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ABSTRACT Recently, long noncoding RNAs (lncRNAs) have been highlighted for
extensive functionality in sepsis. In this study, we aimed to explore the role of RNF7
in the progression of sepsis. We initially established a rat model of sepsis through
cecal ligation and puncture induction, whereupon RNF7 expression was determined
by RT-qPCR. Following adenovirus infection, the role of RNF7 in muscle injury, skele-
tal muscle protein metabolism, oxidative stress, and inflammation in sepsis rats was
analyzed. Then, downstream mechanisms of RNF7 were identified and validated.
Further, lipopolysaccharide was applied to treat myoblast to further demonstrate the
in vitro role of RNF7. Our results showed that RNF7 expression was upregulated dur-
ing sepsis. Overexpression of RNF7 worsened the sepsis-induced skeletal muscle
injury, induced skeletal muscle protein metabolism, oxidative stress, and inflamma-
tion in sepsis rats. Meanwhile, overexpression of RNF7 elevated thrombospondin-1
(THBS1) expression. Silencing of RNF7 inhibited THBS1 and activated the PI3K/Akt
signaling pathway, arresting the release of inflammatory factors and oxidative stress
levels in skeletal muscle cells. Altogether, RNF7 may promote skeletal muscle cell ap-
optosis while simultaneously inhibiting cell autophagy through the promotion of
THBS1 and inactivation of the PI3K/Akt signaling pathway.
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Sepsis is a complex and severe disorder that tends to induce systemic inflammation,
immune suppression, and shock, exacerbating multiorgan failure. The incidence of

sepsis has been sharply rising by 6% annually, and with a mortality rate of 26% (1).
Accumulating evidence has elicited high short-term mortality for the disease; and sepsis
additionally increases the risk of increased long-term mortality in survivors with sepsis,
not only in developing countries, but also in developed countries (2). Fortunately, nota-
ble advancement in the therapeutic protocols has significantly reduced mortality; how-
ever, the prognosis remains poor due to the arrested development of improved treat-
ments (3). Therefore, there is an urgent need for a comprehensive understanding of the
disease pathogenesis and for the identification of effective therapeutic strategies.

Long noncoding RNAs (lncRNAs) are a diverse group of RNA sequences that serve
as regulators of proteins and enzymes and interact with chromatin-modifying com-
plexes, thereby extensively mediating several biological processes such as the immune
response (4). Notably, lncRNAs can modulate numerous cancer-signaling pathways by
interacting with proteins, RNA, and lipids and by facilitating or inhibiting the inflamma-
tory process and the apoptosis of cancer cells (5). Several lncRNAs are implicated in
sepsis based on their differential expression (6). For instance, lncRNA-CCL2 promotes
inflammatory cytokine expression by interaction with the regulatory proteins in sepsis
(7). Currently, only limited literature has identified the role of RNF7 in sepsis, although
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it has been identified that lncRNA RNF7 can exacerbate cardiac fibrosis in a rat sepsis
model via thrombospondin-1 (THBS1) (8). THBS1 is essential for the regulation of both
physiological and pathological skeletal muscle angiogenesis, a key process for normal
skeletal muscle function (9). An existing study identified that the skeletal muscles
(approximately 50% of body weight) are affected during acute and late sepsis, which is
one of the sepsis-associated organ dysfunctions (10). Inhibition of skeletal muscle lac-
tate release and atrophy exacerbate the suppression of sepsis progression (11). In light
of the aforementioned literature, we speculated a potential detrimental role of RNF7 in
inflammation during sepsis via THBS1. Sepsis can lead to severe and sustained muscle
fiber atrophy in the limb muscles (12). Activation of phosphatidylinositol 3-kinase/pro-
tein kinase B (PI3K/Akt) signaling pathway facilitates attenuation of sepsis-induced dia-
phragm atrophy (13). Moreover, RNF7 can activate the PI3K/Akt signaling pathway dur-
ing cancer development, thus cooperating with protein regulation (14). In this study,
we experimentally validated speculation that RNF7 may manipulate THBS1 expression
and the PI3K/Akt signaling pathway, thus influencing the function of skeletal muscle
cells during the development of sepsis in vivo and in vitro.

RESULTS
Successful establishment of cecal ligation and puncture (CLP) rat models. To

study the associated mechanism responsible for skeletal muscle cell injury, apoptosis,
and autophagy in septic rats, we established a rat sepsis model. At 12 h after operation,
the CLP-induced rats began to die, and the number of CLP-induced rat deaths contin-
ued to increase over time until it gradually stabilized. Among the rats, all 15 sham-
operated rats survived, while 30 rats died in the postoperative period, and 90 CLP-
induced rats survived (Fig. S1A). CLP-induced rats featured symptoms such as vertical
hair, appetite loss, movement reduction, evident fatigue, and canthus secretions. In
comparison with the sham-operated rats, the CLP-induced rats exhibited significant
weight loss after a week (Fig. S1B). The preceding results are indicative of successful
establishment of a rat sepsis model.

RNF7 promotes sepsis-induced skeletal muscle injury. Existing literature has
identified a high expression pattern of RNF7 in sepsis (8). Analysis of the GSE28750 data
set revealed a notably high expression pattern of RNF7 in the sepsis samples (Fig. 1A).
The results of fluorescence in situ hybridization (FISH) assay elicited predominant local-
ization of RNF7 in the cytoplasm of skeletal muscle cells (Fig. 1B).

To study the effect of RNF7 on skeletal muscle damage in sepsis rats, sepsis rats
were divided into two groups and then treated with overexpressed RNF7 (oe-RNF7) or
short hairpin RNA (sh)-RNF7 (sh-RNF7), followed by CLP model establishment and
reverse transcription quantitative PCR (RT-qPCR) detection. The results presented with
an elevated expression pattern of RNF7 in the CLP-induced rats relative to the sham-
operated rats. Additionally, an elevated RNF7 expression pattern was observed due to
an overexpression of RNF7, while it was reduced following sh-RNF7 (Fig. 1C). Moreover,
the rat liver, kidney, and lung tissues were harvested to detect the RNF7 expression
pattern. No significant difference was found in the RNF7 expression pattern in the rat
liver, kidney, and lung tissues upon individual treatment (Fig. S2). The preceding results
indicate that overexpression or silencing of RNF7 in the rat skeletal muscle is specific
and exclusive to the skeletal muscle.

According to hematoxylin-eosin (HE) analysis of the skeletal muscle tissues (Fig. 1D,
E), the size of skeletal muscle of the sham-operated rats was normal, with darker color
and no obvious pathological changes. In skeletal muscle tissues of CLP-induced rats, wid-
ening of the muscle space was identified with segmental necrosis of skeletal muscle
cells, exudation of interstitial inflammatory cells, and increased pathological score of rat
skeletal muscle tissues. Additionally, the oe-RNF7 treatment exhibited a more definitive
increase in muscle space with segmental necrosis, exudation of interstitial inflammatory
cells, and the pathological score of rat skeletal muscle tissues. Conversely, sh-RNF7 treat-
ment elicited conflicting results relative to oe-RNF7 treatment.

The aforementioned results indicate that RNF7 is predominantly located in the
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cytoplasm of skeletal muscle cells, is highly expressed in the skeletal muscle tissues of
septic rats, and can exacerbate sepsis-induced skeletal muscle injury.

RNF7 increases the skeletal muscle protein metabolism. 3-MH is a type of trace
amino acid, principally present in skeletal muscles to reduce the contents of actin and
myosin, and the measurement of 3-MH release can indirectly serve as an indicator for
the degradation rate of myofibrillar protein (11). Analytical results of skeletal muscle pro-
tein metabolism revealed higher Tyr and 3-MH contents in the skeletal muscle tissues of
CLP-induced rats relative to the sham-operated rats. Moreover, the overexpression of
RNF7 elevated the Tyr and 3-MH contents, while silencing of RNF7 reduced their con-
tents (Table S1). In summary, our results reveal that RNF7 can facilitate skeletal muscle
protein metabolism in septic rats.

RNF7 promotes oxidative stress and inflammation in septic rats. Next, we explored
the underlying mechanism of RNF7 in respect to oxidative stress and inflammation in sep-
sis (Table S2, S3). In comparison to the sham-operated rats, the CLP rats exhibited elevated
levels of malondihaldehyde (MDA) and NO with increased expression patterns of several
inflammatory factors (TNF-a, IL-6, and IL-1b), as well as reduced activity of glutathione per-
oxidas (GSH-PX), superoxide dismutase (SOD), and chloramphenicol acetyltransferase
(CAT). Treatment with oe-RNF7 resulted in elevations of NO and MDA as well as the levels
of TNF-a, IL-6, and IL-1b ; however, reductions were identified in the activity of GSH-Px and
SOD, while silencing of RNF7 elicited conflicting results. Cumulatively, the preceding results
elicited that RNF7 overexpression can induce oxidative stress and inflammation in septic
rats.

RNF7 upregulates THBS1 expression in septic rats. The MEMW database pre-
dicted a coexpression of RNF7 with THBS1 (Fig. 2A). It has been reported that SC79 acts
as a specific activator of the AKT signaling pathway (15, 16). Therefore, we then
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FIG 1 RNF7 is highly expressed in skeletal muscle tissues of septic rats and elicits sepsis-induced skeletal muscle injury. (A) Box plot of RNF7 expression
pattern in sepsis samples in the GSE28750 data set, with blue box on the left indicating normal samples and red box on the right indicating sepsis
samples. (B) Subcellular localization of RNF7 determined by FISH assay in skeletal muscle cells. (C) RT-qPCR analysis of RNF7 expression pattern in skeletal
muscle tissues of CLP rats treated with oe-RNF7 or sh-RNF7. (D) Representative images of HE staining of skeletal muscle tissues of CLP rats treated with oe-
RNF7 or sh-RNF7. (E) Pathological score of skeletal muscle tissues of CLP rats treated with oe-RNF7 or sh-RNF7. *, P , 0.05 versus sham-operated rats; #,
P , 0.05 versus CLP rats treated with oe-NC or sh-NC. n = 10 for rats upon each treatment.
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overexpressed RNF7 (oe-RNF7) in rats, then constructed a CLP model and performed
SC79 treatment. The immunohistochemical staining results (Fig. 2B, C) revealed that
THBS1-positive cells were brown-yellow particles with predominant localization of the
THBS1-positive expression pattern in the cytoplasm and extracellular matrix. In compari-
son with the sham-operated rats, the THBS1 positive expression pattern was higher in
the skeletal muscle tissues of the CLP rats. Additionally, an elevated THBS1-positive
expression pattern was identified in the skeletal muscle tissues of CLP rats treated with
oe-RNF7, while it was reduced in the sh-RNF7-treated CLP rats. Relative to oe-RNF7 treat-
ment, both oe-RNF7 and SC79 exerted no affect in THBS1 positive expression. Moreover,
the results from a dual luciferase reporter gene assay revealed that the luciferase activity

FIG 2 RNF7 promotes THBS1 expression pattern in the skeletal muscle tissue of septic rats. (A) MEM analysis of coexpression of RNF7 and THBS1. (B) IHC
staining analysis of THBS1 protein in skeletal muscle tissues of rats treated with oe-RNF7 or sh-RNF7. (The injection was performed 1 week before
operation with the volume of adenovirus set as 10 mL of the viral titer [1 � 1010 PFU/mL]). (C) Quantitative analysis of panel B. (The injection was
performed 1 week before operation with the volume of adenovirus set as 10 mL of the viral titer [1 � 1010 PFU/mL]). *, P , 0.05 versus sham-operated
rats; #, P , 0.05 versus CLP rats treated with sh-NC or oe-NC. (D) Interaction between THBS1 and RNF7 verified by dual luciferase reporter gene assay in
HEK293T cells. *, P , 0.05 versus HEK293T cells transfected with oe-NC. n = 10 for rats upon each treatment. The cell experiment was conducted in
triplicate independently.
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of THBS1-39-UTR wild type (WT) was reduced after RNF7 overexpression, which failed to
alter the luciferase activity of 39-UTR mutant type (MUT) (Fig. 2D), thus suggesting a
direct interaction between RNF7 and THBS1. Collectively, the preceding results elicited
that RNF7 can increase the THBS1 expression in the skeletal muscle tissues of septic rats.

RNF7 suppresses skeletal muscle cell autophagy and stimulates skeletal muscle
cell apoptosis by increasing THBS1 and inactivating the PI3K/Akt signaling path-
way in vivo. The STRING database predicted a total of 20 genes relative to THBS1 (Fig.
3A). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of these
21 genes highlighted notable enrichment of 8 genes in the PI3K/Akt signaling pathway
(Fig. 3B). The aforementioned results indicate that RNF7 may affect the PI3K/Akt signal-
ing pathway by regulating THBS1 in sepsis. RT-qPCR detection results illustrated a
higher THBS1 expression pattern in the skeletal muscle tissues of CLP rats compared to
the sham-operated rats. An elevated THBS1 expression pattern was evident in the oe-
RNF7-treated CLP rats, while conflicting results were apparent in the sh-RNF7 RNF7-
treated CLP rats. No profound difference was identified in the THBS1 expression pat-
tern between the oe-RNF71 SC79 and the oe-RNF7-treated CLP rats (Fig. 3C).

Previous study has shown that Beclin-1 is one of two key proteins in autophagy,
which can inhibit autophagy (17). Similarly, change of LC3-II/LC3-I ratio shows a signifi-
cant positive correlation with autophagy, which is an effective indicator of autophagy
(18). To investigate the effects of RNF7 on apoptosis and autophagy in skeletal muscle
tissue of sepsis rats, we determined the levels of apoptosis-related proteins (Bax, Bcl-2)
and autophagy-related proteins (Beclin-1 and LC3-II/LC3-I) by Western blotting.
Western blot analysis suggested considerable elevations in THBS1 and Bax expression
patterns, yet reductions were evident for Beclin-1, Bcl-2, and LC3-II/LC3-I, as well as
PI3K and Akt phosphorylation levels in the skeletal muscle tissues of CLP rats relative

FIG 3 RNF7 augments THBS1 and inactivates the PI3K/Akt signaling pathway, thus stimulating skeletal muscle cell apoptosis and reducing cell autophagy.
(A) PPI network of 20 genes related to THBS1 predicted by STRING. (B) KEGG enrichment analysis of these 20 genes. The ordinate refers to enriched
signaling pathways, the abscissa refers to the number of genes enriched in the signaling pathway, and the bubble color indicates significance lg(p). (C) RT-
qPCR analysis of THBS1 expression pattern in skeletal muscle tissues of CLP rats treated with oe-RNF7, sh-RNF7, or oe-RNF7 1 SC79. *, P , 0.05 versus
sham-operated rats; # P , 0.05 versus CLP rats treated with sh-NC or oe-NC; &, P , 0.05 versus CLP rats treated with oe-RNF7. n = 10 for rats upon each
treatment.
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to the sham-operated rats. Overexpression of RNF7 further elevated the THBS1 and
Bax expression patterns, while reducing expression patterns of Beclin-1, Bcl-2, and LC3-
II/LC3-I as well as PI3K and Akt phosphorylation levels. Opposing results were observed
in the absence of RNF7. Additionally, expression patterns of Beclin-1, Bcl-2, LC3-II/LC3-I,
p-PI3K/PI3K, and p-Akt/Akt were increased, while Bax was reduced upon both overex-
pression of RNF7 and SC79 relative to an individual overexpression of RNF7 (Fig. 4A, B).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)
staining data revealed a higher apoptosis rate of cells in the skeletal muscle tissues of
CLP rats compared with the sham-operated rats. Moreover, oe-RNF7 treatment resulted
in a significantly higher apoptosis rate, whereas sh-RNF7 treatment reduced the cell apo-
ptosis rate. Treatment with oe-RNF7 1 SC79 could annul the effect of oe-RNF7 (Fig. 4C,
D). Conjointly, our results implicated that RNF7 promoted skeletal muscle cell apoptosis
through inactivation of the PI3K/Akt signaling pathway.

Altogether, RNF7 can elevate THBS1 and inactivate the PI3K/Akt signaling pathway,
thus inducing skeletal muscle cell apoptosis and reducing cell autophagy.

Silencing of RNF7 inhibits THBS1 and activates the PI3K/Akt signaling pathway,
arresting the release of inflammatory factors and oxidative stress levels in skeletal
muscle cells.We then sought to explore the regulatory effect of RNF7 on myoblasts in
vitro. RT-qPCR results demonstrated elevations in RNF7 and THBS1 expression patterns
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FIG 4 RNF7 suppresses skeletal muscle cell autophagy and stimulates the apoptosis of skeletal muscle cells through inactivation of the PI3K/Akt signaling
pathway. (A and B) Analysis of expression of THBS1, Bax, Bcl-2, Beclin-1, and LC3-II/LC3-I proteins, as well as phosphorylation levels of PI3K and Akt in the
skeletal muscle tissue of CLP rats treated with sh-RNF7, oe-RNF7, or oe-RNF7 1 SC79 measured by Western blotting. (C and D). TUNNEL-positive cells in
the skeletal muscle tissues of rats treated with oe-RNF7, sh-RNF7, or oe-RNF7 1 SC79. *, P , 0.05 versus sham-operated rats, #, P , 0.05 versus CLP rats
treated with sh-NC or oe-NC; &, P , 0.05 versus CLP rats treated with oe-RNF7. n = 10 for rats upon each treatment.
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in lipopolysaccharide (LPS)-induced C2C12 cells relative to the control cells. However,
LPS-induced cells treated with sh-RNF7 exhibited notable reductions in the RNF7 and
THBS1 expression patterns. In the presence of RNF7 overexpression, the RNF7 and THBS1
expression patterns were elevated while further SC79 treatment led to no significant
change (Fig. 5A). Additionally, Western blot analysis elicited higher THBS1 and Bax expres-
sion patterns along with lower expression patterns of Beclin-1, Bcl-2, and LC3-II/LC3-I as
well as PI3K and Akt phosphorylation levels in the LPS-treated C2C12 cells relative to the
control cells. In contrast, silencing of RNF7 resulted in opposite results. Additionally, RNF7
overexpression increased the THBS1 and Bax expression patterns, while reducing expres-
sion patterns of Beclin-1, Bcl-2, and LC3-II/LC3-I as well as the PI3K and Akt phosphoryla-
tion levels. Following subsequent SC79 treatment, the Bax expression pattern was
reduced, while expression patterns of Beclin-1, Bcl-2, and LC3-II/LC3-I along with Akt phos-
phorylation level was elevated, along with unaltered PI3K phosphorylation level and
THBS1 expression pattern (Fig. 5B). Moreover, enzyme-linked immunosorbent assay
(ELISA) results demonstrated that NO, MDA, TNF-a, IL-6, and IL-1b expression patterns
were increased, while the levels of GSH-Px and SOD along with CAT activity was decreased
in LPS-treated C2C12 cells compared to the control cells. In contrast, silencing of RNF7 led
to inhibition of NO, MDA, TNF-a, IL-6, and IL-1b expression patterns yet elevation in the
levels of GSH-Px and SOD along with CAT activity. Besides, overexpression of RNF7
induced opposing results. A combination treatment protocol with oe-RNF7 and SC79
annulled the effect of an individual overexpression of RNF7 (Fig. 6A, B). Overall, the preced-
ing results suggested that knockdown of RNF7 could downregulate THBS1 and activate
the PI3K/Akt signaling pathway, thus preventing the release of inflammatory factors and
oxidative stress levels in skeletal muscle cells.

DISCUSSION

Sepsis is a systemic inflammatory disease mediated by the innate immune system,
which presents with deleterious complications such as kidney injury, skeletal muscle
disorders, or shock (3). In this study, we established a CLP-induced sepsis rat model to
determine the functionality of RNF7 in sepsis. Our results elicited that RNF7 increased
the production of inflammatory factors as well as apoptosis and facilitated sepsis pro-
gression through the inactivation of the PI3K/Akt signaling pathway.

Initially, our findings demonstrated the upregulation of RNF7 in the skeletal muscle
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FIG 5 Knockdown of RNF7 decreases the release of inflammatory factors from the LPS-treated C2C12 cells and inhibits oxidative stress via the THBS1/PI3K/
Akt axis in vitro. (A) Expression patterns of RNF7 and THBS1 in LPS-induced C2C12 cells treated with sh-RNF7, oe-RNF7, or oe-RNF7 1 SC79 determined by
RT-qPCR. (B) Analysis of THBS1, Bax, Bcl-2, Beclin-1, and LC3-II/LC3-I proteins, as well as phosphorylation levels of PI3K and Akt in LPS-induced C2C12 cells
treated with sh-RNF7, oe-RNF7, or oe-RNF7 1 SC79. *, P , 0.05 versus control cells; #, P , 0.05 versus LPS-treated cells; &, P , 0.05 versus LPS-induced
cells treated with oe-RNF7. The cell experiment was carried out in triplicate independently.
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tissues of septic rats with severe skeletal muscle injury in sepsis. An existing study iden-
tified interactions of lncRNA with several biological molecules to regulate diverse cellu-
lar processes in various diseases (19), including sepsis. Accumulating studies have
determined an inhibitory effect exerted by the downregulation of lncRNA NEAT1 on
immunity in septic rats by inhibiting mast cell expression of membrane protein 1 (20).
Moreover, lncRNA MALAT1 also exhibits the potential as a definitive predictor for dis-
ease severity, inflammation, and survival of patients with sepsis (21). Additionally, an
existing study determined the ability of downregulation of lncRNA MALAT1 to prevent
excessive autophagy and apoptosis via the PI3K/Akt signaling pathway (22).

Specifically, our findings identified that overexpression of RNF7 can increase the apo-
ptosis of skeletal muscle cells via activation of the PI3K/Akt signaling pathway. RNF7 can
terminally bind to conserved sites of immunoglobulin molecules to induce the apoptosis
of immune cells, as illustrated by the increased Bax protein levels and decreased Bcl-2
levels (23). Bcl-2, the most primitive member of the Bcl-2 family of apoptosis regulatory
proteins, functions as an anti-apoptotic gene (24). Bax is also a member of the Bcl-2 fam-
ily and functions as a major proapoptotic protein for regulating apoptosis in normal and
cancer cells (25). Accumulating evidence has validated the ability of several lncRNAs to
suppress activation of the PI3K/Akt signaling pathway (26, 27), while the inhibitory effect
of RNF7 on the PI3K/Akt signaling pathway warrants further investigation due to the lack
of supporting literature. Moreover, the inhibition of the PI3K/Akt signaling pathway can
dramatically facilitate the apoptosis of myoblasts (28). Additionally, activation of the
PI3K/Akt signaling pathway reduces oxidative stress and inflammation after ischemia-
reperfusion injury (29). As for sepsis, capsaicin pretreatment can inhibit oxidative stress
by upregulating the levels of its markers SOD and GSH-Px while downregulating the
MDA level to exercise a protective effect for cardiomyocytes against LPS-induced dam-
age to augment autophagy (30). Additionally, an existing study verified the ability of api-
genin treatment to improve sepsis-induced lung injury by inhibiting the degree of oxida-
tive stress, as demonstrated by increased SOD levels, CAT activity, and GSH levels (31).
Additionally, our ELISA results revealed that RNF7 overexpression increased the levels of
TNF-a, IL-6, and IL-1b in rat skeletal muscle tissue and cells during sepsis. Notably, RNF7-
overexpressing macrophages elicited upregulation of several protumorigenic cytokines
(IL-1b, IL-6, and TNF-a) (32). Strikingly, RNF7-depleting neutrophils released abundant
concentrations of proinflammatory cytokines and with minor concentration of macro-
phages, while the depletion of RNF7 impeded the inflammatory responses in sepsis (33).

Another vital finding from our study elicited that RNF7 promoted autophagy in skel-
etal muscles during sepsis, as evidenced by the markedly elevated Beclin-1 and LC3
levels. Indeed, autophagy is a process for lysosomal degradation of cellular debris, con-
sequently generating energy and macromolecular precursors, thus eliciting an ideal
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target for cancer treatment (34). The autophagy components determine the regulation
of infectious agents while simultaneously hindering inflammatory pathology (35).
Essentially, in sepsis, skeletal muscles are increasingly prone to sepsis-induced mitochon-
drial injury, decreased biogenesis, and increased autophagy (36). However, enhanced
autophagy can serve as a protective barrier against multiple organ injuries in murine
sepsis models, thereby preventing apoptosis and sustaining a homeostatic balance
between the pro- and anti-inflammatory cytokines (37). Further studies are needed to
explore the interaction between increasing apoptosis and autophagy in sepsis.

Fundamentally, our results identified an explicit association between the stimulative
effect of RNF7 on cell apoptosis, inflammation, and oxidative stress, as well as the inhibiting
effect on cell autophagy with THBS1 overexpression. In part consistent with this result,
lncRNA NEAT1 exacerbated inflammation and apoptosis through THBS1 upregulation (38).
THBS1 overexpression resulted in increased peritoneal inflammation and mortality, whereas
THBS1 deficiency elicited a protective effect in septic rats (39). THBS1 can regulate the adhe-
sion and migratory capacity of monocytic cells, inducing aortic expansion (40). In addition,
activation of the PI3K/Akt signaling pathway is associated with the downregulation of
THBS1 in vascular endothelial cells of rats with diabetic retinopathy (41). Consistently, the
current study demonstrated that RNF7 promoted THBS1 through the PI3K/Akt signaling
pathway inactivation and functioned in skeletal muscles during sepsis.

To conclude, RNF7 could promote skeletal muscle cell apoptosis and inhibit cell
autophagy in sepsis by upregulating THBS1 and inactivating the PI3K/Akt signaling path-
way (Fig. 7). This finding may contribute to the development of novel treatment proto-
cols for sepsis, although further studies are required to validate the role of RNF7 in other
tissues in sepsis.

MATERIALS ANDMETHODS
Ethics statement. All animal experiments were performed with approval of the Animal Ethics

Committee of the First Hospital of Jilin University. The feeding of all animals in the experiment and the
experimental operation was in compliance with the Regulations for the Administration of Affairs
Concerning Experimental Animals.

Microarray-based gene expression profiling. The regulatory pathways involved in the manifesta-
tion of sepsis were predicted through existing literature. The GSE28750 data set was retrieved from the
Gene Expression Omnibus database to verify expression of several lncRNAs. Coexpression analysis was
conducted by MEM to verify the relationship between lncRNAs and their downstream factors. SRING
was applied to predict the relative genes of downstream genes. A protein–protein interaction network
was constructed using Cytoscape. KOBAS was adopted to perform KEGG enrichment analysis to deter-
mine the enriched signaling pathway.

Establishment of CLP-induced rat sepsis models.Male Sprague-Dawley rats (aged 12 to 15 weeks,
weighing 202 6 20 g; 101, Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) were
housed in a pathogen-free laboratory at 18 to 25°C with free access to chow and water. A sepsis model
was established via CLP as per a previous protocol under 2% pentobarbital anesthesia (50 mg/kg body
weight). The abdomen was fixed upward on the polyethylene foam board, and the middle and lower ab-
domen were selected for preparation of the skin. The skin was disinfected using iodophor, covered with
disposable sterile gauze, and incised (length 3 to 4 cm) longitudinally along the midline of the abdomen.
The cecum was extracted using a pair of toothless forceps, without damaging the mesangial blood ves-
sels. The contents in the cecum were gently pushed to the distal end of the cecum to ensure that no
obvious gas was present in the ligated cecum section, and the RM mesangium was separated. The dis-
mal cecum was labeled with methylene blue dye (Shanghai Regal Biology Technology Co., Ltd.,
Shanghai, China) where blue label was evident in areas surrounding the cecum. The length of ligation
was 1.5 cm, and the corresponding volume was 2.5 mL. Since the ligation positions were lower than the
interstitial valve position, intestinal obstruction would not occur. The cecum was punctured using a
21-gauge needle from the mesenteric side to the opposite side following the single penetrating proto-
col. After the puncture, a small amount of feces at the two puncture holes were squeezed to promise
that the perforation was open and functional. After ligation, the muscle layer and skin were sutured for
complete closure of the abdominal cavity, after which prewarmed saline (37°C, 5 mL/100 g body weight)
was subcutaneously injected for fluid replacement. Sham-operated rats that underwent only laparotomy
without cecal ligation and perforation served as the negative-control (NC) group. All operations were
expected to be completed within 10 min. After 2 days, rats were euthanized with pentobarbital at a
dose of 100 mg/kg, after which the skeletal muscle, liver, kidney, and lung tissues were harvested for
subsequent experiments.

Adenovirus vector construction and animal treatment. Recombinant plasmids pShuttle2-EGFP-
RNF7 and pShuttle2-EGFP-sh-RNF7 were transferred into the DH5a-competent cells for adenovirus pack-
aging and amplification, with pShuttle2-EGFP serving as control. The pShuttle2-EGFP-RNF7, pShuttle2-
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EGFP-sh-RNF7, and pShuttle2-EGFP were digested by incubation with I-Ceu I and PI-Sce I to isolate the
DNA fragments. The fragments were introduced into an adenovirus skeleton plasmid, pAdeno-X, using
the Adeno-X Expression System kit (Clontech, Mountain View, CA, USA; K1650-1) to form oe-RNF7 or oe-
NC. The recombinant adenovirus vector or the empty vector sh-RNF7 was transfected into the compe-
tent cells for amplification.

Sham-operated rats were used as control, and the CLP rats were further injected with adenovirus
carrying oe-NC (model rats, skeletal muscle injected with adenovirus constructed with an overexpression
vector without any sequence inserted), oe-RNF7 (model rats, skeletal muscle injected with RNF7 overex-
pressing adenovirus), sh-NC (model rat, skeletal muscle injected with adenovirus constructed with an
interfering vector without any sequence inserted), or sh-RNF7 (model rats, skeletal muscle injected with
interfering RNF7 adenovirus) or cotreated with oe-RNF7 1 SC79 (an Akt activator, HY-18749,
MedChemExpress Company, USA). The injection was performed 1 week before operation, with the vol-
ume of adenovirus set as 10 mL of the viral titer (1 � 1010 PFU/mL). SC79 was dissolved in DMSO (D2650,
Sigma-Aldrich Chemical Company, St. Louis, MO, USA) at a concentration of 4 mg/mL. Ten rats were ran-
domly selected from among the sham group, and 70 rats were randomly selected from the CLP group,
for a total of 10 rats in each group. According to the sequence of RNF7 in the GenBank data set, the frag-
ments and RNF7-related sequences were designed and synthesized by Shanghai Genechem Co., Ltd.
(Shanghai, China).

FIG 7 Schematic diagram of the mechanism by which RNF7 affects skeletal muscle cell apoptosis and autophagy in a rat sepsis model. RNF7 inhibits the
PI3K/Akt signaling pathway by promoting the expression pattern of THBS1, thereby promoting the apoptosis of skeletal muscle cells and inhibiting their
autophagy in a rat sepsis model.
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HE staining. Skeletal muscle tissues of rats were fixed using 4% paraformaldehyde for 24 h, dehy-
drated with gradient alcohol, and embedded in paraffin. The paraffin tissues were incised into 5-mm-
thick sections, which were subjected to HE staining (Beijing Solarbio Science and Technology Co., Ltd.,
Beijing, China) (42). Finally, the samples were observed and documented under an optical microscope
(XP-330, Shanghai Bingyu Optical Instrument, Co., Ltd., Shanghai, China).

Immunohistochemistry (IHC). Paraffin-embedded tissues were incised into 4-mm-thick sections.
Sections were dewaxed with xylene, rehydrated with gradient alcohol, and immersed in 3% H2O2 and
subsequently in 4% formaldehyde (BD5024, Bioworld, USA) at 37°C for 30 min, followed by antigen re-
trieval with 0.01 M citric acid buffer. After a blockade with goat serum, the sections were probed with
mouse anti-human THBS1 (at a dilution ratio of 1:500; ab85762, Abcam, Inc., Cambridge, UK) for 12 h.
The following day, the sections were reprobed with biotinylated secondary antibody goat anti-mouse
(A21020, Abbkine, USA) for 10 min and then treated with streptavidin-horseradish peroxidase (DF7852,
Shanghai Yaoyun Biotechnology Co., Ltd., Shanghai, China) for 10 min. Finally, sections were developed
using 3,39-diaminobenzidine tetrahydrochloride and counterstained with hematoxylin. Using ImageJ
analysis software (Eclipse 80i, Nikon, Japan), the positive cell ratio was calculated under a light micro-
scope with five randomly selected fields: positive cells/all cells .10% (1),,10% (2).

Determination of proteolytic rate. High-performance liquid chromatography was carried out to
determine the content of 3-methylhistidine (3-MH) and tyrosine (Tyr) in muscle tissues as an existing
protocol. Muscle tissue samples were incubated with the freshly oxygenated Krebs-Henseleit incubation
medium with 0.5 mmol/l cycloheximide for 3 h to prevent the participation of the released amino acids
in protein synthesis. The tissues were then suspended in perchloric acid (500 mL) and subjected to cen-
trifugation at 17,510 � g for 25 min. For 3-MH determination, the supernatant or incubation medium
was supplemented with a combination of sodium borate, acetonitrile, perchloric acid, and NaOH to
maintain the pH at 6.0. Next, 3-MH was isolated from the mixed solution and was measured using UV
spectroscopy at the excitation wavelength of 365 nm in sodium phosphate buffer. As for Tyr, the super-
natant or incubation medium was reacted with OPA solution and analyzed with a Hypersil AA-ODS col-
umn (2.1 mm � 200 mm) the gradient elution method. Tyr content was measured at the excitation
wavelength of 338 nm using an UV spectrophotometer (UV1901, Shanghai AuCy Instrument Co., Ltd.,
Shanghai, China).

Measurement of oxidative stress-related factors and inflammatory factors. The levels of SOD
(BC0170, Solarbio), MDA (A003-1, NanJing JianCheng Bioengineering Institute, Nanjing, China), TNF-a
(JianCheng), GSH-PX (A005, Solarbio), blood urea nitrogen (BU7120, Beijing Lideman, Biotechnology Co.,
Ltd., Beijing, China), and Na1-K1-ATP enzyme (QS1700, Solarbio) in the supernatant of skeletal muscle
tissues were detected in strict accordance with the corresponding kit instructions. Additionally, ELISA
was performed to measure the levels of the inflammatory factors TNF-a, IL-6, and IL-1b in the superna-
tant of skeletal muscle tissues in strict accordance with the provided instructions (69-30484, 69-30490,
and 69–30375, Mokesha Pharmaceutical Chemical Co., Ltd., Wuhan, China).

RT-qPCR. The total RNA content was extracted from the skeletal muscle tissues of rats using the
TRIzol reagent (Invitrogen, Carlsbad, Ca, USA). The RNA content was reverse-transcribed into cDNA with
a PrimeScript RT kit (RR036A, TaKaRa, Japan). RT-qPCR was started on the basis of the instructions of the
SYBR Premix Ex Taq II kit (TaKaRa, Japan) with the ABI PRISM 7300 system (Shanghai Kunke Instrument
Co., Ltd., Shanghai, China). The transcriptional level of mRNA was estimated based on the 2-DDCt quantifi-
cation method, with b-actin serving as a normalizer. Primer sequences were designed by Bio Just
Biomedical Science and Technology Co., Ltd. (Wuhan, Hubei, China), as shown in Table S4.

Western blot analysis. The total protein content was extracted from the skeletal tissues using 1 mL
of lysis buffer (50 mmol/L Tris, 150 mmol/L NaCl, 5 mmol/L EDTA, 0.1% SDS, 1% NP-40, 5mg/mL Aprotinin,
and 2 mmol/L PMSF), and the protein concentration was determined using a bicinchoninic acid kit (P0012,
Shanghai Beyotime Biotechnology Co., Ltd., Shanghai, China). The protein was subject to separation by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PE0025, Beijing Leagene Biotech Co., Ltd.,
Beijing, China) and transferred onto nitrocellulose membranes. A membrane blockade was conducted
using 5% skimmed milk powder for 1 h at room temperature, after which the membranes were probed at
4°C overnight with the primary antibodies and then reprobed with horseradish peroxidase-conjugated
secondary antibody or IgG antibody (1:10,000, Jackson, USA) for 1 h. Next, the enhanced chemilumines-
cence solution (Pierce Biotechnology Inc., Rockford, IL, USA) was added for visualization of the X-ray
results. With b-actin serving as internal reference, the relative protein expression was estimated as the ra-
tio of the gray value of the target band to b-actin. The primary antibodies (Abcam) used in the preceding
assay included THBS1 (ab85762), PI3K (1:2,000, ab180967), Akt (1:500, ab8805), phosphorylated (p)-Akt
(1:750, ab38449), p-PI3K (1:1,000, ab191606), Bax (1:750, ab53154), Beclin-1 (1:1,000, ab207612), Bcl-2
(1:1,000, ab59348), light chain 3-II (LC3-II) (1:2,000, ab192890), and LC3-I (1:50,000, ab52628).

TUNEL staining. TUNEL staining was performed to evaluate the degree of cell apoptosis. Briefly, the
paraffin-embedded tissues were subdivided into 20-mm-thick sections. The sections were dewaxed with
xylene, rehydrated with gradient alcohol, fixed with paraformaldehyde, and finally blocked with a com-
bination of methanol and 3% H2O2. Subsequently, the sections were subjected to TUNEL staining in
strict accordance with the provided instructions of the TUNEL kit (Roche Diagnostics GmbH, Mannheim,
Germany) and then observed under optical microscopy (Leica DM4 P, Leica Biosystem, Shanghai, China)
from 10 randomly selected visual fields to estimate the concentration of apoptotic cells. Finally, the apo-
ptotic index (AI) of skeletal muscle cells was estimated as AI = apoptotic cells/total cells.

FISH. Cy3-labeled RNF7 RNA-FISH was provided by Guangzhou RiboBio Co., Ltd. (Guangdong,
China). FISH assay was performed in strict accordance with the provided instructions of the FISH kit
(C002, Shanghai Gefan Biological Technology Co., Ltd., Shanghai, China).
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Dual luciferase reporter gene assay. The THBS1 3’ untranslated region dual luciferase reporter gene
vector and mutant plasmids with mutations in the binding site of RNF7 were constructed: PmirGLO-
THBS1-WT and PmirGLO-THBS1-MUT, respectively. The reporter plasmids were cotransfected with oe-
RNF7 or its NC into HEK293T cells (ACS-4500, American Type Culture Collection [ATCC], Manassas, VA,
USA). After transfection for 24 h, cells were lysed and centrifuged at 6,000 � g for 1 min, with isolation of
the supernatant. The luciferase activity was detected using the Dual-Luciferase Reporter Assay System
(E1910, Promega, Madison, WI, USA).

Culture and treatment of skeletal muscle cells. Rat myoblast cell line (L6; CRL-1458, ATCC) was cul-
tured with DMEM (Sigma-Aldrich) containing 20% FBS (PAN Biotech, Aidenbach, Germany) and 1% penicil-
lin-streptomycin solution (Invitrogen) in a cell incubator with 5% CO2 (HeraCell, ThermoFisher Scientific,
Rockford, IL, USA) at 37°C. Upon attaining 80 to 95% confluence, the cells were digested by the Trypsin-
EDTA (Sigma-Aldrich) enzyme digestion method and isolated. The cells were seeded in a 12-well plate at a
density of 12.5 � 103 cells/mL in each well. Approximately 3 days later, the medium was changed to the
cell differentiation medium: DMEM 1 2% horse serum (Sigma-Aldrich) with 1% penicillin-streptomycin so-
lution. After 3 days of differentiation, the cells were treated with 100 ng/mL of LPS, and 24 h later, further
transfected with different plasmids (20 ng/mL).

Silencing RNF7 plasmids (sh-RNF7) and overexpression RNF7 plasmids (oe-RNF7) were constructed,
and the respective sets of empty vector plasmids were used as negative controls (NC) for overexpression
(oe-NC, overexpression vector without any sequence inserted) or silencing (sh-NC, interference vector
without any sequence inserted). All plasmids were constructed by RiboBio (Guangzhou, China). Cells were
treated with LPS 100 ng/mL and transfected with plasmid at a concentration of 20 ng/mL after 24 h. Cells
were divided into the control, LPS, LPS1sh-NC, LPS1sh-RNF7, LPS1oe-NC, LPS1oe-RNF7, and LPS1oe-
RNF71SC79 groups. The concentration of SC79 was 50 nM. The cells in each group were collected 48 h af-
ter transfection for subsequent assays.

Statistical analysis. All data were processed using SPSS 21.0 statistical software (IBM Corp., Armonk,
NY, USA). Measurement data were expressed as mean 6 standard deviation. The data between two
groups were analyzed by the independent sample t test. The data among multiple groups were ana-
lyzed by one-way analysis of variance with Tukey’s post hoc test. In all statistical references, a value of
P, 0.05 was considered to be statistically significant.

Data availability. The data sets generated and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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