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Abstract: Background: Acute lung injury (ALI) caused by sepsis is the most common disease and the leading cause 
of death in intensive care units. Recent studies have revealed that long non-coding RNAs (LncRNAs) are abnormally 
expressed in sepsis. This study aimed to clarify the role and mechanism of Taurine up-regulated gene 1 (TUG1) in 
ALI caused by sepsis. Methods: Lipopolysaccharide (LPS) was used to simulate sepsis-induced ALI model. RT-PCR, 
Dual luciferase reporter (DLR) assay and RNA immunoprecipitation (RIP) were used to detect TUG1 and miR-494. 
The rat model with sepsis-induced ALI was established by intraperitoneal injection of LPS to verify the results of 
in vitro experiments. Results: The expressions of TUG1 and PDK4 were down-regulated while the expression of 
miR-494 was up-regulated in lung tissues and human small airway epithelial cells (HSAECs). TUG1 was indirectly 
mediated. Overexpression of TUG1 or inhibition of miR-494 could significantly improve the survival rate of HSAECs. 
Transfection of miR-494 mimics achieved the opposite effect. Enzyme-linked immunosorbent assay (ELISA) showed 
that the expression of arthritis-related factors in rats was increased after up-regulating TUG1. Conclusion: TUG1 
is lowly expressed in sepsis. Up-regulating TUG1 can alleviate the inflammatory response in ALI caused by LPS-
induced sepsis, which may be a clinical treatment target.
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Introduction

Sepsis is an infectious disease caused by 
pathogens [1]. Infections are usually associat-
ed with immune overreaction, which directly 
endangers the health and life of patients [2]. 
Sepsis also leads to a series of complications, 
among which sepsis-induced acute lung injury 
(ALI) is the major one in clinic [3, 4]. In sepsis-
induced ALI, severe inflammation and altera-
tions in apoptosis pathways related proteins 
result in the destruction of alveolar epithelial 
cells, which in turn increases epithelial perme-
ability and the inflow of edema fluid into the 
alveolar cavity [5, 6]. Despite the great prog-
ress has been made in understanding its 
pathogenesis, the treatment outcome of sep-
sis-induced ALI remains disappointing, with a 
high mortality rate ranging from 35% to 40% [7, 
8]. Therefore, it is of great importance to inves-
tigate the mechanism of sepsis-induced ALI 
and to exploit available therapeutic targets.

Long non-coding RNAs (lncRNAs), with a length 
of over 200 nt, which cannot directly encode 
proteins, has become a hotspot in recent years, 
which play a pivotal role in regulating many  
diseases [9, 10]. The regulatory role of lncRNAs 
in disease-related gene transcription and chro-
mosome modification has been increasingly 
reported [11, 12]. Research has revealed that 
lncRNAs can regulate inflammatory mediators. 
For example, lipopolysaccharide (LPS)-inducible 
lncRNA Mirt2 has been shown to negatively 
regulate inflammation [13]. In addition, the 
lncRNA-FA2H-2-MLKL pathway has an impact 
on autophagy flux and inflammation in athero-
sclerosis through mTOR-dependent signals 
[14]. TUG1, a novel lncRNA (6.7-kb nt) at chro-
mosome 22q12, contributes to photoreceptor 
cell formation in developing rodent retina [15, 
16]. Recent studies have revealed that TUG1 
plays a regulatory role in inflammatory response. 
For example, lncRNA TUG1 reduces LPS-
induced apoptosis and inflammation [17]. 
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Moreover, downregulation of lncRNA TUG1 
sponges miR-449b-5p by targeting HMGB1 and 
MMP2, thereby inhibiting ischemia/reperfusion 
induced apoptosis and inflammation in renal 
tubular epithelial cells [18]. A previous study 
has suggested that TUG1 is downregulated in 
sepsis-induced ALI, but the underlying mecha-
nism remains unexplored [19].

In this study, we demonstrated for the first time 
that TUG1 can participate in sepsis induced ALI 
through the miR-494/PDK4 axis, providing a 
potential target for clinical treatment.

Methods and materials

Sample collection

Eighty patients with sepsis referred to the First 
People’s Hospital of Shangqiu from February, 
2017 to February, 2019 were included as the 
patient group, and fifty healthy individuals who 
underwent physical examination in our hospital 
were enrolled as the control group. Peripheral 
blood was sampled on the day of admission 
and centrifuged to obtain serum. The remaining 
samples were stored at -80°C. Inclusion crite-
ria: All the enrolled patients met the diagnostic 
criteria of sepsis diagnosis according to the 
Third International Consensus Definitions for 
Sepsis and Septic Shock [20], with the evi-
dence of infection, sequential organ failure 
assessment (SO-FA) score ≥ 2 points, body 
temperature > 38°C or < 36°C, heart rate > 90 
beats/min, respiratory rate > 20 beats/min or 
partial pressure of carbon dioxide (PACO2)  
< 4.6 kPa, white blood cell count > 12 × 109/
min or < 4 × 109/L, and complete case data. 
Exclusion criteria: Patients who had recently 
been treated with immunosuppressive agents 
or were unwilling to cooperate with the study 
were excluded. This study was approved by the 
Medical Ethics Committee of our hospital, and 
all subjects and their families signed the 
informed consent. The ethical number was 
HNLL2104(04).

Cell source

HEK-293 cells (ATCC, Manassas, VA, USA) and 
mouse pulmonary microvascular endothelial 
cells (PMVECs, Qincheng Biotech, Shanghai, 
China) were incubated in a humid incubator 
with DMEM containing penicillin (100 U/mL), 
streptomycin (100 μg/mL) and 10% fetal bovine 
serum (FBS, Gibco) at 37°C with 5% CO2.

Animal selection

Forty adult male C57BL/6 mice (Vital River, 
Beijing, China) were exposed to 12-h/12-h 
dark/light cycles, 22-24°C temperature and 
60% humidity, with food and water ad libitum.

Cell modeling

miR-494-mimics (5’-UGAAACAUACACGGGAAA- 
CCUC-3’) and the control (mimics-NC, 5’-UUC- 
UCCGAACGUGUCACGUTT-3’) were transfected 
into PMVECs by liposomes. In addition, the 
overexpressed TUG1 (TUG1, 5’-GTTATCAGCC- 
ATGGTACTCTACTTCG-3’) synthesized by full-
length coding sequence of TUG1 or non-specif-
ic sequence (NC) was transferred into adenovi-
ral vectors. When reaching 70-80% confluence, 
1 g TUG1-expressing adenovirus or control 
adenovirus was transfected into PMVECs by 
ViraPower Adenoviral expression system for 48 
hours. The cells were processed with 100 ng/
mL LPS 24 hours post-transfection and fixed 6 
hours later. In addition, during the rescue 
experiment, 1 μg TUG1-expressing adenovirus 
(or control) was co-transfected with miR-494- 
mimics into PMVECs 24 hours before LPS 
induction.

Animal modeling

The mice reared adaptively for one week were 
divided into four groups: sham operation group 
(Sham), model group (Model), Ad-shNC group 
(Model + control adenovirus) and Ad-shTUG1 
group (Model + TUG1-overexpressing adenovi-
rus). Except for Sham group, the other three 
groups received cecal ligation and perforation 
(CLP) according to Matsuda’s method. The  
mice received subcutaneous injection of nor-
mal saline for fluid resuscitation immediately 
after surgery. After the CLP procedure, mice 
were monitored for survival. Rat lung tissue 
was collected immediately after death or  
euthanasia by pentobarbital sodium (200 mg/
kg intraperitoneally) at the end of the study.  
In addition, 20 μL Ad-shTUG1 or Ad-shNC ade-
noviral solution (107 pfu/μL) was injected into 
the tail vein one week before the establishment 
of animal model. All adenoviral vectors were 
designed and constructed by Life Technologies. 
Ethics approval was granted by the animal eth-
ics committee, and all the operations followed 
the laboratory animal-guideline for ethical 
review of animal welfare (2018) [21].
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qRT-PCR

Total RNA was extracted with Trizol reagent 
(Invitrogen, Carlsbad, CA), and reverse-tran-
scribed into complementary DNA (cDNA) with 
the PrimeScript RT kit (Takara, Otsu, Japan) 
and miRNA reverse transcription kit. Next, the 
collected cDNA was amplified in ABI 7500 PCR 
system with the SYBR Premix Ex Taq kit (Takara 
Biomedical Technology). PCR reactions were 
conducted in triplicate, and gene alterations 
were visualized by 2-ΔΔCt method [22]. GAPDH 
served as internal reference for lncRNA and 
mRNA, and U6 served as internal reference for 
the miR (Table 1). 

Enzyme-linked immunosorbent assay (ELISA)

Changes in TNF-α, IL-1β and IL-6 concentra-
tions in cells and tissues were monitored by 
ELISA kits (Enzyme-linked Biology, Shanghai, 
China). Absorbance values at 450 nm were 
measured with a microplate reader.

Western blot (WB)

The content of protein, isolated with RIPA lysis 
buffer (Beyotime), was normalized by the bicin-
chonininc acid assay (Pierce, Rockford, USA). 
Protein was equally separated (20 µg) by 10% 
SDS-PAGE and blotted to a PVDF membrane. 
After sealing at room temperature for 1 hour 
with 5% skimmed milk, the membrane reacted 
overnight with anti-PDK4 (Abcam, USA, ab11- 
0336), Bcl-2 (Abcam, USA, ab32124, 1:1000), 
Bax (Abcam, USA, ab32503, 1:1000), pro cas-
pase-3 (Abcam, USA, ab32150, 1:1000), cle 
caspase-3 (Abcam, USA, ab32351, 1:500) and 
β-catenin (Abcam, USA, ab32572, 1:1000) at 
4°C. Afterwards, it was washed with 0.5% TBST 
buffer and cultured for 1 hour with a secondary 
antibody (HRP, Abcam, USA, ab6721, 1:5000) 
at room temperature. The protein bands were 
recorded with the ECL kit (Millipore, Burlington, 
MA, USA). At last, quantitative calculation was 
conducted by ImageJ software.

Hematoxylin and eosin (H&E) staining

After fixation (4% paraformaldehyde, 4°C, 24 h), 
dehydration, embedding, sectioning (5 μm), 
and staining (H&E), tissue sections were 
observed with a BX 51 optical microscope 
(Olympus Corporation, Tokyo, Japan) at a mag-
nification of 200. The lung tissues of mice were 
scored in terms of pulmonary interstitial thick-
ening, alveolar edema, neutrophil infiltration, 
and pulmonary hemorrhage. The higher the 
score, the more severe the lung injury.

TUNEL

A TUNEL kit (Beyotime, Shanghai, China) was 
used to evaluate pulmonary cell apoptosis. 
Lung sections (5 μm) were fixed in 4% parafor-
maldehyde for 15 minutes at room tempera-
ture and cultured with 0.01% Triton X-100 for 
10 minutes. Following the addition of TUNEL 
reaction mixture, the sections were incubated 
at 37°C for 60 minutes, and then monitored 
under a fluorescence microscope (Nikon 
Eclipse Ti-S, Melville, N.Y.). TUNEL positive cells 
were counted in 12 randomly selected fields.

Flow cytometry (FCM)

Apoptosis was measured by FCM using the 
Annexin V-FITC kit (BD Biosciences, Franklin 
Lakes, NJ, USA). The treated-MLE-12 cells were 
collected, rinsed with ice-cold PBS twice and 
resuspended in 400 μL 1 × binding buffer. 
Next, they were incubated for 15 minutes with 
10 μL Annexin-V FITC and 5 μL propidium iodide 
(PI) at 4°C in the dark. Apoptosis rates were 
analyzed by the FACScan flow cytometer (BD 
Biosciences).

RNA immunoprecipitation (RIP)

EZ-Magna RIP kit (USA, Millipore) was used to 
perform RIP. In brief, VIC was harvested and 
cleaved, and was allowed to react with RIP buf-
fer comprising magnetic beads conjugated with 

Table 1. Primer sequence
Gene Upstream sequence (5’-3’) Downstream sequence (5’-3’)
TUG1 TAGGAGTGGATGTGTTCTGTAGCA TGGTCGTGGAATATGGTCAATGAG
miR-494 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGAGGTTTC ACACTCCAGCTGGGTGAAACATACACGGGA
PDK4 GGAGCATTTCTCGCGCTACA ACAGGCAATTCTTGTCGCAAA
GAPDH CAATGACCCCTTCATTGACC TTGATTTTGGAGGGATCTCG
U6 CTCGCTTCGGCAGCACA CTCGCTTCGGCAGCACA
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human anti-Ago2 antibody or negative control 
IgG (Millipore). Quantification of TUG1 and miR-
494 in the sediment was carried out by qRT-
PCR after antibodies were purified using pro-
tein A/G beads.

Dual-luciferase reporter (DLR) assay

TUG1 vectors were prepared using full-length 
TUG1 cDNA cloning into pGL3 DLR vector 
(Promega, Madison, Wisconsin, USA). HEK-293 
cells were intervened with TUG1 vector + NC 
miRNA (NC group) or TUG1 vector + miR-494- 
mimics. After a 48-hour incubation (37°C, 95% 
humidity, 5% CO2), the relative luciferase activ-
ity was measured by the DLR kit (Promega). 
Renilla luciferases were used to standardize 
firefly luciferase activity. And the targeting rela-
tionship between miR-494 with PDK4 was iden-
tified by the same methods mentioned above.

Statistical methods

GraphPad Prism 8 (la Jolla, California, USA)  
was used for statistical processing. Data were 
expressed as mean ± SEM. Student’s T test 
was used for comparison between two groups, 
and analysis of variance (ANOVA) and the 
Bonferroni post-hoc test were used for compar-
ison among multiple groups. Pearson test was 
used to identify the correlation between two 
variables. The diagnostic significance of TUG1 
in sepsis was assessed by the receiver operat-
ing characteristic (ROC) curve. The death of 
mice was visualized 72 hours after modeling 
using a K-M test. Significance was assumed at 
P < 0.05.

Results

Low-expressed lncRNA TUG1 is highly diagnos-
tic in sepsis

We first quantified TUG1 levels by qRT-PCR. 
Serum TUG1 level decreased in septic patients 
(Figure 1A, P < 0.001). Next, ROC curves 
showed that the area under the curve (AUC) of 
TUG1 in diagnosing sepsis was > 0.8 (Figure 
1B), suggesting that TUG1 was involved in sep-
sis occurrence, and was a promising diagnostic 
indicator of sepsis.

Overexpressed TUG1 reduced LPS-induced 
inflammation and apoptosis in PMVECs

We upregulated TUG1 level to understand the 
role of TUG1 in LPS-treated PMVECs. As shown 
by qRT-PCR, TUG1 level decreased in LPS and 
NC groups after LPS induction, and the level in 
TUG1 group were higher than those in LPS and 
NC groups, indicating successful transfection 
(Figure 2A, P < 0.05). The FCM revealed that 
compared with LPS and NC groups, the apopto-
sis was decreased after upregulation of TUG1 
(Figure 2B, P < 0.01). According to WB results, 
Bax and cle caspase-3 protein levels decreased 
and Bcl-2 increased after TUG1 upregulation 
compared with LPS and NC groups (Figure 2C, 
P < 0.05). Moreover, the ELISA showed that 
upregulation of TUG1 led to lower concentra-
tions of TNF-α, IL-1β and IL-6 than LPS and NC 
groups (Figure 2D-F, P < 0.01). Therefore, TUG1 
upregulation relieved LPS-induced inflamma-
tion and attenuated apoptosis in PMVECs.

Figure 1. Relative expression of serum TUG1 in sepsis and its diagnostic significance. A. Comparison of serum 
TUG1 levels between sepsis patients (n=80) and healthy people (n=50) (qRT-PCR). ***P < 0.001. B. AUC of TUG1 in 
diagnosing sepsis is 0.875. When the Youden’s index is 60.25%, the optimal specificity is 74.00%, the sensitivity is 
86.25%, and the Cut-off is < 0.968 (ROC curve).
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TUG1 could regulate miR-494

Competing endogenous RNAs (ceRNAs), as a 
new mechanism of lncRNAs participating in  
diseases, have been increasingly studied. To 
understand the underlying mechanism of  
TUG1 in sepsis, we predicted downstream bind-
ing miRs of TUG1, and found target binding 
sites between miR-494 and TUG1 (Figure 3A). 
Serum miR-494 was highly expressed in sepsis 
patients (qRT-PCR, Figure 3B, P < 0.001);  
miR-494 was reversely associated with TUG1 
(Pearson test, Figure 3C). Next, we tried to  
verify the relationship between miR-494 and 
TUG1. miR-494-mimics inhibited the luciferase 
activity of TUG1-WT (DLR assay, Figure 3D, P < 
0.05); Both TUG1 and miR-494 were precipi-
tated by Ago2 antibody (RIP, Figure 3E). In addi-
tion, UG1 suppressed the overexpression of 

miR-494 in PMVECs (Rescue experiment, 
Figure 3F, P < 0.01). Thus, TUG1 was able to 
regulate miR-494.

Targeted regulation between miR-494 and 
PDK4 

There is evidence that miRs are involved in  
sepsis by regulating downstream target genes 
[23]. In order to understand the mechanism of 
miR-494 in sepsis, we predicted the down-
stream target genes. As a result, there were 
target binding sites between miR-494 and 
PDK4 (Figure 4A). The serum PDK4, with low 
expression in sepsis (qRT-PCR, Figure 4B, P < 
0.001), was reversely associated with miR-494 
and positively associated with TUG1 (Figure 
4C). miR-494-mimics inhibited the luciferase 
activity of PDK4-WT (DLR assay, Figure 4D, P < 

Figure 2. Effect of TUG1 on anti-inflammation and anti-apoptosis in LPS-treated PMVECs. A. Relative expression of 
TUG1 in LPS-treated PMVECs in vitro after upregulation of TUG1 (qRT-PCR). *P < 0.05, **P < 0.01. (n=3). B. Changes 
in apoptosis in LPS-treated PMVECs in vitro after upregulation of TUG1 (FCM). **P < 0.01. (n=3). C. Changes in 
levels of apoptosis-related proteins in LPS-treated PMVECs in vitro after upregulation of TUG1 (WB). *P < 0.05 vs. 
TUG1 group, **P < 0.01 vs. TUG1 group. (n=3). D-F. Changes in TNF-α, IL-1β and IL-6 concentrations in LPS-treated 
PMVECs in vitro after upregulation of TUG1 (ELISA). **P < 0.01. (n=3).
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0.05). In addition, TUG1 elevated mRNA (qRT-
PCR, Figure 4E, P < 0.01) and protein (WB, 
Figure 4F, P < 0.05) levels of PDK4, but its co-
transfection with miR-494-mimics inhibited the 
PDK4 levels.

TUG1 affected LPS-induced apoptosis and in-
flammation by regulating miR-494/PDK4 axis

We investigated the mechanism of the TUG1/
miR-494/PDK4 axis in LPS-treated PMVECs 
through a rescue experiment. The results 
revealed that in PMVECs transfected miR-494- 
mimics alone, the apoptosis rate increased 
(Figure 5A, P < 0.01), Bax and cle caspase-3 
increased, Bcl-2 and PDK4 decreased (Figure 
5B, P < 0.05), and TNF-α, IL-1β and IL-6 
increased (Figure 5C-E, P < 0.05). However, the 
above results were reversed after co-transfec-
tion of UG1 and miR-494-mimics. Thus, TUG1 
reduced LPS-induced apoptosis and inflamma-
tion by regulating the miR-494/PDK4 axis.

Upregulation of TUG1 alleviated lung injury, 
inflammation and apoptosis in septic mice

Animal experiments were conducted at the end 
of the study. The 72-h survival rates of mice 
pretreated with Ad-shTUG1 were higher than 
those in Model and Ad-shNC groups (Figure 
6A). qRT-PCR indicated that Ad-shTUG1 group 
had higher TUG1 and PDK4, and lower miR-494 
in lung tissues than Model and Ad-shNC groups 

(Figure 6B, 6C, P < 0.01). H&E staining showed 
that alveolar collapse, alveolar wall thickening, 
and vascular congestion occurred in Model  
and Ad-shNC groups, while the lung morpholo-
gy of mice pretreated by AD-SHUG 1 improved 
(Figure 6D, P < 0.01). Furthermore, mice pre-
treated by Ad-shTUG1 had lower lung injury 
scores than those in Model and Ad-shNC 
groups (Figure 6E). Upregulation of TUG1  
alleviated sepsis-induced ALI in mice (Figure 
6F, P < 0.01). A large number of TUNEL positive 
cells were seen in Model and Ad-shNC groups, 
remarkably more than those in lung tissue  
sections pretreated by Ad-shTUG1 (TUNEL, 
Figure 7A, P < 0.01). The results were verified 
by quantification of apoptosis proteins (WB) 
(Figure 7B, P < 0.05). TNF-α, IL-1β and IL-6 lev-
els in lung tissues pretreated by Ad-shTUG1 
were lower than those in Model and Ad-shNC 
groups (ELISA, Figure 7C-E, P < 0.01). These 
tests revealed that TUG1 reduced the incidence 
of sepsis-induced ALI by regulating the miR-
494/PDK4 axis.

Discussion

Sepsis is a commonly seen acute and critical 
illness in clinic, frequently accompanied by ALI 
[24]. Sepsis-induced ALI has been shown to be 
associated with higher rates of organ dysfunc-
tion and hospitalization mortality than nonsep-
sis-induced ALI [25]. Herein, we uncovered the 
low level and the high diagnostic significance of 

Figure 3. TUG1 could regulate miR-494. A. Binding sites and mutation sites between TUG1 and miR-494. B. Com-
parison of serum miR-494 levels between sepsis patients (n=80) and healthy people (n=50). ***P < 0.001. C. Cor-
relation between the relative expression of TUG1 and miR-494 (Pearson test). (n=80). D. Targeted binding between 
TUG1 and miR-494 (DLR assay). *P < 0.05. (n=3). E. TUG1 could bind with miR-494 (RIP). (n=3). F. Relative expres-
sion of miR-494 in PMVECs after co-transfection (qRT-PCR). **P < 0.01. (n=3).
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TUG1 in sepsis. Also, upregulation of TUG1 
effectively inhibited miR-494 and regulated 
PDK4, leading to a reduction in inflammation 
and apoptosis. Therefore, TUG1 is expected to 
be a feasible therapeutic target.

LncRNAs have outstanding performance in var-
ious fields of medicine, especially in regulating 
immune response and inflammation [26]. For 
example, lncRNA GATA3-AS1 promotes tumor 
progression and immune escape in triple nega-
tive breast cancer through GATA3 instability 
and PD-L1 stability [27]. In addition, lncRNA 
MALAT1 relieves post-stroke inflammation 
through sponging miR-181c-5p and mediating 
HMGB1 [28]. TUG1, also known as LINC00080, 
is known to regulate the pathogenesis of inflam-
mation-related diseases [29]. Serum TUG1 was 
decreased in both LPS-treated PMVECs and 
lung tissues of CLP-treated mice in this study. 
TUG1 overexpression reduced LPS-induced 
inflammation and apoptosis in PMVECs, as well 
as relieved CLP-induced lung injury. Thus, we 

concluded that TUG1 may be a feasible thera-
peutic target for sepsis-induced ALI.

LncRNAs affect miRs by competing for shared 
miR response elements (MREs), thereby acting 
as ceRNAs [30]. We predicted the potential 
binding miRs of TUG1 to understand the mech-
anism of TUG1 in sepsis-induced ALI, and  
found target binding sites between TUG1 and 
miR-494. miR-494 is associated with inflam-
mation. A high level of miR-494 increased the 
mortality in middle-aged and elderly patients 
with sepsis-induced acute kidney injury [31]. 
Another study reports that miR-494-3p targets 
PTEN to mediate LPS-induced inflammation in 
RAW264.7 cells [32]. This study supported that 
serum miR-494 was high-expressed in septic 
patients and was reversely associated with 
TUG1. Moreover, the regulatory effect of TUG1 
on miR-494 was confirmed.

PDK4 belongs to the PDK/BCKDK protein 
kinase family encoding mitochondrial proteins 

Figure 4. Targeted regulation between miR-494 and PDK4. A. Target binding sites and mutation sites between miR-
494 and PDK4. B. Comparison of serum PDK4 levels between sepsis patients (n=80) and healthy people (n=50) 
(qRT-PCR). ***P < 0.001. C. Correlation between PDK4, TUG1 and miR-494 (Pearson test). (n=80). D. Targeted bind-
ing between PDK4 and miR-494 (DLR assay). *P < 0.05. (n=3). E. Relative mRNA expression of PDK4 in PMVECs 
after co-transfection (qRT-PCR). (n=3). F. Relative protein expression of PDK4 in PMVECs after co-transfection (WB). 
**P < 0.01. (n=3).
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with histidine kinase domains [33]. Inflamm- 
ation increases PDK4 levels in C2C12 cells via 
the c-jun-N-Terminal Kinase (JNK) pathway 
[34]. PDK4 is an essential regulator of cellular 
energy metabolism expressed in experimental 
models of cancer, diabetes and septicemia [35, 
36]. miR-494 shared target binding sites with 
PDK4. Furthermore, serum PDK4 was low-
expressed in sepsis and reversely associated 
with miR-494, and a targeted relation between 
them was observed. Therefore, the existence  
of the TUG1/miR-494/PDK4 axis was deter-
mined, but whether this axis exerts a regulatory 
effect on sepsis-induced ALI remains unknown. 
The rescue experiment indicated that upregula-
tion of TUG1 reversed the promotion of miR-
494-mimics on LPS-induced inflammation and 
apoptosis in PMVECs. It also improved lung 
morphology of mice, decreased lung injury 
score, and enhanced the anti-inflammation and 
anti-apoptosis of the lung by regulating miR-
494/PDK4.

The anti-inflammation and anti-apoptosis me- 
chanisms of the TUG1/miR-494/PDK4 axis in 
sepsis-induced ALI were discussed (Figure 8). 

However, there are still limitations in this study. 
First, relatively few samples were included, so, 
the diagnostic significance of TUG1 in sepsis is 
not deeply explored. Second, only HEK-293 
cells were studies, while the effect of TUG1 on 
other lung cells remains unknown. Therefore, 
we will supplement experiments to verify our 
results and address these limitations.

To sum up, TUG1 is low-expressed in sepsis, 
and is a feasible therapeutic target to alleviate 
the inflammation in sepsis-induced ALI by regu-
lating the miR-494/PDK4 axis.
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Figure 5. TUG1 affected LPS-induced 
apoptosis and inflammation by regu-
lating miR-494/PDK4 axis. A. Changes 
in apoptosis rates in PMVECs after 
co-transfection (FCM). **P < 0.01. 
(n=3). B. Changes in levels of apop-
tosis proteins and PDK4 in PMVECs 
after co-transfection (WB). *P < 0.05. 
(n=3). C-E. Changes in concentrations 
of TNF-α, IL-1β and IL-6 in PMVECs af-
ter co-transfection (ELISA). *P < 0.05. 
(n=3).
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Figure 6. Upregulation of TUG1 alleviated lung injury in septic mice. A. Effect of TUG1 upregulation on 72-h survival 
of septic mice (K-M survival curve). (n=10). B-D. Relative mRNA expression of TUG1, miR-494 and PDK4 in CLP-
induced mouse model (qRT-PCR, **P < 0.01). (n=10). E. Lung injury in the CLP-induced mouse model (H&E staining). 
(n=10). F. Lung injury scores in the CLP-induced mouse model. **P < 0.01. (n=10). Note: Insertional area of tissue 
injury and inflammation inflow.

Figure 7. Upregulation of TUG1 alleviated lung inflammation and apoptosis in septic mice. A, B. Apoptosis in septic 
mice treated with Ad-shTUG1 (TUNEL). **P < 0.01. (n=10). C. Changes in levels of apoptosis-related proteins and 
PDK4 in septic mice treated with Ad-shTUG1 (WB). *P < 0.05 vs. Ad-shTUG1 group, **P < 0.01 vs. Ad-shTUG1 group. 
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