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ABSTRACT
Background: Renal dysfunction and disruption of renal endothelial glycocalyx are two important
events during septic acute kidney injury (AKI). Here, the role and mechanism of hyaluronidase 1
(HYAL1) in regulating renal injury and renal endothelial glycocalyx breakdown in septic AKI were
explored for the first time.
Methods: BALB/c mice were injected with lipopolysaccharide (LPS, 10mg/kg) to induce AKI.
HYAL1 was blocked in vivo using lentivirus-mediated short hairpin RNA targeting HYAL1 (LV-sh-
HYAL1). Biochemical assays were performed to measure the levels and concentrations of bio-
chemical parameters associated with AKI as well as levels of inflammatory cytokines. Renal
pathological lesions were determined by hematoxylin-eosin (HE) staining. Cell apoptosis in the
kidney was detected using terminal-deoxynucleoitidyl transferase-mediated nick end labeling
(TUNEL) assay. Immunofluorescence and immunohistochemical (IHC) staining assays were used
to examine the levels of hyaluronic acid in the kidney. The protein levels of adenosine mono-
phosphate-activated protein kinase (AMPK)/mammalian target of rapamycin (mTOR) signaling,
endothelial glycocalyx, and autophagy-associated indicators were assessed by western blotting.
Results: The knockdown of HYAL1 in LPS-subjected mice by LV-sh-HYAL1 significantly reduced
renal inflammation, oxidative stress, apoptosis and kidney dysfunction in AKI, as well as alleviated
renal endothelial glycocalyx disruption by preventing the release of hyaluronic acid to the blood-
stream. Additionally, autophagy-related protein analysis indicated that knockdown of HYAL1 sig-
nificantly enhanced autophagy in LPS mice. Furthermore, the beneficial actions of HYAL1
blockade were closely associated with the AMPK/mTOR signaling.
Conclusion: HYAL1 deficiency attenuates LPS-triggered renal injury and endothelial glycocalyx
breakdown in septic AKI in mice.
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Introduction

Sepsis is a clinical syndrome that responds to infection
and is manifested by multiple immune response disor-
ders, organ failure, and systemic inflammation [1]. As a
severe complication of sepsis, septic acute kidney injury
(AKI) is accompanied by kidney apoptosis, inflamma-
tion, and renal hemodynamic abnormalities [2]. Due to
the heterogeneity of septic AKI pathological process,
renal dialysis and kidney replacement are feasible thera-
pies for the treatment of this disease [3]. However, high
medical price and shortage of kidney source are two
big obstacles to global healthcare systems [4]. Thus. the
treatment and mechanisms of septic AKI still need to
be further elucidated.

Lipopolysaccharide (LPS) present in the cell wall of
Gram-negative bacteria is a main cause of sepsis [5].
LPS contributes to excessive inflammation and oxida-
tive stress, and subsequent severe kidney dysfunction
and renal hypoperfusion [6]. Thus, injection LPS into
animals has been widely used for establishment of
in vivo septic AKI models [7].

As the barrier between endothelium and blood
plasma, endothelial glycocalyx is located on the side of
endodermal lumen and exerts crucial functions in medi-
ating vascular permeability [8]. Plasma-related proteins,
glycosaminoglycans, proteoglycans and glycoproteins
are the main components of glycocalyx [9]. Hyaluronic
acid release and syndecan-1 shedding are two indica-
tors of endothelial glycocalyx degradation [10]. Sepsis
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contributes to endothelial glycocalyx degradation which
is associated with alternations in vascular permeability
[11]. Recent studies have disclosed the association of
impaired microcirculation with renal endothelial glycoca-
lyx in septic AKI [12]. The disruption of endothelial glyco-
calyx is a process mediated actively by hyaluronidase
(hyaluronic acid) and heparanase (two cleavage enzymes),
during which the soluble components (e.g., syndecan-1
and hyaluronic acid) of endothelial glycocalyx are released
into the bloodstream [13]. To date, several strategies have
been proposed to protect against endothelial glycocalyx
degradation [14]. However, no clinical therapies for com-
pletely protecting or repairing endothelial glycocalyx has
yet succeeded [15].

As a member of glycosaminoglycans, hyaluronan
(HA, hyaluronic acid) is the main component of the
extracellular matrix [16]. HA is primarily distributed in of
renal inner papilla interstitium with low HA content in
renal cortex [17]. Increases papillary HA attenuates
water reabsorption by altering interstitium permeabil-
ity, suggesting HA can modulate renal fluid balance
[18,19]. Hyaluronidases (HYALs) are a kind of enzymes
that can degrade HA [20]. HYAL genes contains six
members (perm-specific PH-20.13-15, HYAL1/2/3/4 and
HYAL-P1, among which HYAL1/2 are the two most char-
acteristic HYAL genes with diverse catalytic properties
[21]. Notably, depletion of HYAL1 enhances the accu-
mulation of HA and aggravates inflammation, fibrosis
tubular injury in the post-ischemic kidney [22].
However, whether and how HYAL1 can mediate renal
function in septic AKI need further exploration.

Autophagy is necessary to mediate stress responses
and maintain cellular homeostasis [23]. During autoph-
agy-mediated degradation process, autophagosomes
encase stimuli including dysfunctional organelles, long-
lived or damaged proteins and intracellular pathogens
and subsequently lysosomes eliminate these stimuli
[24]. The mTOR signaling can negatively regulate
autophagy and the AMPK signaling can promote
autophagy via restraining the phosphorylation of mTOR
[25]. Increasing studies have substantiated the partici-
pation of AMPK/mTOR-mediated autophagy signaling
in diverse renal injury models [26–28]. However, it is
unknown whether the mechanism how HYAL1 protects
the kidney is associated with autophagy.

In this study, mice were injected with LPS to estab-
lish in vivo septic AKI models. First, we explored the
role of HYAL1 in mediating renal injury in septic AKI
mice. We hypothesized that HYAL1 may disrupt renal
endothelial glycocalyx and inhibit autophagy by modu-
lating the AMPK/mTOR signaling in LPS-induced AKI
mice. To test our hypothesis, we here designed a series

of experiments. Our study illustrates a new mechanism
of septic AKI progression, providing novel insights for
the treatment of this disease.

Materials and methods

Animals and groups

Forty healthy BALB/c mice at the age of six to eight-
weeks (weighing 20–25 g g) were purchased from the
Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China). Mice were housed in an air-conditioned
environment with a 12 h:12 h light-dark cycle. The
experiment was conducted under the approvement of
the Institutional Ethics Review Committee of Nanjing
First Hospital, Nanjing Medical University. Glycocalyx
degradation is a process which is actively mediated by
cleavage enzymes [13]. Here, we examined the effect of
hyaluronidase on glycocalys degradation in AKI by con-
ducting the interference treatment. Lentivirus-mediated
short hairpin RNA targeting HYAL1 (LV-sh-HYAL1) and
LV-sh-NC were obtained from Genechem (Shanghai,
China). We injected LV-sh-HYAL1 or LV-sh-NC into the
tail vein one week before LPS injection. These mice
were divided into four groups (n¼ 10/group): the LV-
NC-treated control mice that received vehicle
(Shamþ LV-NC); the LV-sh-HYAL1-treated mice that
received vehicle (Shamþ LV-sh-HYAL1); the LV-NC-
treated control mice that received an intraperitoneal
injection of 10mg/kg LPS (LPSþ LV-NC); and the LV-sh-
HYAL1-treated control mice that received an intraperi-
toneal injection of 10mg/kg LPS (LPSþ LV-sh-HYAL1).
For establishment of septic AKI mice model, the mice in
the LPS groups were injected intraperitoneally with
10mg/kg LPS (Sigma-Aldrich, USA) and the sham group
received equivalent dose of normal saline once by intra-
peritoneal injection [29]. One week before LPS injection,
LV-sh-HYAL1 (5� 107 TU/mouse) were injected intra-
venously into the tails of Shamþ LV-sh-HYAL1 group
and the LPSþ LV-sh-HYAL1 group [30]. Mice in the
Shamþ LV-NC group and the LPSþ LV-NC group
received the equivalent amount of LV-sh-NC by tail
intravenous injection [30]. After 24 h later [31], animals
were anesthetized by injection of pentobarbital sodium
(1%, 40mg/kg, i.p.), and kidney, urine, and blood sam-
ples were collected for subsequent experiments.

Reverse transcriptase quantitative polymerase
chain reaction (RT-qPCR)

Total RNAs isolated from murine renal tissues were
extracted using TRIzol reagent (Invitrogen) and were
reverse transcribed to complementary DNA using
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reverse transcription cDNA synthesis kit (Vazyme,
China). SYBR Green PCR kit (Takara) was used for RT-
qPCR analysis in 7900HT Fast Real-Time PCR System
(Applied Biosystems). Inducible nitric oxide synthase
(iNOS) level was calculated by the 2�DDCt method [32],
and was normalized to GAPDH expression.

Western blotting

Radio-immunoprecipitation assay lysis buffer (Beyotime)
was used to extract proteins from murine renal tissues. A
BCA assay kit (Beyotime) was used to quantify the
obtained proteins. Based on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, proteins were trans-
ferred onto polyvinylidene difluoride membranes, and
then incubated with primary antibodies including anti-
heparanase-1 (ab288438; 1:1000), anti-syndecan-1
(ab128936; 1:1000), anti-p-AMPK (ab133448; 1:1000),
anti-AMPK (ab32047; 1:1000), anti-p-mTOR (ab109268;
1:1000), anti-mTOR (ab134903, 1:10000), anti-LC3-I
(ab62721; 1:1000), anti-LC3-II (ab192890; 1:2000), anti-
p62 (ab109012; 1:10000) and GAPDH (ab8245; 1:500) at
4 �C overnight and subsequently with horseradish perox-
idase-labeled IgG (ab6721; 1:1000) secondary antibody at
room temperature for 2 h. All antibodies were purchased
from Abcam. Protein bands were visualized by BeyoECL
Plus (Beyotime) and analyzed using sodium Image Lab
3.0 (Invitrogen).

Biochemical assays

Blood urea nitrogen (BUN) and serum creatinine (Scr)
were detected using commercially available blood BUN
and serum Scr detection kits (Changchun Huili Biotech,
China) following the manufacturer’s protocols. The
commercial assay kits (Beyotime, Shanghai, China) were
used to determine superoxide dismutase (SOD) activity
and malondialdehyde (MDA) value. The concentrations
of kidney injury molecular-1 (KIM-1) and neutrophil
gelatinase-associated lipocalin (NGAL) in urine were
measured using ELISA kits (ab213477 and ab199083)
following the manufacturer’s protocols. Hyaluronidase
activity was assessed by an ELISA kit (Echelon
Biosciences, USA). The serum TNF-a, IL-1b, and IL-6 lev-
els were assessed using the ELISA kits (Abcam) as per
the instructions of respective manufacturer.

Hematoxylin-eosin (HE) staining

Renal sections were subjected to HE staining under a
light microscope as previously described methods [33].
Finally, the sections were observed under an optical

microscope (Olympus, Tokyo, Japan) at 200� magnifi-
cation. Tubular necrosis score was calculated using the
reported methods [34]. Briefly, 10 none overlapping
fields (200�) were randomly selected. The score was
obtained by evaluating the degree of cell necrosis,
tubule dilatation, cast formation, and loss of brush bor-
der in the tubules as follows: 0 refers to none, 1 refers
to �10%, 2 refers to 11–25%, 3 refers to 26–45%, 4
refers to 46–75%, and 5 refers to >76%.

Terminal-deoxynucleoitidyl transferase-mediated
nick end labeling (TUNEL)

According to the manufacturer’s instructions, a TUNEL
assay kit (Roche Diagnostics, Indianapolis, USA) was used
to assess apoptosis in kidney tissues. In five randomly
selected fields, the TUNEL-positive cells were counted
under microscopy, and the percentage of TUNEL-positive
cells was calculated as previously described [35].

Measurement of ROS levels

Dihydroethidium (DHE) fluorescent probe (Sigma-
Aldrich) was utilized to evaluate the renal ROS levels
following the previously reported protocol [36]. Briefly,
the frozen sections were stained with DHE (50 uM) for
30min at 37 �C. After three washing in PBS, the images
of renal sections were photographed using a fluores-
cent microscope (TE-2000, Nikon).

Immunohistochemical (IHC) staining

Renal sections (4-lm) were dewaxed with xylene and
ethanol and then subjected to antigen retrieval. Then
5% H2O2 was used to inactivate endogenous peroxid-
ase activity. Sections were blocked with goat serum
solution for 1 h and subsequently reacted with the hya-
luronic acid antibody (VECTOR laboratories, CA, USA)
overnight at 4 �C. The biotin-conjugated secondary anti-
body (VECTOR laboratories) was added and incubated
for 30min. After staining with diaminobenzidine, sec-
tions were fixed with a mounting solution. Finally, a
confocal microscope was used to observe tubular area
positive for hyaluronic acid.

Immunofluorescence staining

After antigen retrieval and blocking in a blocking solu-
tion, the 4-lm sections were incubated with the hyalur-
onic acid antibody (abx101090, Abbexa, Wuhan, China)
overnight at 4 �C. After washing in PBS, the Cy3-labeled
secondary antibody (Proteintech, USA) was added and
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incubated for 1 h at 37 �C. Then sections were stained
with DAPI. An inverted microscope (TE2000; Nikon) was
used to observe fluorescence signals.

Statistical analysis

Data of three independent experiments were analyzed
with the SPSS 18.0 program and are presented as the
mean± standard deviation. Statistical comparisons
among two groups or multiple groups were estimated
by Student’s t-test or one-way ANOVA followed by
Bonferroni’ s post hoc test. Survival curves was carried
out by Kaplan–Meier method. p< .05 was considered
statistically significant.

Results

HYAL1 downregulation alleviated renal
dysfunction in LPS mice

The survival rate of mice in different groups was eval-
uated. As Figure 1(A) demonstrated, the survival rate of
mice in the Sham groups remained 100% from 0 to

120 h. The survival rate of the LPSþ LV-NC group
dropped to 90% after LPS injection within 12 h and con-
tinued to decline to almost 40% at 120 h after LPS injec-
tion (Figure 1(A)). However, HYAL1 depletion
significantly mitigated LPS-induced reduction in life
span of mice and the survival rate of the LPSþ LV-sh-
HYAL1 group reached 75% at 120 h (Figure 1(A)). Renal
function was assessed by measurement of BUN and SCr
in serum, major indicators of the kidney damage [37].
The levels of BUN and SCr in serum in LPS groups was
markedly higher than those in the Sham groups, while
knockdown of HYAL1 reduced serum BUN and SCr lev-
els in LPS mice (Figure 1(B,C)). Urine NGAL and KIM-1
are two key biomarkers for AKI [38]. LPS treatment con-
tributed to elevation of NGAL and KIM-1 levels in urine,
which was reversed by silenced HYAL1 (Figure 1(D,E)).

HYAL1 depletion alleviated renal injury of LPS-
induced AKI mice

Next, HE staining was performed to show histopatho-
logical changes in the kidney. The staining results
exhibited alterations in vascular congestion, tubular

Figure 1. HYAL1 knockdown alleviated renal dysfunction in LPS mice. (A) Survival rates of mice in Shamþ LV-NC, Shamþ LV-sh-
HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups. (B, C) ELISA for measuring the levels of serum BUN and SCr in Shamþ LV-
NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups. (D, E) ELISA for measuring the levels of NGAL and KIM-1
in urine of mice in Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups. N¼ 10 mice each group.���p< .001 vs. Shamþ LV-NC group; ##p< .01 vs. LPSþ LV-NC group.
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dilatation, hypercellularity, mesangium expansion,
tubular necrosis, and degeneration in mice subjected to
LPS. Compared to untreated mice, LV-sh-HYAL1 admin-
istration notably reversed these pathological changes.
Additionally, the LPS mice had increased inflammatory
cellular infiltration in the interstitium. However, LV-sh-
HYAL1 significantly attenuated this (Figure 2(A)).
Additionally, tubular injury scores in LPS-subjected mice
were higher than those in control mice, whereas HYAL1
downregulation reversed LPS-elicited increase in tubu-
lar injury scores (Figure 2(B)). Subsequently, TUNEL
assay was performed to evaluate cell apoptosis in

kidney tissues. The data revealed that LPS administra-
tion stimulated cell apoptosis in kidney tissues com-
pared to the sham group, but this tendency was
prevented by HYAL1 knockdown (Figure 2(C,D)).

HYAL1 deficiency inhibited oxidative stress and
inflammatory response in LPS mice

LPS-induced AKI disrupts the intracellular redox bal-
ance, eliciting oxidative stress [39]. MDA concentration
was elevated, and SOD activity was reduced in LPS-
treated mice compared with control mice (Figure

Figure 2. HYAL1 depletion alleviated renal injury of LPS-induced AKI mice. (A) HE staining for renal histological changes in
Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups (scale bar ¼ 50 lm). 200�. Black arrow
presents inflammatory cellular infiltration in the renal interstitium. Red arrow presents severe granular in renal tubular epithelial
cells, vacuolar degeneration, and renal tubular necrosis. (B) Tubular injury scores in Shamþ LV-NC, Shamþ LV-sh-HYAL1,
LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups. (C, D) TUNEL assay for apoptotic cells in renal tissues of mice in Shamþ LV-NC,
Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups (scale bar ¼ 100 lm). N¼ 10 mice each group. ���p< .001 vs.
Shamþ LV-NC group; ##p< .01 vs. LPSþ LV-NC group.

RENAL FAILURE 5



3(A,B)). In contrast, LPS-induced increase in MDA level
and reduction in SOD level in murine kidneys were neu-
tralized by HYAL1 deficiency (Figure 3(A,B)). We further
detected the mRNA level of iNOS using RT-qPCR. LPS
stimulation led to upregulation of iNOS mRNA level in
murine renal tissues, which was counteracted by deple-
tion of HYAL1 (Figure 3(C)). ROS production was

increased in kidney tissues of LPS-treated mice.
However, HYAL1 knockdown markedly attenuated LPS-
induced renal oxidative stress (Figure 3(D,E)). We next
assessed whether inflammation is involved in the
actions of HYAL1 knockdown in AKI. The serum TNF-a,
IL-6, and IL-1b levels were measured by ELISA. These
proinflammatory factors were increased in LPS-treated

Figure 3. HYAL1 deficiency inhibited oxidative stress and inflammatory response in LPS-induced AKI mice. (A, B) ELISA assay for
determining MDA and SOD levels in renal tissues of mice in Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-
HYAL1 groups. (C) RT-qPCR for iNOS mRNA level in renal tissues of mice in Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC
and LPSþ LV-sh-HYAL1 groups. (D) Representative fluorescent images of DHE staining (scale bar ¼ 100lm). (E) The quantifica-
tion of the DHE fluorescence intensity. (F–H) ELISA for serum TNF-a, IL-6, and IL-1b levels in Shamþ LV-NC, Shamþ LV-sh-HYAL1,
LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups. N¼ 10 mice each group. ��p< .01, ���p< .001 vs. Shamþ LV-NC group; #p< .05,
##p< .01 vs. LPSþ LV-NC group.
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mice, and HYAL1 knockdown reduced the release of
TNF-a, IL-6, and IL-1b in the serum (Figure 3(F–H)).

HYAL1 knockdown protected endothelial
glycocalyx in LPS mice

To assess the endothelial glycocalyx integrity in LPS-
induced AKI, the levels of syndecan-1, heparanase-1
and hyaluronic acid as well as hyaluronidase activity
were determined. Heparinase-1 is activated in sepsis-
AKI and plays a key role in the shedding of endothelial
glycocalyx [40]. Syndecan-1 is associated with endothe-
lial glycocalyx skeleton and baseline endothelial dys-
function [41]. Glycocalyx degradation is accompanied
by the release of its soluble components into the
bloodstream (e.g., syndecan-1 and hyaluronic acid) [10].
As suggested by western blotting, LPS treatment
decreased syndecan-1 protein level and increased hep-
aranase-1 protein level in murine renal tissues, which
was reversed by silenced HYAL1 (Figure 4(A)). In add-
ition, the LPS group had markedly higher hyaluronidase
activity in serum than the Sham group, while HYAL1
knockdown neutralized LPS-caused elevation in hyalur-
onidase activity (Figure 4(B)). Moreover, LPS stimulation
contributed to increase of hyaluronic acid level in mur-
ine serum and urine, which was counteracted by HYAL1
deficiency (Figure 4(C,D)). Subsequently, immunofluor-
escence staining was required for measuring hyaluronic
acid level in murine renal endothelial glycocalyx. The
results showed that HYAL1 knockdown markedly atte-
nuated the degradation of endothelial glycocalyx
(Figure 4(E,F)). IHC staining further revealed that HYAL1
knockdown recovered hyaluronic acid positive tubular
area (Figure 4(G,H)), suggesting that HYAL1 knockdown
protected endothelial glycocalyx from degradation in
LPS mice.

HYAL1 regulated the AMPK/mTOR pathway in LPS
mice

To verify the correlation between the actions of HYAL1
knockdown and the AMPK/mTOR pathway, the levels of
phosphorylated AMPK (p-AMPK), AMPK, p-mTOR,
and mTOR in renal tissues were measured (Figure 5(A)).
As western blotting showed, p-AMPK expression was
slightly increased while p-mTOR expression was signifi-
cantly increased after LPS treatment. Interestingly,
HYAL1 knockdown reversed these alterations by elevat-
ing p-AMPK and downregulating p-mTOR level. It sug-
gested that HYAL1 knockdown inhibited
phosphorylation of mTOR by activating AMPK.

HYAL1 deficiency induced autophagy in LPS-
induced AKI mice

Since the AMPK/mTOR signaling is closely related to
autophagy, we also assessed the protein levels of
autophagy-related markers (LC3-II, LC3-I, and p62). As
Figure 6(A) illustrated, LPS treatment decreased LC3-II/I
ratio and increased p62 protein level in murine renal
tissues, suggesting LPS inhibited autophagy in mice.
Conversely, HYAL1 depletion counteracted the LPS-
induced decrease in LC3-II/I ratio and increase in p62
protein expression, suggesting that HYAL1 knockdown
restored autophagy in LPS mice. The schematic presen-
tation of the whole research finding is shown in
Figure 7. HYAL1 knockdown enhances autophagy
through the AMPK/mTOR pathway to inhibit inflamma-
tion and oxidative stress and protect the kidney.

Discussion

Sepsis-induced AKI is hallmarked by severe renal
impairment [42]. During the pathogenesis of sepsis, kid-
ney is one of the earliest affected organs [43]. As a clas-
sical toll-like receptor 4 agonist, LPS elicits intense
inflammation and consequently activates immune sys-
tem during the process of sepsis [44]. Intraperitoneal
injection of LPS into animals is a commonly used in vivo
model of sepsis [42]. In this study, after LPS administra-
tion, the survival rate of mice was significantly reduced.
Biochemical analysis and histopathological examination
are important methods to evaluate renal function [45].
In our report, LPS-treated mice exhibited obvious renal
lesions including tubule dilatation and bleeding, vacu-
olar degeneration of tubule lining epithelium as well as
infiltration of intertubular inflammatory cells. Moreover,
our results showed that LPS injection contributed to
renal dysfunction of mice evidenced by elevation of
serum BUN, SCr, urinary NGAL and KIM-1. All these data
indicated that the LPS-induced AKI mouse models were
successfully established. We knocked down HYAL1 via
injecting LV-sh-HYAL1 into LPS-stimulated mice. HYAL1
deficiency counteracted LPS-caused increase in BUN,
SCr, NGAL, and KIM-1, showing that HYAL1 knockdown
relieved renal dysfunction elicited by LPS in mice.
Histopathological examination also demonstrated that
downregulation of HYAL1 attenuated LPS-induced renal
injury.

HYAL1 is the major hyaluronidase for degradation of
hyaluronic acid in somatic tissues [46]. High level of
hyaluronic acid has been observed in patients with sep-
sis [47]. Hyaluronic acid participates in multiple bio-
logical processes including cell migration and
differentiation [48]. Under some pathophysiological
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Figure 4. HYAL1 knockdown protected endothelial glycocalyx in LPS-induced AKI mice. (A) Western blotting for syndecan-1 and
heparanase-1 protein levels in murine kidneys of Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups.
(B) ELISA for hyaluronidase activity in murine serum of Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1
groups. (C, D) ELISA for hyaluronic acid level in murine serum and urine of Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and
LPSþ LV-sh-HYAL1 groups. (E) Immunofluorescence staining for hyaluronic acid level in murine renal endothelial glycocalyx of
Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups (scale bar ¼ 20lm). (F) The quantification of the
hyaluronic acid fluorescence intensity. (G, H) IHC staining for hyaluronic acid level within tubulointerstitial (scale bar ¼ 50lm).
N¼ 10 mice each group. ��p< .01, ���p< .001 vs. Shamþ LV-NC group; #p< .05, ##p< .01 vs. LPSþ LV-NC group.
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circumstance, such as diabetic nephropathy [49], allo-
graft rejection [50], and ischemia-reperfusion injury
[51], accumulation of hyaluronic acid in the outer
medulla and the cortex may accelerate kidney injury.
Subsequently, we explored whether HYAL1 exerts its
function by regulating hyaluronic acid level in the LPS-
induced AKI models. We found HYAL1 downregulation
reduced the levels of hyaluronic acid in murine serum
and urine. However, a report indicated that deficiency
in HYAL1 increased hyaluronic acid accumulation in the
post-ischemic kidney and thereby aggravated inflam-
mation and promoted tubular damage [22]. We
hypothesized that diverse functions of HYAL1 may be
explained by animal models or distinct species. Further
studies should be conducted to elucidate the actions of
HYAL1 in different conditions.

Oxidative stress is a key factor in regulation of pro-
grammed cell death [52,53]. Intracellular antioxidant
enzymes (e.g., SOD) play key roles in inhibiting exces-
sive free radical production [54]. During AKI progres-
sion, SOD activity is restrained and superoxide
generation is accelerated [55]. As the end product of
lipid peroxidation, MDA has been reported to be ele-
vated in renal tissues after ischemia/reperfusion (I/R)
injury [56] and contribute to increased apoptotic renal
cells in AKI [57]. iNOS is an isoform of nitric oxide syn-
thase and iNOS is usually activated in renal tissues
under pathological conditions [58]. Suppression of iNOS
production has been demonstrated to mitigate oxida-
tive stress and subsequently alleviate I/R induced renal
injury [59] and LPS-induced AKI [60]. Mitochondrial ROS
induces electron transport chain dysfunction and

Figure 5. HYAL1 silencing regulated AMPK/mTOP signaling in LPS-induced AKI mice. (A) Western blotting for the protein levels
of p-AMPK, AMPK, p-mTOR and mTOR in murine renal tissues of Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-
sh-HYAL1 group. N¼ 10 mice each group. ���p< .001 vs. Shamþ LV-NC group; ##p< .01 vs. LPSþ LV-NC group.

Figure 6. HYAL1 deficiency induced autophagy in LPS-induced AKI mice. (A) Western blotting for the protein levels of LC3-II/I
and p62 in murine renal tissues of Shamþ LV-NC, Shamþ LV-sh-HYAL1, LPSþ LV-NC and LPSþ LV-sh-HYAL1 groups. N¼ 10
mice each group. ���p< .001 vs. Shamþ LV-NC group; ##p< .01 vs. LPSþ LV-NC group.

RENAL FAILURE 9



disturbs the balance of energy production [61]. Here,
we reported that HYAL1 knockdown attenuated LPS-
induced oxidative stress by in septic AKI in vivo.
Endogenous apoptosis of mitochondrial pathways is
activated by various stimuli, including oxidative stress
[62]. Here, we confirmed that HYAL1 depletion reversed
the promotive impact of LPS stimulation on cell apop-
tosis of kidneys of mice. Cell survival in response to
increased oxidative stress depends on many factors,
one of which is nuclear factor erythroid 2-related factor
2 (Nrf2) [63]. Therefore, work in the future should be
focused on whether HYAL1 is related to Nrf2/HO-1 sig-
naling pathway-related oxidative stress.

As a protective barrier with delicate latticework
structure, glycocalyx is located on the luminal surface
of vascular endothelium and exerts protective effects
on endothelial cells [64]. Endothelial glycocalyx can
inhibit intravascular coagulation and regulate leukocyte
migration to maintain the permeability of endothelium
[65]. Syndecan (a proteoglycan) and hyaluronan (a glyo-
cosaminoglycan) are essential for maintenance of endo-
thelial glycocalyx integrity [66]. The glycocalyx performs
important physiological functions by transmission to
the endothelial surface and shielding it from access by
cellular components in the bloodstream [67]. Sepsis

resulted in degradation of the endothelial glycocalyx,
which is associated with impaired vascular permeability
[11]. In our study, injection of LPS contributed to reduc-
tion in syndecan-1 level, and elevation of heparanase-1
level, hyaluronidase activity and hyaluronic acid, all of
which were offset by silenced HYAL1. Moreover, kidney
endothelium glycocalyx layer in the sham-operated
mice remained complete and continuous, while the
renal capillary glycocalyx of the LPS-treated mice was
not continuous with loose and thin structure. Thus, we
concluded that deficiency of HYAL1 protected against
LPS-induced renal endothelial glycocalyx degradation
in septic AKI in vivo.

Autophagy is a process of intracellular degradation
and fulfills important functions in elimination of dys-
functional organelles [68]. Studies show that activated
autophagy can reduce inflammatory cytokines in LPS-
induced AKI [69]. The LC3 protein is essential for initi-
ation of autophagosomal membrane formation [70].
The ratio of LC3-II/I level, denoting the conversion of
LC3-I to LC3-II, is the key indicator of autophagy [71].
As a selective autophagy adaptor protein, p62 protein
expression is contrary to that of LC3 and beclin-1 [72].
The combination of autophagosomes with lysosomes
during the degradation process contributes to large
consumption of p62 [73]. Therefore, p62 protein accu-
mulation in cells suggests suppression of autophagy
[73]. Low autophagy level shown in this study was con-
sistent with the finding of Radovan Vasko’s study [74].
LPS treatment contributed to deficiency of autophagy,
which led to elevated expression of inflammatory cyto-
kines; perhaps autophagy was destroyed by this dose
of LPS. Thus, LPS intervention inhibited autophagy and
caused cellular injury. However, knockdown of HYAL1
notably rescued autophagy.

Evidence shows that mTOR is a key negative regula-
tor of autophagy [75]. Additionally, AMPK is able to
stimulate autophagy by inhibiting mTOR phosphoryl-
ation. Therefore, AMPK/mTOR pathway has been con-
sidered an important regulator of autophagy [76]. As
previously reported, SIRT3 enhancement downregulates
p-mTOR and upregulates p-AMPK to facilitate autoph-
agy in the kidneys of septic AKI mice [77].
Dexmedetomidine ameliorates LPS-elicited activation of
NLRP3 inflammasome by promoting autophagy via the
AMPK/mTOR signaling in AKI [78]. Here, LPS administra-
tion promoted AMPK phosphorylation and inhibited
mTOR phosphorylation in murine renal tissues, implying
that LPS activates AMPK pathway but restrains mTOR
pathway. However, this event was counteracted by
silenced HYAL1. From the findings above, we

Figure 7. A schematic presentation of the whole research
finding. Sepsis-induced AKI is established by intraperitoneally
injecting LPS (10mg/kg) into mice. HYAL1 knockdown enhan-
ces autophagy through the AMPK/mTOR pathway to inhibit
inflammation and oxidative stress and protect the kidney.
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concluded that deficiency of HYAL1 enhanced autoph-
agy via the AMPK/mTOR pathway in AKI induced
by LPS.

In conclusion, knockdown of HYAL1 mitigates renal
dysfunction and renal endothelial glycocalyx disruption
and enhances autophagy in LPS-induced AKI mice,
which may be achieved via the AMPK/mTOR pathway.
However, to further improve the reliability of results in
our study, the upstream mechanisms of HYAL1 as well
as other potential signaling pathways associated with
how HYAL1 mediates renal function and endothelial
glycocalyx barrier integrity remain to be investigated in
the future.
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