly increased the gene
expression levels of NUAK1 and GAS5 (Fig. 4D and E). We predicted the

Fig. 2. BTBPE induces inflammation in rat liver. (A) HE staining images in liver after BTBPE exposure. (B) mRNA levels of inflammatory-related genes in liver after
BTBPE exposure. (C) Heatmap to analyze the mean values of the inflammatory-related gene PCR quantification results in liver after BTBPE exposure. All experiments
were repeated at least three times (n ≥ 3). Results are expressed as mean ± standard deviation. The asterisk represents a significant difference compared to the NC
group or between different groups (*P < 0.05).
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target miRNAs of NUAK1 and GAS5 using the miRDB database
(https://mirdb.org/), and identified a common target miRNA, miR-
743a-5p. Next, we measured the expression levels of miR-743a-5p in
the liver and BRL cells. With the increase of the BTBPE dose, the
expression levels of miR-743a-5p gradually decreased (Fig. 4C and F).
Using bioinformatics methods, we discovered the binding sites of miR-
743a-5p in 3′UTR of NUAK1 and GAS5 (Fig. 4G), indicating that the
two had the same binding site. To determine the targeting relationship
between NUAK1, GAS5, andmiR-743a-5p, we performed dual-luciferase
reporter assays. After miR-743a-5p mimic treatment, luciferase activity
in the two experimental groups was significantly reduced (Fig. 4H and
I), indicating that miR-743a-5p had targeting relationships with NUAK1
and GAS5. These results indicated that NUAK1 and GAS5 are both target
genes of miR-743a-5p and exhibit negative regulatory relationships.

3.5. Inhibiting NUAK1 alleviates necroptosis induced by BTBPE in BRL
cells

To investigate the mechanism of the coding gene NUAK1 in BTBPE-
induced necroptosis, we used HTH, a potent NUAK1 inhibitor. First, AO/
EB staining results showed that, compared with the NC group, the pro-
portion of necrotic cells in the BTBPE group was significantly increased,
whereas in the HTH+BTBPE group, it was significantly decreased
compared with the BTBPE group (Fig. 5A and B). Further experiments
showed that HTH reduced the increased gene expression levels of RIP1,
RIP3, and MLKL induced by BTBPE (Fig. 5C-E). Similarly, the BTBPE-
induced increase in RIP1, pRIP3, and pMLKL protein levels was signif-
icantly inhibited by HTH (Fig. 2C and D, Fig. 5F and G, and Fig. 5H and
I). Cytoplasmic calcium ion and ROS levels were measured (Fig. 5J-M).

Cytoplasmic calcium ion and ROS BTBPE group were significantly
higher than those in the NC group. Compared to the BTBPE group, the
levels of cytoplasmic calcium ions and ROS in the HTH+BTBPE group
were significantly reduced. These results indicate that HTH can inhibit
BTBPE-induced necroptosis in BRL cells and the accompanying increase
in cytoplasmic calcium ions and ROS levels. Thus, NUAK1 is involved in
the upstream regulation of necroptosis.

3.6. miR-743a-5p alleviates necroptosis induced by BTBPE in BRL cells

Subsequently, miR-743a-5p mimics were used to investigate the
upstream regulatory mechanisms of NUAK1. As shown in Fig. 6A, the
level of miR-743a-5p significantly increased in cells transfected with the
miR-743a-5p mimic. Compared with the BTBPE group, the level of
NUAK1 in the miR-743a-5p mimic+BTBPE group was significantly
reduced (Fig. 6B), suggesting that overexpression of miR-743a-5p in
cells could effectively inhibit NUAK1.

AO/EB staining showed that the proportion of necrotic cells in the
BTBPE group was significantly increased compared to that in the NC
group, whereas that in the miR-743a-5p mimic+BTBPE group was
significantly reduced compared to that in the BTBPE group (Fig. 6 C and
D). Further experiments showed that the miR-743a-5p mimic reduced
the elevated mRNA levels of RIP1, RIP3, and MLKL induced by BTBPE
(Fig. 6E-G). Similarly, the miR-743a-5pmimic significantly inhibited the
BTBPE-induced increases in RIP1, pRIP3, and pMLKL protein levels
(Fig. 3A and B, Fig. 6H and I, and Fig. 6 J and K). Cytoplasmic calcium
ions and ROS levels were then measured (Fig. 6L-O). Cytoplasmic cal-
cium ion and ROS BTBPE group were significantly higher in those in the
NC group. Compared to the BTBPE group, the levels of cytoplasmic

Fig. 3. BTBPE induces necroptosis in BRL cells. (A) The mRNA level of RIP1 in BRL cells after BTBPE exposure. (B) The mRNA level of RIP3 in BRL cells after BTBPE
exposure. (C) The mRNA level of MLKL in BRL cells after BTBPE exposure. (D) Effects of BTBPE on BRL cells necrosis by AO/EB staining. After AO/EB staining, the
normal cells appeared green, and the necrotic cells appeared orange or orange-red. (E) Relative proportion of necrotic cells after BTBPE exposure. (F) Effects of
BTBPE on protein level of pRIP3 in BRL cells analyzed using immunofluorescence. (G) pRIP3 relative fluorescence intensity after BTBPE exposure in BRL cells. (H)
Effects of BTBPE on protein level of pMLKL in BRL cells analyzed using immunofluorescence. (I) pMLKL relative fluorescence intensity after BTBPE exposure in BRL
cells. (J) Effects of BTBPE on level of cytoplasmic calcium ion in BRL cells analyzed using Fluo-4 probe. (K) Cytoplasmic calcium ion relative fluorescence intensity
after BTBPE exposure in BRL cells. (L) Effects of BTBPE on level of ROS in BRL cells analyzed using DCFH probe. (M) ROS relative level in BRL cells after BTBPE
exposure. All experiments were repeated at least three times (n ≥ 3). Results are expressed as mean ± standard deviation. The asterisk represents a significant
difference compared to the NC group or between different groups (*P < 0.05).
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calcium ions and ROS in the miR-743a-5p mimic+BTBPE group were
significantly reduced. These results indicated that the miR-743a-5p
mimic inhibited BTBPE-induced necroptosis in BRL cells, as well as
the accompanying increase in cytoplasmic calcium ions and ROS levels.
Thus, miR-743a-5p inhibits necroptosis through the targeted binding
and inhibition of NUAK1.

3.7. GAS5 knockdown alleviates BTBPE-induced necroptosis in BRL cells

To investigate the mechanism of action of non-coding RNA GAS5 in
BTBPE-induced necroptosis, we knocked down GAS5(si-GAS5) in BRL
cells. As shown in Fig. 7A, BTBPE increased the level of GAS5 in cells.
Compared to the BTBPE group, the expression level of GAS5 in the si-
GAS5 +BTBPE group was significantly reduced, indicating that GAS5

Fig. 4. Both NUAK1 and GAS5 are target genes for miR-743a-5p. (A) The mRNA level of NUAK1 in liver after BTBPE exposure. (B) The relative level of GAS5 in liver
after BTBPE exposure. (C) The relative level of miR-743a-5p in liver after BTBPE exposure. (D) The mRNA level of NUAK1 in BRL cells after BTBPE exposure. (E) The
relative level of GAS5 in BRL cells after BTBPE exposure. (F) The relative level of miR-743a-5p in BRL cells after BTBPE exposure. (G) The binding sites of miR-743a-
5p in 3′UTR of NUAK1 and GAS5 analyzed using bioinformatics methods. (H) Using dual luciferase reporter genes to determine the targeting relationship between
3′UTR of NUAK1 and miR-743a-5p. (I) Using dual luciferase reporter genes to determine the targeting relationship between GAS5 and miR-743a-5p. All experiments
were repeated at least three times (n ≥ 3). Results are expressed as mean ± standard deviation. The asterisk represents a significant difference compared to the NC
group or between different groups (*P < 0.05).
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was effectively inhibited by si-GAS5. First, AO/EB staining showed that
compared with the NC group, the proportion of necrotic cells in the
BTBPE group was significantly increased, whereas in the si-
GAS5 +BTBPE group, it was significantly decreased compared with the
BTBPE group (Fig. 7B and C). Further experiments showed that si-GAS5
reduced the increased mRNA levels of RIP1, RIP3 and MLKL induced by
BTBPE (Fig. 7D-F). Similarly, the BTBPE-induced increase in RIP1,
pRIP3, and pMLKL protein levels was significantly inhibited by si-GAS5
(Fig. 3C and D, Fig. 7G and H, and Fig. 7I and J). Then, cytoplasmic
calcium ions and ROS levels were measured (Fig. 7K-N). Cytoplasmic
calcium ion and ROS levels in the BTBPE group were significantly higher
than those in the NC group. Compared to the BTBPE group, the levels of
cytoplasmic calcium ions and ROS in the si-GAS5 +BTBPE group were
reduced. These results indicate that GAS5 knockdown inhibits BTBPE-
induced necroptosis, as well as the accompanying increase in cyto-
plasmic calcium ions and ROS levels. Thus, GAS5 is involved in nec-
roptosis regulation.

3.8. The contribution of NUAK1 to necroptosis is mitigated by miR-743a-
5p

To explore the interaction between NUAK1 and miR-743a-5p during
necroptosis, we overexpressed NUAK1 (OE-NUAK1) in BRL cells. In cells
transfected with a recombinant plasmid containing the gene sequence of
NUAK1, the gene expression level of NUAK1 was significantly increased,
whereas after adding the miR-743a-5p mimic, the gene expression level
of NUAK1 was significantly reduced (Fig. 4A). The AO/EB staining

results showed that the proportion of necrotic cells in the OE-NUAK1
group was significantly higher than that in the NC group, and that in
the miR-743a-5p mimic+OE-NUAK1 group was significantly lower than
that in the OE-NUAK1 group (Fig. 4B and C). Further experiments
showed that the miR-743a-5p mimic reduced the increased gene
expression levels of RIP1, RIP3, and MLKL mediated by OE-NUAK1
(Fig. 4D-F). Similarly, the increased protein levels of RIP1, pRIP3, and
pMLKL induced by OE-NUAK1 were significantly inhibited by the miR-
743a-5p mimic (Fig. 5A-B, SFig. 4 G and H, and SFig. 4I and J). Cyto-
plasmic calcium ion and ROS levels were also detected (Fig. 4K-N). The
cytoplasmic calcium and ROS levels in the OE-NUAK1 group were
significantly higher than those in the NC group. Cytoplasmic calcium ion
and ROS levels in the miR-743a-5p mimic+OE-NUAK1 group were
significantly lower than those in the OE-NUAK1 group. These results
demonstrate that the miR-743a-5p mimic directly inhibited OE-NUAK1-
mediated necroptosis in BRL cells.

3.9. The contribution of GAS5 to necroptosis is mitigated by miR-743a-5p

To directly explore the interaction between GAS5 and miR-743a-5p
during necroptosis, we overexpressed GAS5 (OE-GAS5) in BRL cells. In
cells transfected with the recombinant plasmid containing the GAS5 full-
length sequence, the GAS5 gene expression level was significantly
increased, whereas after adding the miR-743a-5p mimic, the GAS5 gene
expression level was significantly reduced (Fig. 6A). After OE-GAS5
transfection, the transfection efficiency of miR-743a-5p mimic could
be significantly inhibited, as shown in Fig. 6B. In addition, the

Fig. 5. NUAK1 inhibition alleviated necroptosis induced by BTBPE in BRL cells. (A) Effects of BTBPE and/or HTH on BRL cells necrosis by AO/EB staining. After AO/
EB staining, the normal cells appeared green, and the necrotic cells appeared orange or orange-red. (B) Relative proportion of necrotic cells after BTBPE and/or HTH
treatment. (C) The mRNA level of RIP1 in BRL cells after BTBPE and/or HTH treatment. (D) The mRNA level of RIP3 in BRL cells after BTBPE and/or HTH treatment.
(E) The mRNA level of MLKL in BRL cells after BTBPE and/or HTH treatment. (F) Effects of BTBPE and/or HTH on protein level of pRIP3 in BRL cells analyzed using
immunofluorescence. (G) pRIP3 relative fluorescence intensity after BTBPE and/or HTH treatment in BRL cells. (H) Effects of BTBPE and/or HTH on protein level of
pMLKL in BRL cells analyzed using immunofluorescence. (I) pMLKL relative fluorescence intensity after BTBPE and/or HTH treatment in BRL cells. (J) Effects of
BTBPE and/or HTH on level of cytoplasmic calcium ion in BRL cells analyzed using a Fluo-4 probe. (K) Cytoplasmic calcium ion relative fluorescence intensity after
BTBPE and/or HTH treatment in BRL cells. (L) Effects of BTBPE and/or HTH on level of ROS in BRL cells analyzed using a DCFH probe. (M) ROS relative level in BRL
cells after BTBPE and/or HTH treatment. All experiments were repeated at least three times (n ≥ 3). Results are expressed as mean ± standard deviation. The asterisk
represents a significant difference compared to the NC group or between different groups (*P < 0.05).
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expression of NUAK1 in the OE-GAS5 group was significantly higher
than that in the control group, and the expression of NUAK1 in the miR-
743a-5p mimic+OE-GAS5 group was significantly lower than that in the
OE-GAS5 group (Fig. 6C). This indicates that GAS5 can effectively
consume miR-743a-5p, thereby increasing the expression level of
NUAK1. Overexpression of miR-743a-5p effectively inhibited the
elevation in NUAK1 induced by OE-GAS5. Therefore, the GAS5-miR-
743a-5p-NUAK1 axis was established.

AO/EB staining showed that the proportion of necrotic cells in the
OE-GAS5 group was significantly higher than that in the NC group, and
that in the miR-743a-5p mimic+OE-GAS5 group was significantly lower
than that in the OE-GAS5 group (Fig. 7A and B). Further experiments
showed that the miR-743a-5p mimic reduced the increased gene
expression levels of RIP1, RIP3, and MLKL mediated by OE-GAS5
(Fig. 7C-E). Similarly, the increased protein levels of RIP1, pRIP3, and
pMLKL induced by OE-GAS5 were significantly inhibited by the miR-
743a-5p mimic (Fig. 5C-D, SFig. 7F and G, and SFig. 7H and I). Then,
cytoplasmic calcium ion and ROS levels were also measured (Fig. 7J-M).
The cytoplasmic calcium and ROS levels in the OE-GAS5 group were
significantly higher than those in the NC group. The levels of cyto-
plasmic calcium ions and ROS in the miR-743a-5p mimic+OE-GAS5

group were significantly lower than those in the OE-GAS5 group. These
results showed that the miR-743a-5p mimic directly inhibited OE-GAS5-
mediated necroptosis in BRL cells. Thus, the GAS5-miR-743a-5p-NUAK1
axis is involved in necroptosis regulation.

4. Discussion

Necroptosis is a type of inflammatory cell death [38]. We found that
BTBPE exposure causes hepatitis, and our previous study showed that
BTBPE can induce necroptosis in the intestine[12]. Therefore, we
studies hepatocyte necroptosis, which was experimentally confirmed.
Different forms of programmed cell death have different markers, and
are associated with different biological effects. Necroptosis, as a form of
programmed cell death, is characterized by the expression levels of
RIP1, RIP3, and MLKL proteins and their phosphorylated proteins,
accompanied by elevated levels of intracellular ROS and calcium ions
[17,19,39]. Necroptosis can cause inflammation because of the extrav-
asation of cellular contents in vivo [12]. In our study, BTBPE exposure
increased the expression levels of RIP1, RIP3, and MLKL in the liver and
hepatocytes, protein expression levels of RIP1, pRIP3, and pMLKL in
hepatocytes, ROS and cytoplasmic calcium ion levels in BRL cells, and

Fig. 6. miR-743a-5p alleviated necroptosis induced by BTBPE in BRL cells. (A) The relative level of miR-743a-5p in BRL cells after miR-743a-5p mimic treatment. (B)
The mRNA level of NUAK1 in BRL cells after BTBPE and/or miR-743a-5p mimic treatment. (C) Effects of BTBPE and/or miR-743a-5p mimic on BRL cells necrosis
analyzed using AO/EB staining. After AO/EB staining, the normal cells appeared green, and the necrotic cells appeared orange or orange-red. (D) Relative proportion
of necrotic cells after BTBPE and/or miR-743a-5p mimic treatment. (E) The mRNA level of RIP1 in BRL cells after BTBPE and/or miR-743a-5p mimic treatment. (F)
The mRNA level of RIP3 in BRL cells after BTBPE and/or miR-743a-5p mimic treatment. (G) The mRNA level of MLKL in BRL cells after BTBPE and/or miR-743a-5p
mimic treatment. (H) Effects of BTBPE and/or miR-743a-5p mimic on protein level of pRIP3 in BRL cells analyzed using immunofluorescence. (I) pRIP3 relative
fluorescence intensity after BTBPE and/or miR-743a-5p mimic treatment in BRL cells. (J) Effects of BTBPE and/or miR-743a-5p mimic on protein level of pMLKL in
BRL cells analyzed using immunofluorescence. (K) pMLKL relative fluorescence intensity after BTBPE and/or miR-743a-5p mimic treatment in BRL cells. (L) Effects of
BTBPE and/or miR-743a-5p mimic on level of cytoplasmic calcium ion in BRL cells analyzed using a Fluo-4 probe. (M) Cytoplasmic calcium ion relative fluorescence
intensity after BTBPE and/or miR-743a-5p mimic treatment in BRL cells. (N) Effects of BTBPE and/or miR-743a-5p mimic on level of ROS in BRL cells analyzed using
a DCFH probe. (O) ROS relative level in BRL cells after BTBPE and/or miR-743a-5p mimic treatment. All experiments were repeated at least three times (n ≥ 3).
Results are expressed as mean ± standard deviation. The asterisk represents a significant difference compared to the NC group or between different
groups (*P < 0.05).

Y. Cui et al.



Journal of Hazardous Materials 478 (2024) 135375

10

inflammatory responses in the liver. These studies indicated that BTBPE
has a necroptotic effect on hepatocytes.

Currently, the research on NUAK1 is limited. To investigate the
biological effects of NUAK1 on hepatocytes, we knocked down NUAK1.
HTH is a commercialized NUAK1-specific inhibitor. The inhibitory effect
of HTH on NUAK1 is more than 100 times higher than that on NUAK2
[40]. Therefore, compared to other NUAK1 inhibitors, HTH was more
suitable for our study. In our study, we found that after BTBPE exposure,
the gene expression levels of NUAK1 in the liver and BRL cells increased
significantly, and the use of NUAK1 specific inhibitors reduced
BTBPE-induced necroptosis. Further experiments demonstrated that
NUAK1 overexpression in BRL cells can also cause necroptosis, sug-
gesting that NUAK1 may be an upstream regulator of necroptosis.
Additionally, we focused on another target, lncRNA GAS5 [41,42].
However, whether there is a link between GAS5 and necroptosis has not
been investigated. In our study, we found that GAS5 expression levels in
the liver and BRL cells were significantly elevated after BTBPE exposure
and that interfering with GAS5 with siRNA reduced BTBPE-induced
necroptosis. We demonstrated that the overexpression of GAS5 in BRL
cells can also cause necroptosis. These results indicate that GAS5 is also
involved in the regulation of necroptosis.

Next, we explored the relationship between NUAK1, GAS5, and
necroptosis. In the present study, overexpression and inhibition of
NUAK1 regulated necroptosis, suggesting that NUAK1 plays a role in the
regulation of necroptosis. It is worth noting that GAS5, as a non-coding
RNA, cannot be translated into proteins, so GAS5 usually acts as an RNA

[41,43–45]. Bioinformatics analysis revealed that NUAK1 and GAS5
share a common target miRNA, miR-743a-5p. In vitro and in vivo studies
showed that the expression of miR-743a-5p was significantly reduced
after BTBPE treatment. This is in contrast to the expression trends of
NUAK1 and GAS5, which attracted our interest. A dual-luciferase re-
porter gene assay showed that NUAK1 and GAS5 target miR-743a-5p.
This led us to investigate their relationship with necroptosis from the
ceRNA perspective [46,47].

After treating BRL cells with a miR-743a-5p mimic, we found that
miR-743a-5p inhibited necroptosis caused by BTBPE by inhibiting
NUAK1. This suggests that the miR-743a-5p-NUAK1 axis is involved in
the regulation of necroptosis. Subsequently, after overexpression of
GAS5, we found that the level of miR-743a-5p was reduced and that of
NUAK1 was increased. In addition, necroptosis caused by NUAK1 and
GAS5 overexpression was significantly inhibited by the miR-743a-5p
mimic. These results indicated that the GAS5-miR-743a-5p-NUAK1
axis is involved in the regulation of necroptosis in the form of a
ceRNA. Thus, GAS5 and NUAK1 induce necroptosis by co-competing
with miR-743a-5p. In addition, the correlation analysis results showed
that GAS5 and NUAK1 were significantly positively correlated with
necroptosis-related genes, whereas miR-743a-5p was significantly
negatively correlated with necroptosis-related genes, which also sup-
ports our hypothesis.

One limitation of this study is that the in vitro mechanism has not
been validated in vivo. Subsequent research should validate the mech-
anisms discovered in this study in vivo using pharmacological and gene

Fig. 7. GAS5 knockdown alleviated BTBPE-induced necroptosis in BRL cells. (A) The relative level of GAS5 in BRL cells after BTBPE and/or si-GAS5 treatment. (B)
Effects of BTBPE and/or si-GAS5 on BRL cells necrosis by AO/EB staining. After AO/EB staining, the normal cells appeared green, and the necrotic cells appeared
orange or orange-red. (C) Relative proportion of necrotic cells after BTBPE and/or si-GAS5 treatment. (D) The mRNA level of RIP1 in BRL cells after BTBPE and/or si-
GAS5 treatment. (E) The mRNA level of RIP3 in BRL cells after BTBPE and/or si-GAS5 treatment. (F) The mRNA level of MLKL in BRL cells after BTBPE and/or si-
GAS5 treatment. (G) Effects of BTBPE and/or si-GAS5 on protein level of pRIP3 in BRL cells analyzed using immunofluorescence. (H) pRIP3 relative fluorescence
intensity after BTBPE and/or si-GAS5 treatment in BRL cells. (I) Effects of BTBPE and/or si-GAS5 on protein level of pMLKL in BRL cells analyzed using immu-
nofluorescence. (J) pMLKL relative fluorescence intensity after BTBPE and/or si-GAS5 treatment in BRL cells. (K) Effects of BTBPE and/or si-GAS5 on level of
cytoplasmic calcium ion in BRL cells analyzed using a Fluo-4 probe. (L) Cytoplasmic calcium ion relative fluorescence intensity after BTBPE and/or si-GAS5 treatment
in BRL cells. (M) Effects of BTBPE and/or si-GAS5 on level of ROS in BRL cells analyzed using a DCFH probe. (N) ROS relative level in BRL cells after BTBPE and/or si-
GAS5 treatment. All experiments were repeated at least three times (n ≥ 3). Results are expressed as mean ± standard deviation. The asterisk represents a significant
difference compared to the NC group or between different groups (*P < 0.05).
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editing methods as well as verify whether the GAS5-miR-743a-5p-
NUAK1 axis regulates necroptosis on various other necroptosis models.

5. Conclusion

In summary, our study found that BTBPE exposure caused nec-
roptosis in the liver and BRL cells, accompanied by an oxidation-
reduction imbalance. Importantly, NUAK1 is a newly discovered up-
stream regulatory target for necroptosis. In addition, miR-743a-5p was
shown for the first time to inhibit necroptosis by targeting NUAK1 and
down-regulating NUAK1. GAS5 upregulates NUAK1 expression by
competitively binding to miR-743a-5p, thereby inducing necroptosis.
Thus, GAS5 and NUAK1 induce necroptosis by competitively binding to
miR-743a-5p.

Environmental implication

The brominated flame retardant BTBPE widelyused in
manufacturing is inevitably released into the environment, resulting
inthe exposure of organisms toBTBPE; therefore, it is particularly
important toexplore its toxic mechanism. The liver is one of the main
accumulating organsof BTBPE; however, the mechanism underlying
BTBPE hepatotoxicity has not beenthoroughly investigated. Our study is
the first to explore the mechanism ofhepatotoxicity fromthe perspective
of ceRNA caused by BTBPE exposure. We discovered that theGAS5-miR-
743a-5p-NUAK1 axis is involved in the occurrence of necroptosis.
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