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Sepsis is a systemic inflammatory response syndrome caused by infection. Lipopolysaccha-
ride (LPS) has been reported to induce inflammatory responses, and long non-coding RNA
highly up-regulated in liver cancer (HULC) expression was associated with the progression
of sepsis. But the role and underlying mechanism of HULC in LPS-induced sepsis remain
unclear. Cell viability and apoptosis were measured by methyl thiazolyl tetrazolium (MTT) and
flow cytometry assays, respectively. The levels of apoptosis-related proteins, inflammatory
cytokines and transient receptor potential melastatin7 (TRPM7) were detected by western
blot. Reactive oxygen species (ROS), superoxide dismutase (SOD) and malondialdehyde
(MDA) levels were detected by dichloro-dihydro-fluorescein diacetate (DCFH-DA) method
using commercial kit. HULC, microRNA-204-5p (miR-204-5p) and TRPM7 expressions in
serum of sepsis patients and human umbilical vein endothelial cells (HUVECs) were exam-
ined by quantitative real-time polymerase chain reaction (qRT-PCR). Dual-luciferase reporter
and RNA immunoprecipitation (RIP) assays were used to confirm the interaction between
HULC and miR-204-5p, miR-204-5p and TRPM7. LPS stimulation restrained cell viability
and facilitated apoptosis, inflammatory injury and oxidative stress in HUVECs. HULC and
TRPM7 were increased and accompanied with decreased miR-204-5p expression in serum
of sepsis patients. A significant negative correlation between miR-204-5p and HULC or
TRPM7 was observed, and there was a positive relationship between expressions of HULC
and TRPM7. Importantly, LPS inhibited the cell viability and induced apoptosis, inflamma-
tory injury and oxidative stress of HUVECs by up-regulating the expressions of HULC and
TRPM7, and down-modulating miR-204-5p expression. Mechanically, HULC positively reg-
ulated TRPM7 expression by sponging miR-204-5p in HUVECs. LPS impaired cell viability,
and promoted cell apoptosis, inflammatory response and oxidative stress in HUVECs by
regulating HULC/miR-204-5p/TRPM7 axis.

Introduction
Sepsis is a systemic inflammatory disease caused by severe trauma, burns and postoperative infections. It
develops rapidly and can lead to multiple organ failure [1]. It is estimated that in 2017, the percentage of
ICU admissions due to sepsis was approximately 25%, and the global mortality rate was more than 50%
[2]. Lipopolysaccharide (LPS), which is made up of lipids and polysaccharides, is also an endotoxin that
is released from bacterial membranes and binds to receptors on the surface of endothelial cells, thereby
acting as a toxic agent that causes severe inflammation [3]. LPS has been reported to induce sepsis by
regulating the growth of endothelial cells, inflammatory factors and oxidative stress factors [4,5]. However,
the exact mechanism by which LPS affects endothelial cell activity and induces cellular inflammation is
still not fully understood.
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Recently, the abnormally expressed long noncoding RNAs (lncRNAs) have been found in many sepsis cell models.
For instance, lnc-IL7R was markedly enhanced in LPS-stimulated cells, and it could alleviate the LPS-induced in-
flammatory response [6]. LncRNA NEAT1 could regulate the LPS-induced oxidative stress in the heart [7]. LncRNA
highly up-regulated in liver cancer (HULC) has been identified as an oncogene to modulate the development of many
human cancers [8,9]; it promoted the growth and metastasis of tumor cells and tumorigenesis. In addition, Wang et al.
demonstrated that HULC could be up-regulated under the stimulation of inflammatory factors and oxidative stress
factors, thus promoting the migration and invasion of cholangiocyte [10]. This suggested that HULC played a piv-
otal role in inflammatory response and oxidative stress. Besides, microRNA-204-5p (miR-204-5p) has been shown
to inhibit the inflammatory process of microglia cells caused by LPS [11]. In LPS-stimulated macrophages, the de-
creased expression of miR-204-5p was accompanied by the production of inflammatory cytokines [12]. Since sepsis
induces inflammation and oxidative stress [13], it is necessary to explore the role and correlation between HULC and
miR-204-5p in LPS-induced sepsis.

Transient receptor potential melastatin7 (TRPM7) is the main Ca2+-permeable channel and can activate fibroblasts
[14]. Inhibition of TRPM7 could repress calcium influx and LPS-stimulated endothelial cell migration [15]. Addition-
ally, Liu et al. found that TRPM7 was enormously increased in serum of sepsis patients [16], suggesting that TRPM7
might be implicated in the development of sepsis.

In the present research, we first used LPS to treat human umbilical vein endothelial cells (HUVECs) to establish an
inflammatory HUVECs model. Next, we measured HULC expression in serum of sepsis patients and LPS-stimulated
HUVECs, and investigated the potential mechanisms mediated by HULC in LPS-treated HUVECs.

Materials and methods
Blood samples, cell culture and LPS treatment
Blood samples were collected from 56 sepsis patients at The Second Hospital of Jilin University from January 2017 to
May 2018, and 56 healthy volunteers were recruited. All sepsis patients and healthy volunteers completed informed
consent forms. The serums were obtained by centrifuging the blood samples of sepsis patients and healthy volunteers
at 3000 × g for 15 min and stored in an ultra-cold refrigerator at −80◦C. This research was approved by the Ethics
Committee of The Second Hospital of Jilin University.

HUVECs were purchased from American Tissue Culture Collection (ATCC, Manassas, VA, U.S.A.) and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, Waltham, MA, U.S.A.) with 10%
fetal bovine serum (FBS, Thermo Fisher Scientific) in an atmosphere of 5% CO2 at 37◦C.

For LPS induction, HUVECs were inoculated in 6- or 96-well plates and incubated for 12 h. LPS (10 μg/ml) or
saline (control) were treated HUVECs for 48 h, then cells were harvested for analysis of cell viability and apoptosis
or transfected for further analysis.

Cell viability and apoptosis assays
After HUVECs were inoculated for 12 h at 96-well plates, the cells were treated with LPS or saline for 48 h. 10 μl of
methyl thiazolyl tetrazolium (MTT, Promega, Madison, WI, U.S.A.) was added to each well and incubated for another
2 h, and the absorbance at 490 nm was assessed by a microplate reader.

Flow cytometry assay was performed by using Annexin V-fluorescein isothiocynate (FITC)/propidium iodide (PI)
apoptosis detection kit (Biosea Biotechnology, Beijing, China). HUVECs were transfected or treated with LPS for 48
h, cells were harvested, and treated with 10 μl Annexin V-FITC for 20 min, and then 10 μl PI was added to the cells
for 20 min in the dark. Finally, cell apoptosis was analyzed by a flow cytometer (BD Biosciences, Franklin Lake, NJ,
U.S.A.).

Western blot assay
After extracting the proteins from HUVECs with RIPA (Thermo Fisher Scientific), they were first boiled at 98◦C
for 5 min to denature. The samples were separated and then transferred to polyvinylidene difluoride (PVDF, Mil-
lipore, Bedford, MA, U.S.A.) membranes. The membranes were blocked in 5% non-fat dry milk for 2 h, and in-
cubated with primary antibody of B-cell lymphoma-2 (Bcl-2, 1:1000, ab32124, Abcam, Cambridge, MA, U.S.A.),
Bcl-2-associated X (Bax, 1:2000, ab182733, Abcam), cleaved-caspase3 (1:500, ab32042, Abcam), tumor necrosis
factor-α (TNFα, 1:1000, ab6671, Abcam), IL-6 (1:1000, 12912S, Cell Signaling Technology, Shanghai, China), IL-8
(1:1000, ab110727, Abcam), IL-1β (1:1000, 12703S, Cell Signaling Technology), TRPM7 (1:1000, ab109438, Abcam)
or glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:3000, ab8245, Abcam) at 4◦C overnight. The membranes
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were washed and incubated with secondary antibodies for 1 h, and detected by an odyssey infrared imaging system
(LI-COR Biosciences, Lincoln, NE, U.S.A.).

Detection of reactive oxygen species, superoxide dismutase and
malondialdehyde
Dichloro-dihydro-fluorescein diacetate (DCFH-DA, Beyotime, Shanghai, China) method was used to measure the
level of reactive oxygen species (ROS) in HUVECs according to the product instruction, the transfected or LPS-treated
HUVECs were incubated with 10 μM DCHF-DA for 15 min, then flow cytometry assay was performed to analyze
the ROS production.

When HUVECs were treated with LPS or transfected for 48 h, cells were harvested and the levels of superoxide
dismutase (SOD) and malondialdehyde (MDA) were examined by the commercial kit (Jiancheng Biotech, Nanjing,
China) according to the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction
The RNA in serum of sepsis patients or HUVECs was isolated by TRIZOL kit (Thermo Fisher Scientific). Then,
the complementary DNA (cDNA) was synthesized by Prime Script RT Master Mix (Thermo Fisher Scientific), and
a SYBR Green Master mix kit (Thermo Fisher Scientific) was used to perform quantitative real-time polymerase
chain reaction (qRT-PCR) on the 7500 Real Time System (Applied Biosystems, Foster City, CA, U.S.A.). GAPDH
and U6 were employed as the internal controls for HULC or TRPM7 and miR-204-5p, respectively, and the 2−��Ct

method was used to calculate the relative expression. The following primers were synthesized by GenePharma
(Shanghai, China). HULC, 5′-GCAAGCCAGGAAGAGTCGTC-3′ (F), 5′-GCTGTGCTTAGTTTATTGCCAGG-3′

(R). GAPDH, 5′-GCACCGTCAAGCTGAGAAC-3′ (F), 5′-TGGTGAAGACGCCAGTGGA-3′ (R). miR-204-5p,
5′-TTCCCTTTGTCATCCTATGCCT3-3′ (F), 5′-CAGTGCGTGTCGTGGAGT-3′ (R). U6, 5′-GTGCAGGGTCCG
AGGT-3′ (F), 5′-CTCGCTTCGGCAGCACA-3′ (R). TRPM7, 5′-CACTTGGAAACTGGAACC-3′ (F), 5′-CGGTAG
ATGGCCTTCTACTG-3′ (R).

Transfection
For knockdown of HULC, the small interference RNA (siRNA) against HULC (si-HULC) and control si-NC were
synthesized by GenePharma. The mimic (miR-204-5p) and inhibitor (anti-miR-204-5p) of miR-204-5p and their
respective controls (miR-NC and anti-miR-NC) were designed by GenePharma. For overexpression of TRPM7, its
coding sequence (CDS) was cloned into the vector (Thermo Fisher Scientific). When the density of HUVECs reached
60–70%, transfection was performed using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, U.S.A.).

Dual-luciferase reporter assay
MiRcode and StarBase v2.0 were employed to predict the interaction among HULC, miR-204-5p and TRPM7. Wild
type (WT) sequences of HULC containing miR-204-5p binding sites or mutant (MUT) sequences without binding
sites were inserted into the pmirGLO vector (Promega) to form HULC WT and HULC MUT report plasmids. TRPM7
3′ UTR WT and TRPM7 3′ UTR MUT report plasmids were constructed in the same way. Then, the report plasmids
were co-transfected with miR-204-5p or miR-NC into HUVECs using Lipofectamine 3000 (Invitrogen), respectively.
24 h later, a dual-luciferase reporter assay kit (Promega) was used to assess the luciferase activity.

RNA immunoprecipitation assay
An EZ-Magna RIP Kit (Millipore) was used to analyze the relationship between HULC and miR-204-5p in RNA
immunoprecipitation (RIP) assay. In brief, HUVECs were lysed in lysis buffer, then, incubated with magnetic beads
conjugated to anti-Ago2, and anti-IgG group was used as the negative control. The co-precipitated RNAs from the
beads were extracted and examined by qRT-PCR.

Statistical analysis
Data were all appeared as the mean +− standard deviation (SD) from three independent experiments. Statistical eval-
uation was analyzed by using student’s t-test between two groups or one-way analysis of variance (ANOVA) among
multiple groups. P <0.05 was deemed notably different.
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Figure 1. LPS reduced cell viability and induced apoptosis, inflammatory injury and oxidative stress in HUVECs

(A,B) MTT and flow cytometry assays were used to determine the viability and apoptosis of LPS-induced HUVECs, respectively.

(C,D) The levels of apoptosis-related proteins Bcl-2, Bax, cleaved-caspase3 and inflammation-related cytokines TNFα, IL-6, IL-8

and IL-1β in LPS-treated HUVECs were detected by western blot. (E–G) The productions of ROS, SOD and MDA were measured

by DCFH-DA method and a commercial kit. *P<0.05.

Results
LPS reduced cell viability and induced apoptosis, inflammatory injury and
oxidative stress in HUVECs
To evaluate the effect of LPS (10 μg/ml) on the properties of HUVECs, MTT and flow cytometry assays were per-
formed to detect viability and apoptosis of HUVECs, respectively. The results showed that LPS repressed cell viability
(P = 0.0013, Figure 1A) and increased the rate of apoptosis (P = 0.0002, Figure 1B). Meanwhile, after HUVECs
were treated with LPS, western blot detected that the expression levels of Bax and cleaved-caspase3 were increased
(P = 0.0002 and 0.0002), while Bcl-2 was decreased (P = 0.0006, Figure 1C), which further indicated that LPS could
promote apoptosis of HUVECs. Then we measured the expressions of inflammatory cytokines by western blot. As
shown in Figure 1D, the protein levels of TNFα, IL-6, IL-8 and IL-1β were significantly elevated in LPS-induced
HUVECs (P<0.0001, P<0.0001, P<0.0001 and P<0.0001), suggesting that LPS treatment could trigger inflamma-
tion. Furthermore, to explore the effects of LPS on cellular redox status in HUVECs, we evaluated the levels of ROS,
SOD and MDA. As displayed in Figure 1E–G, ROS production and MDA production were distinctly increased by
LPS stimulation (P<0.0001 and P<0.0001), while SOD production was substantially dwindled (P = 0.0003). These
results indicated that LPS suppressed cell viability, induced apoptosis, inflammatory response and oxidative stress in
HUVECs.

HULC was up-regulated in serum of sepsis patients and in LPS-induced
HUVECs
We then performed qRT-PCR analysis to measure HULC expression in serum of sepsis patients. Compared with
the healthy controls, HULC expression was enhanced in serum of sepsis patients (P<0.0002, Figure 2A). Based on
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Figure 2. HULC was up-regulated in serum of sepsis patients and in LPS-induced HUVECs

(A) HULC expression in serum of sepsis patients compared with healthy controls was measured by qRT-PCR. (B) HULC expression

was examined by qRT-PCR in HUVECs treated with LPS. *P<0.05.

Table 1 Association of HULC expressions with the baseline clinical features of sepsis patients (n = 30)

Parameter Case HULC expression P value*

Low (n = 15) High (n = 15)

Age (years) 0.7048

≤55 19 9 10

>55 11 6 5

Gender 0.2690

Male 17 10 7

Female 13 5 8

APACHE II score 0.0053†

≤17.15 9 8 1

>17.15 21 7 14

SOFA score 0.0253†

≤7.64 12 9 3

>7.64 18 6 12

APACHE, acute physiology and chronic health evaluation; SOFA, sequential organ failure assessment.
*Chi-square test.
†P < 0.05.

the median of HULC expression, sepsis patients were divided into high HULC expression group and low HULC
expression group. The analysis of sepsis patients’ clinical features revealed that high HULC expression was associated
with the severity of sepsis (Table 1). To investigate the effect of LPS on HULC expression, HUVECs were treated
with LPS (10 μg/ml) for 48 h, and the control group was not given any treatment. As shown in Figure 2B, LPS could
increase HULC expression in HUVECs (P = 0.0002). These results implied that LPS might inhibit the progression
of HUVECs by up-regulating HULC expression.

HULC knockdown could alleviate LPS-induced injury of HUVECs
To figure out whether HULC affected the effect of LPS on HUVECs, HUVECs were separately divided into four
groups, namely control, LPS, LPS + si-NC and LPS + si-HULC. The transfection efficiency was first examined by
qRT-PCR. Three siRNAs against HULC (si-HULC#1, si-HULC#2 and si-HULC#3) were used to silence HULC in
LPS induced HUVECs, and the knockdown efficiency of si-HULC#1 was most significant (data not shown), so we
used si-HULC#1 as si-HULC for subsequent experiments. LPS elevated HULC expression (P<0.0001), while this ef-
fect was reversed by interfering HULC (P<0.0001, Figure 3A). Besides, suppression of HULC could partially alleviate
the inhibitory ability of LPS on cell activity (P = 0.0012, Figure 3B) and the promoting effect of LPS on apoptosis
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Figure 3. HULC knockdown could rescue the inhibitory effect of LPS on progression of HUVECs

HUVECs were treated with LPS for 48 h, and cells in control group were not given any treatment and after LPS-treated HUVECs

were transfected with si-HULC or si-NC. (A) HULC expression was measured by qRT-PCR. (B,C) MTT and Flow cytometry assays

were performed to detect cell viability and apoptosis, respectively. (D,E) The levels of Bcl-2, Bax, cleaved-caspase3, TNFα, IL-6,

IL-8 and IL-1β were determined by western blot. (F–H) ROS, SOD and MDA productions were examined by DCFH-DA method and

a commercial kit. *P<0.05.

(P<0.0001, Figure 3C). LPS increased the levels of Bax (P<0.0001), cleaved-caspase3 (P<0.0001) and declined Bcl-2
(P<0.0001) expression, and these effects were weakened by transfection of si-HULC (P<0.0001, P<0.0001, P =
0.0002, Figure 3D). As presented in Figure 3E, the facilitation effects of LPS on the protein levels of TNFα, IL-6, IL-8
and IL-1β were reversed by silencing HULC (P<0.0001, P<0.0001, P<0.0001, P<0.0001). Simultaneously, LPS in-
creased the productions of ROS (P<0.0001) and MDA (P<0.0001) and reduced the production of SOD (P<0.0001),
which could be overturned by inhibiting HULC expression (P<0.0001, P<0.0001, P = 0.0001, Figure 3F–H). The
above results signified that LPS promoted the progression of sepsis by regulating HULC expression.
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Figure 4. HULC functions as a sponge for miR-204-5p

(A) MiRcode software was employed to predict the target miRNAs of HULC. (B) After HUVECs were co-transfected with HULC

WT or HULC MUT and miR-204-5p or miR-NC, the luciferase activities were analyzed using dual-luciferase reporter assay. (C,D)

RIP assay was carried out in HUVECs, and the levels of HULC and miR-204-5p were measured by qRT-PCR. (E) The expression

of miR-204-5p in HUVECs transfected with si-HULC or si-NC was examined by qRT-PCR. (F) MiR-204-5p expression in serum

of sepsis patients compared with healthy controls was measured by qRT-PCR. (G) MiR-204-5p expression was determined by

qRT-PCR in HUVECs treated with LPS. (H) The correlation between HULC expression and miR-204-5p expression was assessed

by Pearson correlation coefficient. *P<0.05.

HULC functioned as a sponge for miR-204-5p
LncRNAs are generally served as competitive endogenous RNAs (ceRNAs) of miRNAs to regulate the activity of
miRNA and thus play a biological role [17]. We used MiRcode biological software to analyze the target miRNAs
of HULC and found that there were binding sites for miR-204-5p in HULC (Figure 4A). Dual-luciferase reporter
and RIP assays were performed to verify the interaction between them. As appeared in Figure 4B, miR-204-5p ob-
viously decreased the luciferase activity of HULC WT (P<0.0001), but did not significantly change the luciferase
activity of HULC MUT (P = 0.97). RIP assay results showed that Ago2 antibody strikingly enriched the expression
levels of miR-204-5p (P = 0.0002) and HULC (P = 0.0002) compared with IgG antibody (Figure 4C,D). And HULC
knockdown enhanced the expression of miR-204-5p in HUVECs (P<0.0001, Figure 4E). Subsequently, we exam-
ined miR-204-5p expression by qRT-PCR in serum of sepsis patients and found that miR-204-5p expression was
down-regulated in serum of sepsis patients in contrast with the healthy controls (P<0.0001, Figure 4F). Contrary to
the promotion effect of LPS on HULC expression, miR-204-5p was decreased in LPS-treated HUVECs (P = 0.0005,
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Figure 4G). Not surprisingly, HULC expression was negatively correlated with miR-204-5p expression in serum of
sepsis patients (Figure 4H). These findings supported that miR-204-5p was a target miRNA of HULC.

Suppression of HULC increased cell viability and restrained apoptosis,
inflammatory response and oxidative stress by targeting miR-204-5p in
LPS-induced HUVECs
We further explored whether HULC was involved in the progression of HUVECs by regulating miR-204-5p expres-
sion. First transfection of si-HULC could attenuate the inhibition of LPS on miR-204-5p expression (P<0.0001), and
interference with miR-204-5p counteracted the promoting effect of si-HULC on miR-204-5p expression (P = 0.0043,
Figure 5A). MTT and Flow cytometry assays demonstrated that HULC knockdown induced cell viability (P = 0.0012)
and hampered apoptosis (P<0.0001) in LPS-stimulated HUVECs, and these effects were abolished by co-transfection
with anti-miR-204-5p (P = 0.0324, P<0.0001, Figure 5B,C). In addition, the effects of HULC deficiency on levels of
Bax, Bcl-2 and cleaved-caspase3 in LPS-treated HUVECs could also be abolished by interfering with miR-204-5p (P
= 0.0006, P<0.0001, P = 0.0116, Figure 5D). Similarly, the inhibitory effects of si-HULC on levels of TNFα, IL-6,
IL-8 and IL-1β in LPS-treated HUVECs were abated by co-transfection with anti-miR-204-5p (P<0.0001, P<0.0001,
P<0.0001, P<0.0001, Figure 5E). Meanwhile, knockdown of HULC repressed the productions of ROS (P<0.0001)
and MDA (P<0.0001), induced SOD (P = 0.0001) production, as expected, silencing miR-204-5p could neutral-
ized the effect of si-HULC on these oxidative stress indicators in LPS-treated HUVECs (P<0.0001, P<0.0001, P
= 0.01, Figure 5F–H). These observations revealed that HULC inhibited the progression of HUVECs by targeting
miR-204-5p in LPS-treated HUVECs.

The 3′ UTR of TRPM7 was directly targeted by miR-204-5p
The next we searched the target mRNAs of miR-204-5p by StarBase v2.0 and found that there were binding sites
between miR-204-5p and TRPM7 3′ UTR (Figure 6A). Then dual-luciferase reporter assay was performed to verify
this prediction and the results showed that the luciferase activity of TRPM7 3′ UTR WT was prominently reduced by
transfection with miR-204-5p (P<0.0001), while there was no significant difference in luciferase activity of TRPM7 3′

UTR MUT (P = 0.9348, Figure 6B). After HUVECs were transfected with anti-miR-204-5p, the mRNA and protein
levels of TRPM7 were up-regulated (P<0.0001, P<0.0001, Figure 6C,D). We then examined the expression of TRPM7
in serum of patients with sepsis. The data revealed that TRPM7 was strikingly fortified in mRNA and protein levels
in serum of sepsis patients compared with that in healthy controls (P<0.0001, P<0.0001, Figure 6E,F). Besides, LPS
could aggrandize TRPM7 expression at mRNA and protein levels (P<0.0001, P<0.0001, Figure 6G,H). A significant
inverse correlation between miR-204-5p expression and TRPM7 expression in serum of sepsis patients was analyzed
by Pearson correlation coefficient (P<0.0001, Figure 6I). These data demonstrated that miR-204-5p could directly
target TRPM7 and negatively regulate its expression in HUVECs.

MiR-204-5p promoted LPS-induced injury of HUVECs by down-regulating
TRPM7 expression
In order to investigate the effect of TRPM7 in HUVECs, miR-204-5p and TRPM7 were co-transfected into
LPS-treated HUVECs, and the transfection efficiency was measured by qRT-PCR and western blot assays. Over-
expression of miR-204-5p reduced the mRNA and protein levels of TRPM7 in LPS-treated HUVECs (P<0.0001,
P<0.0001), and co-transfection of TRPM7 reversed this effect (P<0.0001, P<0.0001, Figure 7A,B). Meanwhile,
up-regulation of TRPM7 inverted the promotion effect of miR-204-5p on cell viability (P = 0.0417, Figure 7C) and
the inhibition on apoptosis (P = 0.0001, Figure 7D) in LPS-treated HUVECs. In HUVECs, miR-204-5p weakened
the reduction effect of LPS on Bcl-2 (P = 0.0002) level and the facilitation effects of LPS on levels of Bax (P<0.0001),
cleaved-caspase3 (P<0.0001), TNFα (P<0.0001), IL-6 (P<0.0001), IL-8 (P<0.0001) and IL-1β (P<0.0001), how-
ever, these effects of miR-204-5p were rescued by overexpressing TRPM7 (P = 0.0016, P = 0.0007, P<0.0001,
P<0.0001, P<0.0001, P<0.0001, P<0.0001, Figure 7E,F). In addition, transfection of miR-204-5p in LPS-treated
HUVECs suppressed the productions of ROS (P<0.0001) and MDA (P<0.0001), augmented the production of SOD
(P<0.0001). As expected, these changes were neutralized when TRPM7 was overexpressed (P<0.0001, P = 0.0247,
P<0.0001, Figure 7G–I). Taken together, miR-204-5p regulated the development of LPS-treated HUVECs by target-
ing TRPM7.
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Figure 5. Suppression of HULC increased cell viability and restrained apoptosis, inflammatory response and oxidative

stress by targeting miR-204-5p in LPS-induced HUVECs

HUVECs were treated with LPS for 48 h, and cells in control group were not given any treatment, and then LPS-treated HUVECs were

transfected with si-NC, si-HULC, si-HULC + anti-miR-NC or si-HULC + anti-miR-204-5p. (A) MiR-204-5p expression was detected

by qRT-PCR. (B,C) The cell viability and apoptosis were evaluated by using MTT and Flow cytometry assays, respectively. (D,E)

Western blot assay was performed to examine the protein levels of Bcl-2, Bax, cleaved-caspase3, TNFα, IL-6, IL-8 and IL-1β. (F–H)

ROS, SOD and MDA productions were determined by using DCFH-DA method and a commercial kit. *P<0.05.

Knockdown of HULC down-regulated TRPM7 expression by serving as
miR-204-5p sponge
The ceRNA regulation network of lncRNA-miRNA-mRNA has been widely reported in Sepsis [18]. So we explore
the relationship between HULC and TRPM7. Pearson correlation coefficient showed that HULC expression was
positively associated with the expression of TRPM7 in serum of sepsis patients (Figure 8A). Meanwhile, when HULC
was knocked down in HUVECs, the mRNA and protein levels of TRPM7 were decreased (P<0.0001, P<0.0001),
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Figure 6. The 3′ UTR of TRPM7 was directly targeted by miR-204-5p

(A) StarBase v2.0 was predicted that there were binding sites between miR-204-5p and TRPM7 3′ UTR. (B) Dual-luciferase reporter

assay was performed to confirm the correlation between miR-204-5p and TRPM7, and the luciferase activity of transfected HUVECs

was detected. (C,D) The mRNA and protein levels of TRPM7 in HUVECs transfected with anti-miR-NC or anti-miR-204-5p were

assessed by qRT-PCR and western blot, respectively. (E,F) TRPM7 mRNA and protein levels in serum of sepsis patients and

healthy controls were examined by qRT-PCR and western blot, respectively. (G,H) After HUVECs were treated with LPS or without

any treatment, TRPM7 mRNA and protein levels were determined by qRT-PCR and western blot, respectively. (I) The correlation

between the expressions of miR-204-5p and TRPM7 was analyzed using Pearson correlation coefficient. *P<0.05.

and co-transfection with anti-miR-204-5p rescued the effect of si-HULC on TRPM7 expression (P = 0.0002, 0.0003,
Figure 8B,C), indicating that HULC could act as a ceRNA of miR-204-5p to enhance TRPM7 expression in HUVECs.

Discussion
The injury of HUVECs was considered as a leading feature of sepsis, and LPS-induced HUVECs have been widely
used as an in vitro model of sepsis in many researches [19–21]. In the present study, we successfully established
a model of LPS-induced inflammatory HUVECs, and the results showed that LPS retarded cell viability, induced
apoptosis, inflammatory injury and oxidative stress in HUVECs. Our data indicated that HULC potentiated in sepsis
patients and accompanied with decreased miR-204-5p expression and enhanced TRPM7 expression. Furthermore,
LPS could elevate the levels of HULC and TRPM7, and restrain miR-204-5p expression in HUVECs. The recovery
experiments proved that LPS induced the development of sepsis by regulating HULC/miR-204-5p/TRPM7 axis.

LPS is a cytotoxic agent that can induce inflammatory response and increase the expressions of inflammatory
factors TNFα, IL-6, IL-8 and IL-1β, leading to sepsis [22]. LPS could also promote the apoptosis of inflammatory
HUVECs by affecting the levels of apoptosis-related proteins Bcl-2, Bax and cleaved-caspase3 [23]. Moreover, Zhang
et al. revealed that LPS could promote the productions of ROS and MDA, and hamper the production of SOD [24]. In
accordance with these data, our results showed that LPS could impair cell viability and promote cell apoptosis by in-
creasing the levels of Bax and cleaved-caspase3 and decreasing Bcl-2 level, In addition, LPS stimulation could increase
the expressions of TNFα, IL-6, IL-8 and IL-1β to trigger inflammatory response, and up-modulate the productions
of ROS and MDA as well as decline SOD production to induce oxidative stress response.

HULC plays an oncogene role in a variety of cancers [25,26], and a recent report revealed that increased HULC
expression was related to LPS-induced inflammatory response and sepsis in endothelial cells [27]. Recently, the role
of miR-204-5p in sepsis has been gradually explored, and it could target ANG-1 and be targeted by lncRNA NEAT1

10 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 7. MiR-204-5p promoted the development of LPS-treated HUVECs by down-regulating TRPM7 expression

After LPS-treated HUVECs were transfected with miR-NC, miR-204-5p, miR-204-5p + vector or miR-204-5p + TRPM7, and cells

in control group were not given any treatment. (A,B) TRPM7 mRNA and protein levels were measured by qRT-PCR and western

blot, respectively. (C,D) The viability and apoptosis of transfected HUVECs were assessed by MTT and Flow cytometry assays,

respectively. (E,F) The protein levels of Bcl-2, Bax, cleaved-caspase3, TNFα, IL-6, IL-8 and IL-1β were detected using western blot

assay. (G–I) The productions of ROS, SOD and MDA were assessed by DCFH-DA method and a commercial kit. *P<0.05.

Figure 8. Knockdown of HULC down-regulated TRPM7 expression by serving as miR-204-5p sponge

(A) Pearson correlation coefficient was used to analyze the correlation between HULC expression and TRPM7 expression in

serum of sepsis patients. (B,C) After HUVECs were transfected with si-NC, si-HULC, si-HULC + anti-miR-NC or si-HULC + an-

ti-miR-204-5p, the mRNA and protein levels of TRPM7 were determined by qRT-PCR and western blot, respectively. *P<0.05.
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to inhibit the damage of LPS on cells [28,29]. LncRNA generally functions as ceRNA of miRNA to regulate mRNA
expression [30]. So, we wondered whether HULC and miR-204-5p were related in LPS-induced HUVECs. Coin-
cidently, HULC could serve as a sponge for miR-204-5p, and their expression patterns were reversed in serum of
sepsis patients, with HULC increase and miR-204-5p decrease. An evident inverse correlation between them was
also found. In LPS-stimulated HUVECs, HULC was increased, and miR-204-5p was dwindled. Meanwhile, we found
that anti-miR-204-5p could reverse the effects of si-HULC on cell viability, apoptosis, inflammatory response and
oxidative stress in LPS-treated HUVECs. These results supported that LPS regulated the progression of HUVECs by
regulating HULC/miR-204-5p axis.

TRPM7 ion channel has been reported to be a key protein in the regulation of inflammatory response during sepsis
[31], and TRPM7 was also involved in LPS-induced transformation of endothelial cells into activated fibroblasts [32].
We predicted and confirmed that TRPM7 was a target of miR-204-5p. Not only that, HULC could actively modulate
TRPM7 expression by sponging miR-204-5p. Similarly, LPS could promote TRPM7 expression in HUVECs. Func-
tionally, TRPM7 overexpression could rescue the effect of miR-204-5p on the development of LPS-treated HUVECs.

However, it may be complicated for the regulatory mechanism of HULC in sepsis. Multiple miRNAs have been
identified as targets of HULC in different diseases, such as miR-593 in hepatocellular carcinoma, miR-372 in liver
cancer and so on [25,33]. Similarly, miR-204-5p also could bind to various genes, including ribonucleotide reduc-
tase M2 (RRM2), autophagy-related gene 3 (ATG3) and IL-6 receptor α (IL6R) [34–36]. In our study, we only
illuminated the regulatory mechanism of LPS/HULC/miR-204-5p/TRPM7 axis in HUVECs. Whether HULC or
miR-204-5p has other targets in sepsis still needs to be explored further. In addition, our study also had some limita-
tions. As an ion channel, TRPM7 was closely related with intracellular signaling [37], yet we did not explore whether
HULC/miR-204-5p/TRPM7 axis affected sepsis development via regulating some signaling pathways. Besides, we did
not investigate the role of HULC/miR-204-5p/TRPM7 axis in sepsis in vivo models. These issues will be our concerns
in the further study.

In conclusion, HULC and TRPM7 expression levels were up-regulated in sepsis patients and LPS-induced HU-
VECs, while miR-204-5p was down-regulated. HULC acted as miR-204-5p sponge to positively modulate TRPM7
expression in HUVECs. Importantly, LPS reduced cell viability, facilitated apoptosis, inflammatory injury and oxida-
tive stress in HUVECs by increasing the levels of HULC and TRPM7 as well as decreasing miR-204-5p level. These
observations revealed that the LPS/HULC/miR-204-5p/TRPM7 network might play a pivotal role in the process of
inflammation and oxidative stress in HUVECs, which might provide potential therapeutic target for sepsis patients.

Data Availability
Please contact the correspondence author for the data request.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
The authors declare that there are no sources of funding to be acknowledged.

Author Contribution
Xinghai Chen and Debiao Song designed the present study, carried out relevant experiments, prepared the manuscript, and per-
formed statistical analysis.

Ethics Approval
The study was approved by the ethics committee of The Second Hospital of Jilin University. The patients or their relatives gave
written informed consent prior to entering the study.

Acknowledgements
The authors sincerely appreciate all members participated in the present study.

Abbreviations
Bax, Bcl-2-associated X; Bcl-2, B-cell lymphoma-2; DCFH-DA, dichloro-dihydro-fluorescein diacetate; FITC, fluorescein isoth-
iocynate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HULC, highly up-regulated in liver cancer; HUVEC, human

12 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



Bioscience Reports (2020) 40 BSR20200740
https://doi.org/10.1042/BSR20200740

umbilical vein endothelial cell; lncRNA, long noncoding RNA; LPS, lipopolysaccharide; MUT, mutant; PI, propidium iodide;
qRT-PCR, quantitative real-time polymerase chain reaction; MTT, methyl thiazolyl tetrazolium; ROS, reactive oxygen species;
siRNA, small interference RNA; SOD, superoxide dismutase; WT, wild type.

References
1 Sagy, M., Al-Qaqaa, Y. and Kim, P. (2013) Definitions and pathophysiology of sepsis. Curr. Probl. Pediatr. Adolesc. Health Care 43, 260–263,

https://doi.org/10.1016/j.cppeds.2013.10.001
2 Mohamed, A.K.S., Mehta, A.A. and James, P. (2017) Predictors of mortality of severe sepsis among adult patients in the medical Intensive Care Unit.

Lung India 34, 330–335
3 Fang, H., Liu, A., Chen, X., Cheng, W., Dirsch, O. and Dahmen, U. (2018) The severity of LPS induced inflammatory injury is negatively associated with

the functional liver mass after LPS injection in rat model. J. Inflammation (London, England) 15, 21, https://doi.org/10.1186/s12950-018-0197-4
4 Tanaka, K.A., Kurihara, S., Shibakusa, T., Chiba, Y. and Mikami, T. (2015) Cystine improves survival rates in a LPS-induced sepsis mouse model. Clin.

Nutr. 34, 1159–1165, https://doi.org/10.1016/j.clnu.2014.11.014
5 Baradaran Rahim, V., Khammar, M.T., Rakhshandeh, H., Samzadeh-Kermani, A., Hosseini, A. and Askari, V.R. (2019) Crocin protects cardiomyocytes

against LPS-Induced inflammation. Pharmacol. Rep. 71, 1228–1234, https://doi.org/10.1016/j.pharep.2019.07.007
6 Cui, H., Xie, N., Tan, Z., Banerjee, S., Thannickal, V.J., Abraham, E. et al. (2014) The human long noncoding RNA lnc-IL7R regulates the inflammatory

response. Eur. J. Immunol. 44, 2085–2095, https://doi.org/10.1002/eji.201344126
7 Wang, S.M., Liu, G.Q., Xian, H.B., Si, J.L., Qi, S.X. and Yu, Y.P. (2019) LncRNA NEAT1 alleviates sepsis-induced myocardial injury by regulating the

TLR2/NF-kappaB signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 23, 4898–4907
8 Liu, T., Liu, Y., Wei, C., Yang, Z., Chang, W. and Zhang, X. (2019) LncRNA HULC promotes the progression of gastric cancer by regulating

miR-9-5p/MYH9 axis. Biomed. Pharmacother. 121, 109607, https://doi.org/10.1016/j.biopha.2019.109607
9 Zhang, H., Liao, Z., Liu, F., Su, C., Zhu, H., Li, Y. et al. (2019) Long noncoding RNA HULC promotes hepatocellular carcinoma progression. Aging (Albany

N.Y.) 11, 9111–9127, https://doi.org/10.18632/aging.102378
10 Wang, W.T., Ye, H., Wei, P.P., Han, B.W., He, B., Chen, Z.H. et al. (2016) LncRNAs H19 and HULC, activated by oxidative stress, promote cell migration

and invasion in cholangiocarcinoma through a ceRNA manner. J. Hematol. Oncol. 9, 117, https://doi.org/10.1186/s13045-016-0348-0
11 Li, L., Sun, Q., Li, Y., Yang, Y., Yang, Y., Chang, T. et al. (2015) Overexpression of SIRT1 induced by resveratrol and inhibitor of miR-204 suppresses

activation and proliferation of microglia. J. Mol. Neurosci. 56, 858–867, https://doi.org/10.1007/s12031-015-0526-5
12 Koga, T., Migita, K., Sato, T., Sato, S., Umeda, M., Nonaka, F. et al. (2018) MicroRNA-204-3p inhibits lipopolysaccharide-induced cytokines in familial

Mediterranean fever via the phosphoinositide 3-kinase gamma pathway. Rheumatology (Oxford) 57, 718–726,
https://doi.org/10.1093/rheumatology/kex451

13 Kostakoglu, U., Topcu, A., Atak, M., Tumkaya, L., Mercantepe, T. and Uydu, H.A. (2019) The protective effects of angiotensin-converting enzyme
inhibitor against cecal ligation and puncture-induced sepsis via oxidative stress and inflammation. Life Sci. 117051

14 Du, J., Xie, J., Zhang, Z., Tsujikawa, H., Fusco, D., Silverman, D. et al. (2010) TRPM7-mediated Ca2+ signals confer fibrogenesis in human atrial
fibrillation. Circ. Res. 106, 992–1003, https://doi.org/10.1161/CIRCRESAHA.109.206771

15 Sarmiento, D., Montorfano, I., Caceres, M., Echeverria, C., Fernandez, R., Cabello-Verrugio, C. et al. (2014) Endotoxin-induced vascular endothelial cell
migration is dependent on TLR4/NF-kappaB pathway, NAD(P)H oxidase activation, and transient receptor potential melastatin 7 calcium channel
activity. Int. J. Biochem. Cell Biol. 55, 11–23, https://doi.org/10.1016/j.biocel.2014.08.001

16 Liu, H., Wang, S.Y., Li, X.D., Yang, S., Liu, X.Y., Yang, C.W. et al. (2019) The expression of TRPM7 in serum of patients with sepsis, its influences on
inflammatory factors and prognosis, and its diagnostic value. Eur. Rev. Med. Pharmacol. Sci. 23, 3926–3932

17 Yue, B., Li, H., Liu, M., Wu, J., Li, M., Lei, C. et al. (2019) Characterization of lncRNA-miRNA-mRNA network to reveal potential functional ceRNAs in
bovine skeletal muscle. Front. Genet. 10, 91, https://doi.org/10.3389/fgene.2019.00091

18 Zhang, C.C. and Niu, F. (2019) LncRNA NEAT1 promotes inflammatory response in sepsis-induced liver injury via the Let-7a/TLR4 axis. Int.
Immunopharmacol. 75, 105731, https://doi.org/10.1016/j.intimp.2019.105731

19 Ma, F., Li, Z., Cao, J., Kong, X. and Gong, G. (2019) A TGFBR2/SMAD2/DNMT1/miR-145 negative regulatory loop is responsible for LPS-induced sepsis.
Biomed. Pharmacother. 112, 108626, https://doi.org/10.1016/j.biopha.2019.108626

20 Hou, Y., Wang, X.F., Lang, Z.Q., Jin, Y.C., Fu, J.R., Xv, X.M. et al. (2018) Adiponectin is protective against endoplasmic reticulum stress-induced
apoptosis of endothelial cells in sepsis. Braz. J. Med. Biol. Res. 51, e7747, https://doi.org/10.1590/1414-431x20187747

21 Ma, Y., Liu, Y., Hou, H., Yao, Y. and Meng, H. (2018) MiR-150 predicts survival in patients with sepsis and inhibits LPS-induced inflammatory factors and
apoptosis by targeting NF-κB1 in human umbilical vein endothelial cells. Biochem. Biophys. Res. Commun. 500, 828–837,
https://doi.org/10.1016/j.bbrc.2018.04.168

22 Ruan, D., Liu, W., Shi, Y., Tan, M., Yang, L., Wang, Z. et al. (2019) Protective effects of aqueous extract of Radix Isatidis on lipopolysaccharide-induced
sepsis in C57BL/6J mice. J. Med. Food

23 Yao, Y., Jia, H., Wang, G., Ma, Y., Sun, W. and Li, P. (2019) miR-297 protects human umbilical vein endothelial cells against LPS-induced inflammatory
response and apoptosis. Cell. Physiol. Biochem. 52, 696–707

24 Zhang, H., Zhang, W., Jiao, F., Li, X., Zhang, H., Wang, L. et al. (2018) The nephroprotective effect of MS-275 on lipopolysaccharide (LPS)-induced
acute kidney injury by inhibiting reactive oxygen species (ROS)-oxidative stress and endoplasmic reticulum stress. Med. Sci. Monit. 24, 2620–2630,
https://doi.org/10.12659/MSM.906362

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

13

https://doi.org/10.1016/j.cppeds.2013.10.001
https://doi.org/10.1186/s12950-018-0197-4
https://doi.org/10.1016/j.clnu.2014.11.014
https://doi.org/10.1016/j.pharep.2019.07.007
https://doi.org/10.1002/eji.201344126
https://doi.org/10.1016/j.biopha.2019.109607
https://doi.org/10.18632/aging.102378
https://doi.org/10.1186/s13045-016-0348-0
https://doi.org/10.1007/s12031-015-0526-5
https://doi.org/10.1093/rheumatology/kex451
https://doi.org/10.1161/CIRCRESAHA.109.206771
https://doi.org/10.1016/j.biocel.2014.08.001
https://doi.org/10.3389/fgene.2019.00091
https://doi.org/10.1016/j.intimp.2019.105731
https://doi.org/10.1016/j.biopha.2019.108626
https://doi.org/10.1590/1414-431x20187747
https://doi.org/10.1016/j.bbrc.2018.04.168
https://doi.org/10.12659/MSM.906362


Bioscience Reports (2020) 40 BSR20200740
https://doi.org/10.1042/BSR20200740

25 Liu, Y., Feng, J., Sun, M., Yang, G., Yuan, H., Wang, Y. et al. (2019) Long non-coding RNA HULC activates HBV by modulating
HBx/STAT3/miR-539/APOBEC3B signaling in HBV-related hepatocellular carcinoma. Cancer Lett. 454, 158–170,
https://doi.org/10.1016/j.canlet.2019.04.008

26 Chu, P., Xu, L. and Su, H. (2019) HULC functions as an oncogene in ovarian carcinoma cells by negatively modulating miR-125a-3p. J. Physiol.
Biochem. 75, 163–171, https://doi.org/10.1007/s13105-019-00669-5

27 Chen, Y., Fu, Y., Song, Y.F. and Li, N. (2019) Increased expression of lncRNA UCA1 and HULC is required for pro-inflammatory response during LPS
induced sepsis in endothelial cells. Front Physiol. 10, 608, https://doi.org/10.3389/fphys.2019.00608

28 Chen, Y., Qiu, J., Chen, B., Lin, Y., Chen, Y., Xie, G. et al. (2018) Long non-coding RNA NEAT1 plays an important role in sepsis-induced acute kidney
injury by targeting miR-204 and modulating the NF-kappaB pathway. Int. Immunopharmacol. 59, 252–260,
https://doi.org/10.1016/j.intimp.2018.03.023

29 Zhang, Y., Gan, C., Zhang, J. and Chen, D. (2017) LPSinduced downregulation of microRNA204/211 upregulates and stabilizes Angiopoietin1 mRNA in
EA.hy926 endothelial cells. Mol. Med. Rep. 16, 6081–6087, https://doi.org/10.3892/mmr.2017.7400

30 Liu, N., Liu, Z., Liu, X. and Chen, H. (2019) Comprehensive analysis of a competing endogenous RNA network identifies seven-lncRNA signature as a
prognostic biomarker for melanoma. Front. Oncol. 9, 935, https://doi.org/10.3389/fonc.2019.00935

31 Gatica, S., Eltit, F., Santibanez, J.F., Varela, D., Cabello-Verrugio, C. and Simon, F. (2019) Expression suppression and activity inhibition of TRPM7
regulate cytokine production and multiple organ dysfunction syndrome during endotoxemia: a new target for sepsis. Curr. Mol. Med. 19, 547–559,
https://doi.org/10.2174/1566524019666190709181726

32 Echeverria, C., Montorfano, I., Hermosilla, T., Armisen, R., Velasquez, L.A., Cabello-Verrugio, C. et al. (2014) Endotoxin induces fibrosis in vascular
endothelial cells through a mechanism dependent on transient receptor protein melastatin 7 activity. PLoS One 9, e94146,
https://doi.org/10.1371/journal.pone.0094146

33 Wang, J., Liu, X., Wu, H., Ni, P., Gu, Z., Qiao, Y. et al. (2010) CREB up-regulates long non-coding RNA, HULC expression through interaction with
microRNA-372 in liver cancer. Nucleic Acids Res. 38, 5366–5383, https://doi.org/10.1093/nar/gkq285

34 Liang, W.H., Li, N., Yuan, Z.Q., Qian, X.L. and Wang, Z.H. (2019) DSCAM-AS1 promotes tumor growth of breast cancer by reducing miR-204-5p and
up-regulating RRM2. Mol. Carcinog. 58, 461–473, https://doi.org/10.1002/mc.22941

35 Kang, Y., Jia, Y., Wang, Q., Zhao, Q., Song, M., Ni, R. et al. (2019) Long noncoding RNA KCNQ1OT1 promotes the progression of non-small cell lung
cancer via regulating miR-204-5p/ATG3 axis. Onco Targets Ther. 12, 10787–10797, https://doi.org/10.2147/OTT.S226044

36 Li, H., Wang, J., Liu, X. and Cheng, Q. (2019) MicroRNA-204-5p suppresses IL6-mediated inflammatory response and chemokine generation in HK-2
renal tubular epithelial cells by targeting IL6R. Biochem. Cell. Biol. 97, 109–117, https://doi.org/10.1139/bcb-2018-0141

37 Zou, Z.G., Rios, F.J., Montezano, A.C. and Touyz, R.M. (2019) TRPM7, magnesium, and signaling. Int. J. Mol. Sci. 20, 1877,
https://doi.org/10.3390/ijms20081877

14 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

https://doi.org/10.1016/j.canlet.2019.04.008
https://doi.org/10.1007/s13105-019-00669-5
https://doi.org/10.3389/fphys.2019.00608
https://doi.org/10.1016/j.intimp.2018.03.023
https://doi.org/10.3892/mmr.2017.7400
https://doi.org/10.3389/fonc.2019.00935
https://doi.org/10.2174/1566524019666190709181726
https://doi.org/10.1371/journal.pone.0094146
https://doi.org/10.1093/nar/gkq285
https://doi.org/10.1002/mc.22941
https://doi.org/10.2147/OTT.S226044
https://doi.org/10.1139/bcb-2018-0141
https://doi.org/10.3390/ijms20081877

