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Abstract

function in vitro.

lial barrier dysfunction.

Objective: Hyperglycemia is associated with albuminuria and renal glomerular endothelial dysfunction in patients
with diabetic nephropathy. The mTOR and RhoA/ROCK signaling pathways are involved in glomerular filtration barrier
(GFB) regulation, but their role in high glucose (HG)-induced GFB dysfunction in human renal glomerular endothelial
cells (HRGECs) has not been investigated. This study aimed to investigate the mechanisms of HG-induced GFB dys-

Materials and methods: HRGECs were cultured in vitro and exposed to HG. The horseradish peroxidase—albumin
leakage and transendothelial electrical resistance of the endothelial monolayer were measured after HG treatment
with or without rapamycin preincubation. A fluorescence probe was used to study the distribution of F-actin reor-
ganization. The phosphorylation levels of myosin light chain (MLC) and mTOR were measured via western blotting.
RhoA activity was evaluated via GTPase activation assay. The effects of blocking mTOR or the RhoA/ROCK pathway on
endothelial permeability and MLC phosphorylation under HG conditions were observed.

Results: HG exposure induced F-actin reorganization and increased MLC phosphorylation, leading to EC barrier
disruption. This effect was attenuated by treatment with rapamycin or Y-27632. Phospho-MLC (pMLC) activation in
HRGECs was mediated by RhoA/ROCK signaling. mTOR and RhoA/ROCK inhibition or knockdown attenuated pMLC
activation, F-actin reorganization and barrier disruption that occurred in response to HG exposure.

Conclusions: Our results revealed that HG stimulation upregulated RhoA expression and activity through an mTOR-
dependent pathway, leading to MLC-mediated endothelial cell cytoskeleton rearrangement and glomerular endothe-
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Introduction

Chronic hyperglycemia is the leading cause of diabetic
nephropathy [1], which is characterized by albuminuria
in the early stage [2, 3]. The pathogenesis of albuminuria
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in diabetes is complex and involves glomerular filtration
barrier (GFB) dysfunction [3—-5]. Human renal glomeru-
lar endothelial cells (HRGECs) interact with podocytes,
contributing to the integrity of the GFB [3, 6, 7]. Hyper-
glycemia increases GFB permeability in vivo in rats and
mice [8], and previous studies have shown that high glu-
cose (HG)-induced GFB disruption is associated with the
development and progression of GFB hyperfiltration [5,
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9, 10]. Furthermore, a recent investigation showed that
HG exposure leads to hyperpermeability and increased
albumin leakage in both renal [11] and non-renal
endothelial cells [12], which could be linked to F-actin—
dependent cytoskeleton rearrangement.

Changes in endothelial contractility lead to increased
permeability, which is affected by the activity of actin
and myosin [3, 7, 13]. Activation of the Rho A GTPases
and the downstream Rho kinase (ROCK), induce myosin
light chain (MLC) phosphorylation [12, 14], which plays
a major role in maintaining endothelial cell barrier integ-
rity [15]. MLC phosphorylation facilitates contraction of
the F-actin cytoskeleton and the creation of intercellular
gaps between endothelial cells, thereby increasing GFB
permeability [7, 9, 13, 16]. RhoA/ROCK activation has
been shown to be involved in the glomerular hyperfiltra-
tion of albumin and microvascular/retinal complications
of hyperglycemia [11, 17].

Mechanistic target of rapamycin (mTOR), a protein
kinase [18], is a cytosolic enzyme associated with cellu-
lar growth and homeostasis via mTOR complexes 1 and
2. Several lines of evidence suggest that the mTOR path-
way may directly regulate GFB function [19, 20], which
is a key player in diabetic kidney disease. Accumulating
evidence suggests that mTOR activation can lead to GFB
dysfunction via various signaling pathways under HG
conditions [19, 21]. Additionally, blockade of mTOR acti-
vation can suppress the progression of diabetic kidney
disease, primarily by reducing glomerular hyperperme-
ability and mitigating proteinuria [20]. The underlying
mechanisms of HG-induced aberrant glomerular filtra-
tion and the effects of mTOR on changes in the GFB are
presently unknown. mTOR controls the expression of
a variety of downstream target proteins, including the
ribosomal protein S6 kinase (S6K) [18]. Liu et al. dem-
onstrated that mTOR is involved in the expression and
activation of RhoA that mediates F-actin reorganization
and cell motility [22]. Therefore, we hypothesized that
mTOR-mediated protein synthesis and RhoA activity
lead to increased F-actin reorganization and endothe-
lial cell hyperpermeability under hyperglycemic condi-
tions. We also examined the roles of MLC and the RhoA/
ROCK signaling pathway in HG-induced endothelial
hyperpermeability.

Materials and methods

Chemicals and reagents

Primary antibodies against phospho-MLC (3674), MLC
(8505), phospho-mTOR (2971), mTOR (2983), a-tubulin
(3873), GAPDH (2118), phospho-RPS6 (4585), and RPS6
(2217); the RhoA Activation Assay Kit (8789); and rapa-
mycin (8789) were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). FITC-Phalloidin (P5282)

Page 2 of 9

and Y-27632 (5S1049) were purchased from Sigma Aldrich
(Saint Louis, MO, USA) and Med Chem Express (New-
ark, NJ, USA), respectively.

Cell culture and glucose treatment

HRGECs (PS-4000) were provided by ScienCell Research
Laboratories (Kirkland, WA, USA). HRGECs were main-
tained in endothelial cell medium with 1% endothelial cell
growth supplement and 10% serum (ScienCell Research
Laboratories). HRGECs were pretreated with or with-
out rapamycin for 2 h and then stimulated with either
5.5 mM glucose (normal glucose; NG) or 30 mM glucose
(high glucose; HG) (R&D Systems) for 16 h before west-
ern blotting or immunofluorescence analysis.

Western blot analysis

Western blotting was performed as described previously
[12]. Briefly, HRGECs were lysed with lysis buffer con-
taining proteinase and phosphatase inhibitors (Roche,
USA). Protein concentration was measured via BCA
assay (Beyotime, Beijing, China). The same amount of
protein was isolated using SDS-PAGE and then trans-
ferred to PVDF membranes. The membranes were
blocked with 5% non-fat milk and incubated with pri-
mary antibody overnight at 4 °C. Then, the membranes
were probed with horseradish peroxidase (HRP)-con-
jugated secondary antibody for 2 h at 20-24 ‘C. Protein
bands were detected using ECL Super Signal reagent
(Pierce, 34078) and visualized using a digital gel image
analysis system (BIO RAD, Hercules, CA, USA).

F-actin staining assay

For the F-actin stress fiber immunofluorescence assay,
confluent HRGEC monolayers were grown on glass cov-
erslips precoated with 0.1% gelatin. After treatment, the
cells were fixed with 4% paraformaldehyde for 10 min
and then blocked with PBS containing 1% bovine serum
albumin. Next, the cells were incubated with FITC-Phal-
loidin for 1 h and stained with DAPI. Confocal images
were acquired with a laser-scanning confocal microscope
(FV1000-IX81, Olympus). Image analysis was performed
using FV10-ASW Viewer software (Ver 4.1, Olympus
Life Science, Japan).

Transendothelial electrical resistance (TEER) assay
HRGECs were seeded on transwell inserts (0.4 pm pore,
Millipore, USA) and grown to confluence. The TEER of
the HRGEC monolayer was measured using a Millicell-
ERS voltohmmeter (Millipore, Burlington, MA, USA).
Resistance values of the experimental groups are shown
in units of Q cm?. The transwell TEER of each group was
recorded and normalized by subtracting the baseline
TEER.
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Transendothelial albumin permeability assay

HRGECs were grown to confluence on a 0.4 pm pore
transwell insert (3413, Coring). After treated with NG
or HG with or without inhibitors for 24 h, medium con-
taining horseradish peroxidase (HRP)-labeled albumin
(50 pg/mL; Solarbio, Beijing, China) was added to the
top chamber. The concentration of albumin in the cham-
bers was measured using the TMB Soluble Substrate kit
(Solarbio, China), and absorbance values were recorded
using a microplate reader (Elx 800, BioTek). The perme-
ability coefficient of albumin (Pa) was calculated using
the equation Pa=[A]/t x 1/A x V/[L], where [A] and [L]
represent the albumin concentration in the bottom and
top chambers, respectively; ¢ represents time (s), A rep-
resents the area of the membrane (cm?), and V represents
the volume of the bottom chamber (uL).

Rho activity assay

Rho activity in HRGECs was analyzed using the Active
Rho Detection Kit. Briefly, HRGECs grown in 100 mm
petri dishes were treated with either 5.5 or 30 mM glu-
cose and/or pretreated with rapamycin (100 nM, 1 h).
Next, the cells were lysed with cell lysis buffer and
incubated with rhotekin Rho-binding peptide (GST-
Rhotekin-RBD) immobilized on agarose to pull down
GTP-bound Rho. The expression of activated GTP-Rho
and total RhoA was detected using western blotting.

Cell transfection

siRNA against RhoA (si-RhoA, sc-29471) and a negative
control (si-control, sc-37007) were provided by Santa
Cruz Biotechnology (Dallas, Texas, USA). The cells were
transfected with the indicated siRNA using a 4D-Nucleo-
fector system (Lonza, Alpharetta, GA, USA) according to
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the manufacturer’s protocol. After 48 to 72 h, cells were
treated with NG or HG and then harvested and analyzed.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 7.0 software (La Jolla, CA, USA). Data are pre-
sented as the mean+standard error. One-way ANOVA
with the Newman—Keuls test for post hoc compari-
sons was performed to test for differences among mul-
tiple groups. Student’s ¢-test was used for comparisons
between two groups. Values of P <0.05 were considered
significant.

Results

HG activated the mTOR signaling pathway in HRGECs

To examine mTOR pathway activation, HRGECs were
co-cultured with NG or HG for 24 h. The phospho-
rylation of mTOR and RPS6 was significantly increased
under HG conditions compared to that under NG condi-
tions (p <0.05) (Fig. 1).

Inhibition of mTOR reduced HG-induced
hyperpermeability in HRGECs

The permeability of cultured endothelial cell monolay-
ers can be significantly increased by HG stimulation
[12]. To examine the effect of mMTOR inhibition on HG-
induced endothelial barrier dysfunction, we pretreated
HRGECs either with HG alone or with HG plus 0, 50,
100, or 500 mM rapamycin for 24 h. HRP-albumin leak-
age through the HRGEC monolayer was enhanced in the
HG group compared with that in the NG group (p<0.05)
(Fig. 2a). However, the inhibition of mTOR by rapamycin
inhibited HG-induced endothelial hyperpermeability in a
dose-dependent manner.

p-mTOR |=== == == m»” 289 kD
MTOR | s s wnen s = [ 289 kD

p-RPS6 [w== === == o= s &= | 32 kD
RPS6 |4 mes s s o o (35 kD

GAPDH |ess &5 &5 &b &b @ | 37 kD

NG + + + = = =

HG - = = + + +

o 20 % BN NG
O
5 9 2.54 T HG
2
n A 201
g *
°
$ £ 1.5 L
0 14
9 O 1.0
- -
8 £ .54
2 I
0.0' T T
p-mTOR p-RPS6

Fig. 1 HG activated the mTOR pathway in HRGECs. HRGECs were cultured in vitro and treated with 5.5 mM glucose (NG) or 30 mM glucose (HG) for
24 h. Representative blots indicate the expression of mTOR and RPS6 and the levels of p-MTOR and p-RPS6. HG, high glucose; HRGECs, human renal
glomerular endothelial cells; NG, normal glucose. * indicates p <0.05 vs. the NG group
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Fig. 2 Rapamycin reversed hyperpermeability in HG-cultured HRGECs. The TEER (a) and HRP-albumin permeability (Pa) of transendothelial
flux (b) were measured in HRGECs treated with rapamycin (0, 50, 100, or 500 nM) for 2 h with or without HG (30 mM) stimulation for 22 h. TEER
was normalized to the baseline before treatment (TEER,) (n=3). HG, high glucose; HRGECs, human renal glomerular endothelial cells; TEER,
transendothelial electric resistance; HRP, horseradish peroxidase. ** indicates p < 0.01; *** indicates p < 0.001
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In addition, the TEER of endothelial monolayers serves
as a strong indicator of the integrity of cellular barriers.
HG conditions profoundly decreased the TEER of the
cells (»p<0.05) (Fig. 2b), and rapamycin abolished this
effect, with the TEER slowly returning to baseline levels.

HG-induced endothelial cell barrier dysfunction

correlated with F-actin cytoskeleton changes and MLC
phosphorylation

MLC phosphorylation is closely linked to F-actin rear-
rangement, which leads to endothelial cell barrier dis-
ruption via intercellular gap formation [23]. As shown
in Fig. 3a, HG conditions induced the formation of actin
stress fibers and the appearance of gaps at cell—cell junc-
tions (p<0.05). Rapamycin blocked the formation of
actin stress fibers and decreased the number of intracel-
lular gaps induced by HG conditions (Fig. 3b).

To examine the mechanisms of the HG-induced forma-
tion of actin stress fibers, MLC phosphorylation was ana-
lyzed using western blotting. HG treatment of HRGECs
produced an increase in MLC phosphorylation levels that
was attenuated by rapamycin (Fig. 3c). These data sug-
gested that mTOR activation is involved in the capacity of
HG to induce a key signaling cascade in endothelial cells,
leading to MLC phosphorylation and actin stress fiber
formation.

RhoA/ROCK signaling pathway was required

for HG-induced renal endothelial barrier dysfunction
Upstream RhoA/ROCK signaling drives MLC phos-
phorylation and intercellular gap formation [14, 23]. We
explored whether the RhoA/ROCK pathway partici-
pates in HG-induced endothelial cell hyperpermeability.

HRGEC monolayers were preincubated with HG and
the ROCK inhibitor Y-27632. Y-27632 abolished HG-
induced actin stress fiber formation (Fig. 4a—b), MLC
phosphorylation (Fig. 4c), and permeability increase
(p<0.05) (Fig. 4d—e). These results indicated that the
RhoA/ROCK pathway was critical for establishing HG-
induced hyperpermeability in renal endothelial cells.

HG increased RhoA activation and expression in HRGECs
RhoA expression and activity are critical for ROCK
activation [14]. As shown in Fig. 5a, HG stimulation
markedly elevated both the expression and activity of
GTP-bound RhoA. Rapamycin significantly suppressed
HG-induced RhoA activation and expression (Fig. 5a).
These results indicated that HG stimulated endothelial
cell hyperpermeability by increasing RhoA expression
in an mTOR-dependent manner. Moreover, in RhoA-
siRNA—-treated HRGECs, HG-induced hyperpermeabil-
ity and MLC phosphorylation levels were significantly
downregulated (Fig. 5b). Similar to the effect on MLC
phosphorylation, RhoA knockdown caused a significant
increase by the TEER values and a decline in permeability
(Pa) compared to those in the si-control group (p <0.05)
(Fig. 5¢—d).

Discussion

In this study, we confirmed that HG induced an increase
in HRGEC permeability that was highly dependent on
RhoA/ROCK activation and MLC phosphorylation. First,
we found that HG activated the RhoA/ROCK pathway,
which resulted in increased MLC phosphorylation and
actin stress fiber formation, leading to endothelial hyper-
permeability. Second, we observed that RhoA/ROCK
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Fig. 3 Rapamycin suppressed HG-induced barrier dysfunction by downregulating MLC phosphorylation. a Rapamycin (100 nM) pretreatment
for 2 h, HRGECs were incubated with NG or HG for 22 h. F-actin stress fiber formation was assessed via FITC-Phalloidin staining. Cells were
stained for F-actin (green) and DAPI (blue) and then imaged. b The intercellular gap area in each group was measured; n=4. ¢ The levels of MLC
phosphorylation were analyzed using western blotting. HG, high glucose; MLC, myosin light chain; HRGECs; human renal glomerular endothelial
cells; NG; normal glucose. * indicates p < 0.05 vs. the NG group. # indicates p <0.05 vs. the HG group

pathway regulated HG-induced GFB dysfunction via GFB dysfunction is the leading cause of glomerular
mTOR activation. This pathway may be a useful thera- injury and albuminuria [2, 4]. The GFB is a composite,
peutic target for treating HG-induced GFB dysfunction. multilayered structure: glomerular endothelium, glo-

merular basement membrane, and podocytes [6, 13].

(See figure on next page.)

Fig. 4 HG induced the formation of stress fibers and intercellular gaps in a RhoA/ROCK pathway—-dependent manner. a HRGECs were incubated
with 5.5 mM glucose (NG) or 30 mM glucose (HG) and/or the ROCK inhibitor Y-27632 (10 uM) for 24 h. F-actin stress fiber formation was assessed
using FITC-phalloidin staining. Cells were stained for F-actin (green) and DAPI (blue) and then imaged. b The intercellular gap area in each group
(n=3). ¢ Western blot analysis of MLC phosphorylation. d—e Preincubation with Y-27632 (10 uM) significantly reduced the HG-induced increase
in permeability according to TEER measurements and the HRP-albumin leakage assay (n =3). HG, high glucose; HRGECs, human renal glomerular
endothelial cells; NG, normal glucose; MLC, myosin light chain; TEER, transendothelial electrical resistance; HRP, horseradish peroxidase. * indicates
p <0.05 vs. the NG group. # indicates p <0.05 vs. the HG group
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Fig. 5 HG increased RhoA expression and activity in an mTOR-dependent manner. a HRGECs were treated with rapamycin for 2 h and then
stimulated with HG or NG for 22 h. GTP-RhoA levels were measured via pull-down assay. RhoA expression was analyzed via immunoblotting. b
RhoA knockdown or si-control-treated HRGECs were incubated with NG or HG for 24 h. RhoA expression and MLC phosphorylation levels were
measured using western blotting. After cells were treated with si-RhoA or si-control and stimulated with HG or NG for 24 h, monolayer permeability
was assessed via TEER (c) and HRP-albumin leakage permeability assay (d). HG, high glucose; HRGECs, human renal glomerular cells; NG, normal
glucose; MLC, myosin light chain; TEER, transendothelial electrical resistance; HRP, horseradish peroxidase. * indicates p < 0.05 vs. the NG + si-Control
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Previous studies have shown that in GFB dysfunction,
glomerular endothelial cells play a key role independent
of podocytes [3], and it is well established that the toxic
effect of HG on the endothelial barrier eventually causes
GFB [4, 9, 24]. MLC phosphorylation and F-actin stress

fiber formation are crucial factors of endothelial hyper-
permeability [14, 16, 23]. It has previously been reported
that in human umbilical vein endothelial cells (HUVECs:),
increased transendothelial migration of albumin and
THP1 cells occurs in response to HG, mediated by MLC
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phosphorylation and RhoA activation [12]. However, the
underlying mechanisms remain largely unexplored.

We observed that HG exposure increased the perme-
ability of endothelial monolayers, which is affected by
MLC phosphorylation, actin stress fiber formation, and
a contractile endothelial cell phenotype. The increase in
permeability was highly dependent on mTOR activation
and MLC phosphorylation. Inhibition of MLC phospho-
rylation by Y-27632 or of mTOR by rapamycin resulted in
reductions in the rearrangement of the F-actin cytoskel-
eton and in HG-induced endothelial permeability. Our
findings emphasized the significance of mTOR activation
and confirmed the role of endothelial MLC-dependent
F-actin rearrangement in establishing renal endothelium
hyperpermeability.

Additionally, we observed upregulated RhoA expres-
sion and activity in HG-treated HRGECs. The RhoA/
ROCK pathway has been shown to be involved in renal
microvascular complications caused by HG condi-
tions [25], and it has been observed that the activa-
tion of RhoA/ROCK signaling in podocytes and/or
endothelial cells by HG conditions is required for the
development of hyperpermeability in glomerular cells
[10, 11, 17]. Consistent with these prior findings, we
observed increased permeability and RhoA activity
in HG-treated HRGECs. Furthermore, inhibition of
RhoA/ROCK by Y-27632 attenuated MLC phosphoryl-
ation and hyperpermeability in HG-treated HRGECs.
This indicates that HG-induced glomerular endothe-
lial hyperpermeability may be mediated by the RhoA/
ROCK pathway, in alignment with previous reports of
RhoA/ROCK signaling in endothelial cells.

mTOR signaling has been shown to be physiologi-
cally and pathologically critical in diabetic kidney
disease [19]. There is a growing body of evidence indi-
cating that mTOR inhibitors are the preferred treat-
ment for diabetic nephropathy [18], which is primarily
associated with reduced proteinuria and albuminuria
[18, 26]. Conversely in non-diabetic disease, mTOR
inhibition can produce de novo proteinuria in trans-
plant patients, which is associated with the effects
of increased glomerular protein leakage induced
by podocyte injury [21]. Therefore, the role of the
mTOR signaling pathway in the formation of diabetic
nephropathy may be cell specific, and mTOR in differ-
ent cells may play different roles in the various stages
of diabetic nephropathy [19, 20, 26].

Our current results demonstrated that mTOR inhibi-
tion by rapamycin suppressed HG-induced endothelial
hyperpermeability in HRGECs. A recent report dem-
onstrated that IGF-1-stimulated F-actin reorgani-
zation and cell motility occurs via the upregulation
of RhoA protein expression and activity through the
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mTOR signaling pathway in tumor cells [22]. Simi-
larly, our data demonstrated that RhoA expression
and activity was upregulated in HG-treated cells and
that this effect was partially diminished by rapamycin-
mediated suppression of the mTOR pathway.

Previous studies have shown that mTOR upregulates
RhoA activity in HG-treated HUVECs [12]. Here, for
the first time, we demonstrated that mTOR controlled
the activity and expression of RhoA in HG-treated
HRGEC:s. This result is supported by the finding that
rapamycin-mediated inhibition of mTOR inhibited
the expression and activity of RhoA induced by HG
conditions [19, 22]. This is consistent with previous
findings suggesting that RhoA/ROCK activation and
subsequent F-actin cytoskeleton contraction result in
increased membrane permeability following HG expo-
sure [11, 17, 27].

Conclusions

In summary, our present study demonstrated that mTOR
activation and the subsequent upregulation of the RhoA/
ROCK/p-MLC pathway are essential for the development
of HG-induced hyperpermeability in HRGECs in vitro.
Thus, the inhibition of mTOR or RhoA/ROCK in glomeru-
lar endothelial cells may represent a novel therapeutic strat-
egy for preventing hyperglycemia-induced albuminuria.
mTOR-dependent RhoA expression and activity are essen-
tial for HG-induced endothelial MLC phosphorylation and
F-actin cytoskeleton rearrangement. As the disruption of
endothelial barrier integrity further contributes to GFB
derangements, these findings provide pharmacological
targets for the prevention of HG-induced GFB injury and
albuminuria. These results demonstrated that HG dysregu-
lates endothelial cell cytoskeleton rearrangement via Rho-
dependent pathways controlled by mTOR activation.
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