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Introduction: Endothelial dysfunction (ED) is associated with the progression of sepsis. Ruscogenin (RUS) has shown considerable
efficacy in treating ED and sepsis. In the current study, the effects of RUS on sepsis-induced ED were assessed, and the mechanism
was explored by focusing on the interactions of RUS with miRs.

Methods: Sepsis was induced in mice and in human umbilical vein endothelial cells (HUVECs) using LPS method. Expression
profile of miRs responding to sepsis was determined. Symptoms associated with sepsis and ED were examined after treatment with
RUS. Changes in mouse survival, arterial structure, systemic inflammation, cell viability, apoptosis, and the miR-146a-5p/NRP2/SSH1
axis were analyzed.

Results: Based on the microarray results, miR-146a-5p was selected as the therapeutic target. RUS improved survival rates and
arterial structure, suppressed proinflammatory cytokines, down-regulated miR-146a-5p, and up-regulated NPR2 and SSHI in septic
mice. In HUVECs, RUS increased cell viability, suppressed apoptosis, inhibited inflammation, downregulated miR-146a-5p, and
increased NRP2 and SSH1 levels. The re-induction of miR-146a-5p-5p impaired the protective effects of RUS on HUVECs.
Discussion: Effects of RUS on sepsis-induced impairments in endothelium relied on the suppression of miR-146a-5p.
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Introduction

Sepsis is a complex syndrome' that has been characterized as a major factor contributing to morbidity and mortality
worldwide.? One of the most devastating complications associated with sepsis is systemic endothelial dysfunction (ED),
which leads to poor tissue perfusion, persistent hypotension, and multiple organ failure during the progression of sepsis and
has been recognized as an independent indicator of mortality.> As a major risk factor for cardiovascular disorders

(CVDs),*® ED can be induced by multiple mechanisms,”'°

and failure to control ED development always promotes the
development of atherosclerosis (AS).'""'? Thus, the effective control of ED has become a promising strategy for handling
AS as well as CVDs.

Recent progression in understanding pathogenesis of sepsis reveals the diagnostic and treatment potentials of multiple
biological factors in the initiation of the disorder. Among which, microRNAs (miRs) elicit increasing interests for their
involvement in sepsis. miR-25 contributed to the treatment of sepsis by ginkgolide A,'® and miR-22-3p served as an early
diagnostic biomarker for sepsis.'* Moreover, miRs also play critical roles in the development of ED. For example, miR-
221 and miR-21 were up-regulated in human umbilical vein ECs (HUVECs).'> Moreover, inhibited expression of Dicer
impaired the expression endothelial cell-specific receptor kinase, VEGFR2, and IL-8, and suppressed the proliferation of
ECs.'® Thus, it is reasonable to infer that there must be some miRs that play important roles in sepsis-induced ED and
serve as potential therapeutic targets for the treatment of sepsis-induced ED. In our preliminary microarray experiment
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(Supplementary Materials Tables S1 and S2), the expression of miR-146a-5p was induced by sepsis. MiR-146a-5p has

been reported to contribute to the progression of the cardiac innate immune response and cardiomyocyte dysfunction.'’
One of the typical downstream effectors of miR-145a-5p (TargetScan Human 7.1 prediction), NRP2, plays a protective
role against ED by inhibiting the inflammatory response during ED progression.'® Thus, we hypothesized that the
targeted regulation of miR-146a-5p could attenuate sepsis-induced ED by restoring the function of NRP2 and other
downstream pathways.

Traditional Chinese medicine (TCM) has shown its potential in the treatment of different chronic disorders.
Ruscogenin (RUS) is an active component isolated from Ruscus aculeatus that has shown significant anti-
inflammatory activity during long-term applications in TCM.'** Wang showed that RUS could attenuate sepsis-
induced acute lung injury and pulmonary endothelial barrier dysfunction.”* A study also demonstrated the protective
effects of RUS against ED, which were further verified by studies by Cao et al and Bi et al.***> Collectively, this
compound shows considerable efficacy against sepsis-induced ED. However, the mechanism of the protective effects of
RUS on the vascular system remains incompletely understood. MiRs play key roles in the progression of both sepsis and
ED. The current study aimed to explore the interaction between RUS and miRs during the treatment of sepsis-induced
ED. Our preliminary experiments verified the potential regulatory effects of RUS on miR-146a-5p (Supplementary
Materials Figure S1); thus, miR-146a-5p and the downstream factor NPR2 were selected as potential targets of the

compound.

To verify this hypothesis, mice were subjected to lipopolysaccharide (LPS) to induce sepsis and ED. The mice were
treated with RUS, and changes in mouse survival, aortic histology, and the miR-146a-Sp/NRP2/SSH1 axis were
analyzed. HUVECs were incubated with LPS to induce a septic ED model that was handled with RUS. Then, the
level of miR-146a-5p was modulated to explore the potential mechanism driving the function of RUS.

Materials and Methods

Microarray Analysis of miR Expression Profile

To select miRs response to sepsis induction, HUVECs with or without LPS treatment were collected, and total extracted
RNA was subjected to microarray analyses using Illumina NextSeq 500 based on miRDeep2 database by Sango Biotech
(Shanghai, China). The data were summarized by normalizing the expression levels of all dys-expressed miRs
(Supplementary Materials Tables S1 and S2) and the differentially expressed miRs were filtered to exclude those with
changes less than 2.0-fold compared with control HUVECs.

Septic Model Induction Using LPS Method and RUS Administration

Eight-week-old male C57BL/6 mice (18-22 g) were purchased from Liaoning Changsheng Biotechnology Co., Ltd
(Shenyang, China) and housed individually under a 12-h light/dark cycle with ad libitum access to water. Animal
experiments were approved by the Ethics Committee of Liaoning Changsheng Biotechnology Co., Ltd (Shenyang,
China) and followed the US National Institutes of Health (NIH) animal care and use protocol. Sepsis was induced using
the LPS method: briefly, the mice received an intraperitoneal injection of LPS (dissolved in normal saline, 5 mg/kg body
weight) (from Escherichia coli O111:B4, Sigma, USA) 1 h after RUS or Dex treatment.”® For grouping, 75 mice were
randomly divided into five groups (15 in each group): Control group, mice received an intraperitoneal injection of saline
of the same volume; LPS group, mice an intraperitoneal injection of LPS (5 mg/kg body weight); LPS + Low group,
mice were orally administered with 0.01 mg/kg RUS (dissolved in DMSO, J&K Scientific Ltd., China) 1 h before LPS
injection; LPS + High group, mice were orally administered with 0.1 mg/kg RUS 1 h before LPS; LPS + Dex group,
mice were orally administered with 5 mg/kg dexamethasone (Dex) (Sigma-Aldrich, USA) 1 h before LPS injection. To
calculate the effect of RUS on the survival rate of mice, 10 mice in each group were housed for 24 hours after LPS
injection, and the survival rate was calculated. The other five mice were executed using pentobarbital sodium (150 mg/kg

BW) 8 hours after LPS injection. Mesenteric artery tissues and blood samples were collected and preserved.
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Hematoxylin-Eosin (H&E) Staining and Enzyme Linked Sorbent Immune Assay (ELISA)
Injuries in the mesenteric artery were detected with H&E staining: tissues were immersed and fixed in 8% formalin for
embedding, sectioned, and incubated with hematoxylin and eosin. The injury degree of the tissues was evaluated by
determining the intima-to-medial thickness.”” The levels of cytokines, including IL-6, IL-1f, and TNF-a were detected
using corresponding ELISA Kkits.

Reverse Transcription Quantitative PCR (RT-qPCR)

Total RNA was extracted using the TRIzol method, and reversely transcribed into cDNA templates using M-MLV. The relative
expression levels of different targets (miR-146a-5p, forward: 5'-CGGATCCTTGGTCTCCTCCAGATGTTTAT-3', reverse: 5'-
CCTCGAGTCATTAAAGTGATTTCTCCCAAG-3"; NRP2, forward, 5’- CGCATTGCATCAGCCATGAT-3’, reverse, 5°-
GGGAGATGTGTTCTGCTTCA-3’; SSHI1, forward, 5’-GATGGAGATGGTGGGTTCAG-3’, reverse, 5’-GGGGAAG
TAGTTGTGCCTC-3’; GAPDH, forward, 5’-GAAGGTGAAGGTCGGAGTC-3’, reverse, 5’-GAAGATGGTGATGG
GATTTC-3’; U6, 5'-AGAGAAGATTAGCATGGCCCCTG-3', 5'-ATCCAGTGCAGGGTCCGAGG-3") were calculated fol-

2*AACI

lowing method of in reference to control group (data represented as 1).

Cell Treatment

To determine the effects of RUS on sepsis-induced injuries in vitro, HUVECs (purchased from Chi Scientific, no. 1-0025,
China) were divided into four groups: Control group, healthy cells (2 x 10° cells/mL); LPS group, cells (2 x 10° cells/mL)
incubated with LPS (10 pg/mL, dissolved in normal saline) (from Escherichia coli O111:B4, Sigma, USA) for 12 h; LPS +
RUS group, cells (2 x 10° cells/mL) incubated with LPS (10 pg/mL) and 10 uM RUS for 12 h; LPS + RUS + Mimic group,
cells (2 x 10° cells/mL) were pre-transfected with a miR-146a-5p mimic and then incubated with LPS (10 pg/mL) and 10 uM
RUS for 12 h. Then, the cells were collected, and the cell viability, apoptosis, and plasma levels of cytokines, including IL-6,
IL-1pB, and TNF-a were detected.

CCK-8 Assays

CCK-8 assays were performed to determine cell proliferation in response to different treatment conditions. Exponentially
growing HUVECs were incubated in 96-well plates (3x10%/well) for 24 h. Then, 10 pL of CCK-8 solution was added to
the wells, and the mixture was incubated at 37°C for an additional hour. The OD values at 450 nm were detected using
a microplate reader (ELX-800, BIOTEK, USA) and employed as representative of cell viability.

Flow Cytometry
HUVEC apoptosis was analyzed using an apoptosis detection kit (KGA106, KeyGEN BioTECH, China) according to the
manufacturer's instruction. The total apoptotic rate was the sum of the late apoptotic rate and the early apoptotic rate.

Statistical Analysis

The data are expressed as the mean + standard deviation (SD). Survival was compared using the Log rank test. One-way
analysis of variance (ANOVA) with Tukey’s post hoc comparisons was performed using GraphPad Prism version 6.0.
A p value smaller than 0.05 was determined as significant level (two-tailed).

Results
Survival of Septic Mice Was Improved by RUS

The survival rate of LPS group was lower compared mice in Control group, and for septic mice treated with RUS of high
dose and Dex, the survival rates clearly increased (Figure 1), indicating that RUS and Dex could decrease death rate of
septic mice. However, based on the Log rank test analysis, the difference regarding survival rate between different groups
was statistically insignificant (p = 0.1795), which might be attributed to the fact that the septic symptoms induced by LPS
method were relatively mild compared with other methods, such as cecal ligation and puncture method.
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Figure | Effects of RUS administration on the survival of LPS-induced septic mice (n = 10). Sepsis was induced using the LPS method. RUS was administered in two doses.
The survival rates of mice in the different groups were calculated in a 24-h period after administration with the Log rank test.

RUS Attenuated Artery Injury and Suppressed the Production of Cytokines in Septic
Mice
Mice in LPS group showed gross evidence of injuries in the intestinal tissue (Figure 2A), which was attenuated by RUS
in both doses. The results of H&E staining provided preliminary evidence for supporting the anti-ED function of the
compound. The intima-media thickness was recorded and the results showed that the thickness of LPS group was higher
than that of Control group, and the difference was statistically significant (Figure 2B) (p < 0.05). After the administration
of RUS at both doses, the thickness was reduced. Moreover, the effect of RUS at high dose was comparable to that
of Dex.

The production of serum levels of IL-6, IL-1B, and TNF-a was also induced in LPS group (Figure 3A—C), indicating
that the initiation of the inflammatory response in septic mice. RUS suppressed the levels of the cytokines, and the
function was also exerted in a dose-dependent manner.
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Figure 2 Effects of RUS administration on the histology and intima-media thickness in the arteries of LPS mice (n = 5). Histological changes in arteries were analyzed with
H&E staining. (A) Images of H&E staining. (B) Analysis results of the intima-media thickness. *Represents a statistically significant difference vs the control group, p < 0.05.
#Represents a statistically significant difference vs the LPS group, p < 0.05. Scale bar, 50 um (400X). Arrow, tissue destruction.
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Figure 3 Effects of RUS administration on changes in blood cytokine production in LPS-induced septic mice (n = 5). The production of cytokines was measured by ELISA.
(A) Analysis results of IL-6 levels. (B) Analysis results of IL-1pB levels. (C) Analysis results of TNF-a levels. *Represents a statistically significant difference vs the control
group, p < 0.05. *Represents a statistically significant difference vs the LPS group, p < 0.05.

RUS Inhibited miR-146a-5p Level and Induced the Expression Levels of NRP2 and

SSHI in Septic Mice

Based on the microarray assay and RT-qPCR validation (Supplementary Materials Tables S1 and S2; and Figure S1),
miR-146a-5p and miR-12-5p showed the highest sensitivity to RUS treatment (p = 0.000). The current study selected
miR-146a-5p due to its previously proved pro-ED function.'” LPS injection increased miR-146a-5p level (Figure 4A),
while decreased the expressions of NRP2 and SSH1 (Figure 4B). In mice co-administrated with RUS, miR-146a-5p
expression was inhibited, contributing to the induced levels of NRP2 and SSH1 (Figure 4). Changes in miR-146a-5p
mediated-NRP2/SSH1 axis might infer that RUS exerted anti-ED effects by modulating the function of miR-146a-5p/
NRP2/SSHI axis.

RUS Exerted Its Protective Effects in HUVECs Against Sepsis-Induced ED by Inhibiting
miR-146a-5p Level

LPS incubation reduced cell viability (Figure 5A), increased apoptosis (Figure 5B), and induced production of cytokines
(Figure 5SC-E). The effects of LPS on cell phenotypes were associated with the upregulation of miR-146a-5p (Figure 5F),
and downregulation of NRP2 and SSH1 (Figure 5G). MiR-146a-5p, and NRP2 and SSH1 levels were reversed by RUS
(Figure 5F and G), which contributed to increased cell viability, suppressed apoptosis and cytokine levels.
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Figure 4 Effects of RUS administration on changes in the miR-146a-5p/NRP2/SSH1 axis in LPS-induced septic mice (n = 5). The level of miR-146a-5p was analyzed by RT-
qPCR, and the levels of NRP2 and SSH| were determined by Western blotting. (A) Analysis results of miR-146a-5p levels. (B) Analysis results and representative images of
NRP2 and SSHI. *Represents a statistically significant difference vs the control group, p < 0.05. “Represents a statistically significant difference vs the LPS group, p < 0.05.
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Figure 5 Effects of RUS and miR-146a-5p mimics on the viability, apoptosis, inflammatory response, and activity of the miR-146a-5p/NRP2/SSHI axis in LPS-stimulated
HUVECs (n = 3). HUVECs were transfected with miR-146a-5p mimics and then incubated with LPS and RUS. Cell viability was determined with CCK-8 assays. Apoptosis
was determined with flow cytometry. The production of IL-6, IL-1B and TNF-a was measured by ELISA. The level of miR-146a-5p was determined by RT-qPCR, and the
levels of NRP2 and SSH| were measured by Western blotting. (A) Analysis results of cell viability. (B) Analysis results of the cell apoptotic rate. (C) Analysis results of IL-6
levels. (D) Analysis results of IL-18 levels. (E) Analysis results of TNF-o levels. (F) Analysis results of miR-146a-5p levels. (G) Analysis results and representative images of
NRP2 and SSH1. *Represents a statistically significant difference vs the control group, p < 0.05. “Represents a statistically significant difference vs the LPS group, p < 0.05.
#Represents a statistically significant difference vs the LPS+RUS group, p < 0.05.

Afterwards, the level of the miR was induced prior to LPS and RUS treatment (Figure 5F). The increased level of miR-
146a-5p suppressed levels of NRP2 and SSH1 (Figure 5G). Moreover, the changes in miR-146a-5p/NRP2/SSH1 after miR-
146a-5p induction suppressed cell viability, induced apoptosis, and increased levels of cytokines (Figure 5) even with RUS
treatment. Collectively, effects of RUS on LPS-induced septic ED were exerted by inhibiting miR-146a-5p level.
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Discussion

ED is closely related to the development of AS and CVD, and causes leading mortality and morbidity worldwide.?®
Accumulating studies demonstrate that TCM holds great potential for treating ED.?*#°2° RUS is one of the major functional
components of R. aculeatus. In the current study, we used RUS to protect the endothelium against sepsis-induced ED. Our data
showed that RUS improved the survival rate and arterial histology in septic mice, as well as increasing viability, inhibiting
apoptosis and cytokine levels in LPS-stimulated HUVECs, supporting the anti-ED role of RUS.>**

To provide a preliminary explanation of the mechanism underlying the effect of RUS, the current study focused on
the role of miRs during treatment. The dysregulation of miRs is involved in the progression of ED. For example, miR-
181a inhibited activity of NF-xB signaling and suppressed vascular inflammation,>' and miR-31 down-regulated
expression of E-selectin and ICAM-1 in TNF-o-treated cells.*” In addition, the dysregulation of miRs is also generally
observed during the progression of sepsis: miR-25 was involved in the anti-sepsis effect of ginkgolide A,"* and miR-22-
3p was an early diagnostic biomarker for sepsis.'* Thus, the abnormal expression of miRs might connect the initiation of
ED with the progression of sepsis. Based on our microarray data, the induced level of miR-146a-5p in LPS-stimulated
HUVECs confirmed the pro-ED function of this miR.'” To further explain the mechanism underlying the pro-ED
function of miR-146a-5p, the expression of NRP2, a downstream effector of miR-146a-5p, was also detected. It was
shown that levels of NRP2 and SSH1 were firstly inhibited by LPS-induced sepsis and then restored by RUS. Functional
NRP2 deficiency promotes aortic ED,'® and NRP2-mediated activation of SSH1 also protects the vascular system by
triggering PNET.” Thus, the inhibition of miR-146a-5p by RUS restored the activity of the NRP2/SSHI axis and
ultimately alleviated ED symptoms associated with LPS-induced sepsis. Afterwards, the level of miR-146a-5p was
induced to verify its inhibition in the anti-ED effects of RUS. The data showed that the re-induction of miR-146a-5p
impaired the effects of RUS on LPS-induced septic ED symptoms.

In conclusion, the protective effects of RUS against LPS-induced septic ED preliminarily explain the mechanism by
connecting the function of RUS with the miR-146a-5p/NRP2/SSH1 axis. Since multiple effectors of miR-146a-5p exist,
the mechanism mediating anti-sepsis effects of RUS may be complicated. Moreover, based on the microarray detection,
levels of multiple miRs were influenced by RUS, but our study only focused on the function of miR-146a-5p. Thus, the
current study only provided a preliminary explanation on the mechanism underlying the function of RUS, and further
assays and analyses should be performed to promote the understanding of the pathways promoting treatment effects of
RUS against disorders associated with LPS-induced sepsis.
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