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Abstract
Tripartite motif-containing 27 (TRIM27) belongs to the triple motif (TRIM) protein family, which plays a role in a variety of
biological activities. Our previous study showed that the TRIM27 protein was highly expressed in the glomerular endothelial
cells of patients suffering from lupus nephritis (LN). However, whether TRIM27 is involved in the injury of glomerular
endothelial cells in lupus nephritis remains to be clarified. Here, we detected the expression of the TRIM27 protein in
glomerular endothelial cells in vivo and in vitro. In addition, the influence of TRIM27 knockdown on endothelial cell
damage in MRL/lpr mice and cultured human renal glomerular endothelial cells (HRGECs) was explored. The results
revealed that the expression of TRIM27 in endothelial cells was significantly enhanced in vivo and in vitro. Downregulating
the expression of TRIM27 inhibited the breakdown of the glycocalyx and the injury of endothelial cells via the FoxO1
pathway. Moreover, HRGECs transfected with the WT-FoxO1 plasmid showed a reduction in impairment caused by LN
plasma. Furthermore, suppression of the protein kinase B (Akt) pathway could attenuate damage by mediating the
expression of TRIM27. Thus, the present study showed that TRIM27 participated in the injury of glomerular endothelial
cells and served as a potential therapeutic target for the treatment of lupus nephritis.

Introduction

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease that affects multiple systems and organs. Approximately

40–60% of SLE patients develop lupus nephritis, which will
gradually evolve into end-stage renal disease [1, 2].

Proteinuria is one of the most typical clinical manifes-
tations of lupus nephritis and is induced by the destruction
of the glomerular filtration barrier (GFB) [3, 4]. The GFB
consists of a three-layer structure composed of endothelial
cells, basement membrane, and podocytes [5]. The glo-
merular endothelial cells have many fenestrae that are 70 to
100 nanometers in diameter and are covered by the
carbohydrate-rich glycocalyx at the cell surface [6]. Pre-
vious research has discovered that there is a positive cor-
relation between the loss of the glycocalyx and proteinuria
in various animal models [7]. A recent study demonstrated
that the impairment of endothelial cells partially contributed
to the appearance of severe proteinuria in patients with
lupus nephritis [8]. In our previous research, the shedding of
the glycocalyx was also observed in lupus nephritis (LN)
patients and was positively correlated with proteinuria.
Therefore, it is critical to explore the mechanism of the
degradation of the glycocalyx and glomerular endothelial
cell damage in lupus nephritis.

TRIM27 is a member of the TRIM family and contains
three conserved domains: a RING finger, one or two B-box
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motifs, and a coiled-coil region. TRIM family proteins also
contain a highly variable C-terminal region [9]. Reportedly,
TRIM27 is involved in the regulation of many cellular
functions and biological processes, including tumorigenesis
[10], innate immunity [11], and viral replication [12]. Our
previous research proved that the high expression of
TRIM27 promoted mesangial cell proliferation and extra-
cellular matrix deposition via the FoxO1 signaling pathway
in lupus nephritis [13]. In addition, the overexpression of
TRIM27 was observed not only in mesangial cells but also
in endothelial cells of patients with lupus nephritis. There-
fore, whether TRIM27 participates in the breakdown of the
glycocalyx and damage to glomerular endothelial cells
needs to be investigated.

In summary, the purpose of this study was to explore the
role and mechanism of TRIM27 in mediating glomerular
endothelial cell injury in LN. Conclusively, the down-
regulation of TRIM27 could reduce the loss of the glyco-
calyx and injury to glomerular endothelial cells in MRL/lpr
mice and cultured human glomerular endothelial cells sti-
mulated with LN plasma. Moreover, pretreatment with the
Akt pathway inhibitor LY294002 could reduce the
expression of the TRIM27 protein and the dysfunction of
glomerular endothelial cells via the FoxO1 pathway. Thus,
the present study reveals that TRIM27 might be a target for
the inhibition of the pathogenesis and the targeted therapy
of lupus nephritis.

Materials and methods

Patients

The plasma samples were acquired from five patients who
were diagnosed with lupus nephritis in the Inpatient
Department of Nephrology at the Second Hospital of Hebei
Medical University from 2018 to 2019. The same number
of plasma samples was collected from sex‐ and age-matched
healthy Chinese donors, which were used as the
control group.

Reagents

Rabbit anti-TRIM27 and mouse anti-CD31 and anti-
GAPDH antibodies were purchased from Proteintech
Group (Wuhan, Hubei, China). Rabbit anti-syndecan-1,
anti-VCAM-1, anti-FoxO1, anti-Akt, and anti-p-Akt-Ser473
antibodies were purchased from Abcam (Cambridge, UK).
Rabbit anti-p-FoxO1-Ser256 and anti-p-Akt-Thr308 anti-
bodies were purchased from Cell Signaling Technology
(Boston, MA, USA). Mouse anti-ubiquitin antibody and
protein A+G agarose beads were purchased from Santa
Cruz Biotechnology, Inc (Dallas, Texas, USA). Phalloidin

was purchased from US Everbright Inc (Suzhou, Jiangsu,
China). LY294002 was purchased from MedChemExpress
(NJ). SC79 was purchased from Apexbio (Houston, Texas,
USA). Lipofectamine 3000 was purchased from Invitrogen
(Carlsbad, CA, USA). Mouse syndecan-1 and VCAM-1
enzyme-linked immunosorbent assay (ELISA) kits were
purchased from Shanghai Zcibio Technology Co., Ltd.
Human syndecan-1 and VCAM-1 ELISA kits were pur-
chased from Elisa Biotech Co., Ltd. The Total Nitric
Oxide Assay Kit was purchased from Beyotime Bio-
technology (Shanghai, Jiangsu, China).

Cell culture and groups

Human renal glomerular endothelial cells (HRGECs) were
purchased from ScienCell (Carlsbad, CA, USA). HRGECs were
cultured in 5% CO2 in humidified air at 37 °C. The HRGECs
were cultured in endothelial cell medium (ECM, ScienCell)
supplemented with 5% fetal bovine serum (FBS, ScienCell), 1%
penicillin/streptomycin solution (P/S, ScienCell), and 1% endo-
thelial cell growth supplement (ECGs, ScienCell).

The groups were generated as follows:

1. To investigate the effect of LN plasma on glomerular
endothelial cells, HRGECs were randomly divided into
two groups: the control group and the LN plasma group
(LN group). HRGECs were exposed to LN plasma (5%)
collected at different times to detect the expression of
TRIM27, VCAM-1, p-Akt-Ser473, p-Akt-Thr308, Akt, p-
FoxO1-Ser256 and FoxO1 protein.

2. To verify whether knocking down TRIM27 could reduce
the damage to HRGECs in lupus nephritis, the HRGECs
were randomly divided into four groups: the control
group, LN group, LN+ Sh-TRIM27 group and LN+NC
(LN+ shramble sh-RNA) group. The expression of
TRIM27, VCAM-1, p-Akt-Ser473, p-Akt-Thr308, Akt,
p-FoxO1-Ser256 and FoxO1 protein were detected by
western blot analysis in HRGECs after treatment with LN
plasma. The cytoskeleton of HRGECs was observed by
immunofluorescence staining (IF). The levels of syndecan-
1 and VCAM-1 in the supernatant were measured by an
enzyme-linked immunosorbent assay (ELISA). A total
nitric oxide assay kit was used to detect the NO content.

3. To investigate how TRIM27 mediated the expression
of FoxO1, HRGECs were randomly divided into
groups: the control group, LN group, LN+ Sh-
TRIM27 group and LN+NC (LN+ scramble sh-
RNA) group or the control group, control+WT-
TRIM27 group, control+NC (LN+ shramble RNA)
separately. The mRNA and protein level of TRIM27,
p-FoxO1-Ser256 and FoxO1 was detected in
HRGECs. The ubiquitination level of FoxO1 was
measured by co-immunoprecipitation.
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4. To further explore the influence of FoxO1 over-
expression on glomerular endothelial cell injury,
HRGECs were randomly divided into four groups:
the control group, LN group, LN+ pcDNA3.1-WT-
FoxO1 group and LN+NC (LN+ shramble sh-
RNA) group. After stimulation with LN plasma,
HRGECs were collected, and the expression of p-
FoxO1-Ser256, FoxO1, and VCAM-1 protein were
detected. The levels of syndecan-1, VCAM-1 and
NO production were detected as described above.

5. In the PI3K/Akt signaling pathway inhibition experi-
ment, the HRGECs were randomly divided into four
groups: the control group, LN group, LN+ LY294002
group, and LN+DMSO group. The cells in the LN+
LY294002 group were pretreated with LY294002 (25
μM) for 1 h. After the HRGECs were collected, the
protein levels of p-Akt-Ser473, p-Akt-Thr308, Akt,
TRIM27, VCAM-1, p-FoxO1-Ser256, and FoxO1
were measured by western blot analysis. NO produc-
tion and the levels of syndecan-1 and VCAM-1 in the
medium were detected as described above.

6. In the PI3K/Akt signaling pathway activation experi-
ment, the HRGECs were randomly divided into three
groups: the control group, control+SC79 group, and
control+DMSO group. The cells in the control+SC79
group were pretreated with SC79 (4 μg/mL) for 1 h.
Then the expression of p-Akt-Ser473, p-Akt-Thr308,
Akt and TRIM27 protein were detected by western
blot analysis.

Plasmids and transfection

The HRGECs were transfected with LV-U6 > TRIM27-
PGK > EGFP/T2-A/Puro or LV-U6 > Scramble-shRNA-
PGK > EGFP/T2A/Puro (Cyagen Biotechnology, Suzhou,
China) according to the manufacturer’s protocols. The tar-
get sequence was GCAGCTCTATCACTCGTTGAACTC-
GAGTTCAACGAGTGATAGAGCTGC. The WT-TRIM
27 plasmid was purchased from Fulengen,Co. (Guangzhou,
Guangdong, China). The pcDNA3.1-WT-FoxO1 plasmid
was kindly provided by Prof. Hao. The HRGECs were
transfected with the plasmids using Lipofectamine 3000
according to the manufacturer’s protocols (Invitrogen,
Carlsbad, CA).

Animal studies

Female MRL/lpr mice and MRL/MPJ mice were purchased
from the Jackson Laboratory (000485). All experiments were
approved by the Institutional Animal Care and Use Committee
of Hebei Medical University (approval ID: HebMU
20080026). Fifteen 14-week-old female MRL/lpr mice were

randomly divided into the MRL/lpr group, MRL/lpr+Sh-
TRIM27 group, MRL/lpr+EC-shTRIM27 (MRL/lpr+ endo-
thelial cells-shTRIM27, MRL/lpr+TIE-ShTRIM27) group and
MRL/lpr+NC group, and five MRL/MPJ mice of the same age
and gender were used as the control group. The mice in the
MRL/lpr+sh-TRIM27, MRL/lpr+EC-shTRIM27 and MRL/
lpr+NC groups were injected with 50 μL containing 1.6 × 1011

vector genome (vg) infective units of recombinant adeno-
associated virus (Hanbio Biotechnology Co., Ltd, Shanghai,
China) in both renal cortices. Five MRL/MPJ mice were
injected with 50 μL normal saline. After 10 weeks, these mice
were sacrificed, and urine, serum, and renal cortex samples
were collected for subsequent detection.

HE

Take the kidney tissue and fix it in 4% paraformaldehyde
solution. After the fixation was complete, the gradient ethanol-
xylene was dehydrated and transparent, fully immersed in wax
and embedded, serially sectioned to 2-μm, deparaffinized after
drying, and placed in hematoxylin-iridine stain in red solution,
washed with water after dyeing, dehydrated with gradient etha-
nol, transparent xylene, and mount with neutral gum. After the
gum is dried, place it under a microscope to observe the histo-
pathological changes.

PAS

Paraffin sections were routinely dewaxed, washed with
double distilled water, immersed in 0.5% periodic acid
solution for 10 min, and washed twice with double dis-
tilled water. Then, the slices were stained with Schiff
reagent for 15 min, washed with running water for 10 min,
restained with hematoxylin staining solution for 2 min,
differentiated with 1% hydrochloric acid ethanol, washed
with running water for 10 min, turned blue, dehydrated
with conventional gradient alcohol, transparent with
xylene and sealed with gum. At last, the sections were
observed and taken pictures under light microscope.

Immunohistochemistry (IHC)

Kidney tissue was fixed with 4% paraformaldehyde and
embedded in paraffin. Then, 4-μm-thick sections were
dewaxed in xylene and rehydrated with graded ethanol. The
antigens were repaired using a pressure cooker and washed
with 0.01 mol/L phosphate-buffered saline (PBS). Endo-
genous peroxidase was blocked with 3% H2O2 for 30 min at
room temperature. The slides were blocked with 10% goat
serum and then incubated with anti-TRIM27 (1:100), anti-
VCAM-1 (1:200), and anti-CD31 (1:500) antibodies at 4 °C
overnight. The following day, the slides were incubated
with HRP-conjugated anti-rabbit/mouse IgG, which was
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followed by diaminobenzidine (DAB) staining. Finally,
images were captured using an Olympus microscope
(Olympus, BX71, Tokyo, Japan). The expression of stained
proteins were characterized quantitatively by digital image
analysis using Image Pro-Plus 5.0 software (Media Cyber-
netics, Silver Spring, MD).

Total protein extraction and western blot analysis

Renal cortex tissue from mice or HRGECs from different
groups were placed in radioimmunoprecipitation assay
(RIPA) buffer, lysed for 1 h, and then centrifuged at
120,000 g at 4 °C for 20 min. The supernatant was col-
lected, and the relative levels of protein expression were
detected by western blotting. The protein was separated by
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, Billerica, USA).
The membrane was blocked with 5% bovine serum albumin
(BSA) for 1.5 h at 37 °C and then incubated with anti-
TRIM27 (1:1000), VCAM-1 (1:1000), p-Akt-Ser473
(1:2000), p-Akt-Thr308 (1:1000) FoxO1 (1:1000), and p-
FoxO1 (1:1000) antibodies at 4 °C overnight. Subsequently,
the membrane was incubated with a goat anti-rabbit/mouse
IgG secondary antibody (Proteintech, Wuhan, China) dilu-
ted 1:5000. The film was imaged using the LI-COR
Odyssey Infrared Imaging System (Lincoln, NE, USA).
All experiments were repeated at least three times.

Immunofluorescence (IF)

The HRGECs were inoculated in six-well plates, fixed with
4% paraformaldehyde for 30 min at room temperature, and
lysed with 0.1% Triton X-100 for 15 min at room tem-
perature. Then, the HRGECs or frozen sections were
blocked with 10% goat serum at 37 °C for 30 min and
incubated with anti-TRIM27 (1:100), anti-syndecan-1
(1:200), and anti-CD31 (1:500) antibodies at 4 °C over-
night. The next day, the cells or frozen sections were
incubated with FITC-conjugated goat anti-rabbit IgG/
TRITC-conjugated goat anti-mouse IgG or phalloidin (1:50)
at 37 °C for 2 h followed by treatment with 4’,6-diamidino-
2-phenylindole (DAPI; Southernbiotech, Birmingham). The
sections were observed with an Olympus microscope
(Olympus, Tokyo, Japan).

ELISA

The cell supernatants were collected from cultured
HRGECs. The levels of SDC-1 and VCAM-1 in the
supernatants or serum of mice were measured by ELISA
kits according to the instructions. The absorbance was
measured with a spectrophotometer at 450 nm.

NO measurements

The HRGECs were lysed at 4 °C for 1 h to generate the
nitric oxide lysate and then centrifuged at 120,000 × g for
20 min. The supernatants were collected, and the NO con-
tents were detected by using the total nitric oxide assay kit
in accordance with the manufacturer’s instructions. The
absorbance was measured with a spectrophotometer at 540
nm to calculate the total amount of NO.

Real‐time PCR

The TRIZOL regent (Invitrogen) was employed to extract the
total RNA from HRGECs. The complementary DNA (cDNA)
was obtained by a reverse transcription kit. Reverse transcrip-
tion‐polymerase chain reaction (RT‐PCR) was performed with
FoxO1‐specific primers (sense 5′‐CAG CAA ATC AAG TTA
TGG AGG A‐3′ and antisense 5′‐TAT CAT TGT GGG GAG
GAG AGT C‐3′) and SYBR Premix EX Taq 2 for 35 cycles
(95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s). GAPDH
(sense 5′‐CGC TGA GTA CGT CGT GGA GTC‐3′ and
antisense 5′‐GCT GAT GAT CTT GAG GCT GTT GTC‐3′)
were amplified as internal control. The 2−ΔΔCT method was
used to normalize the qPCR cDNAs. All experiments were
repeated at least three times.

CO-IP

The total protein was extracted by cell lysis. 1/5 of the total
volume was used as the input control group of western blot.
The remained cell lysates were incubated with anti-FoxO1
antibody at 4 °C overnight, then incubated with agarose
beads protein A+G overnight, centrifuged at 4 °C 500 g,
and the precipitates were suspended in washing buffer. The
supernatant was detected by Western blot.

Statistical analysis

The quantitative data are shown as the mean ± standard
deviation (SD). The statistical significance was determined
by one-way analysis of variance (ANOVA) or the
Student–Newman–Keuls test. A p value less than 0.05 was
considered statistically significant.

Results

Knockdown of TRIM27 suppressed the shedding of
the glycocalyx and glomerular endothelial cell
injury in MRL/lpr mice

To investigate the effect of the TRIM27 protein on the
dysfunction of glomerular endothelial cells, IF was used to
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explore the expression of TRIM27 protein in MRL/lpr mice.
As demonstrated in Fig. 1a, the positive signal of TRIM27
mainly existed in the cytoplasm and nucleus of glomerular
endothelial cells in mice, and it was enhanced significantly
in LN mice compared with that in the control group.

Next, TRIM27‐shRNA‐AAV or NC‐AAV was directly
injected into the cortex of both kidneys of MRL/lpr mice
in situ to achieve the effect of knocking down TRIM27. To
confirm the efficiency of knockdown via TRIM27‐shRNA‐
AAV, western blotting was employed, and the results
(Fig. 1b) showed that the protein level of TRIM27 was
obviously increased in the kidneys of the MRL/lpr mice
compared with that in the kidneys of the control mice;
moreover, it was obviously decreased after injection with
TRIM27‐shRNA‐AAV, whereas little change resulted from
injection with NC‐AAV.

Since syndecan-1 is a specific component of the glycoca-
lyx, we applied IF staining to detect its expression. The results
(Fig. 1c) indicated that in the control mice, the syndecan-1
protein was located in the cytoplasm and the membrane of
glomerular cells, and it was reduced significantly in the LN
mice. After knocking down the expression of TRIM27,
syndecan-1 expression was partially recovered, indicating that
TRIM27 mediated the loss of the glycocalyx in glomerular
endothelial cells. As the syndecan-1 protein could be released
by endothelial cells into the serum, ELISA analysis was
applied to test the serum syndecan-1 level. As illustrated in
Fig. 1d, the serum syndecan-1 level was remarkably higher in
the LN group compared to that in the control group, and
suppressing the expression of TRIM27 was able to decrease
the syndecan-1 protein level in the serum. Therefore, the
above results indicated the deterioration of the glycocalyx
protective layer, which was an important sign of endothelial
destruction.

In addition, previous research reported that the VCAM-1
protein was mainly expressed in activated endothelial cells,
which initiated the injury of endothelial cells [14, 15]. IHC
analysis results (Fig. 1e) revealed the positive staining of
VCAM-1. In addition, little positive signal associated with
VCAM-1 was found in the control mice, whereas the
VCAM-1 signal was obviously enhanced in the MRL/lpr
mice. The downregulation of TRIM27 could reduce the
expression of VCAM-1. Western blot analysis results
(Fig. 1b) also showed that the expression of VCAM-1 was
significantly elevated in LN mice compared with that in
control mice, whereas injection with TRIM27-shRNA-
AAV reduced the VCAM-1 level, which was consistent
with the immunohistochemistry results. As expected, the
VCAM-1 protein level (Fig. 1f) in the serum was dramati-
cally higher in the LN mice compared to that in the
control mice, while inhibition of TRIM27 could reduce the
VCAM-1 protein level, which was consistent with previous
results.

Furthermore, the level of NO in the kidney cortex of mice
was detected, since increasing evidence has indicated that the
enrichment of NO usually occurs in the early stages of ultra-
filtration and GFR elevation [16, 17]. As shown in Fig. 1g,
compared with that in the control group, the level of NO was
evidently elevated in the LN group. In addition, TRIM27-
shRNA-AAV treatment abolished the increase in the NO level,
whereas little change was observed in the NC-AAV group.

Finally, to specifically knockdown the expression of
TRIM27 in glomerular endothelial cells, the TIE-TRIM27-
shRNA-AAV was injected to the kidney of MRL/lpr mice.
As shown in Fig. 2a, b, the expression of TRIM27 in glo-
merular endothelial cells was downregulated effectively.
The results (Fig. 2c) showed that UPro/24 hr was dramati-
cally decreased in TIE-TRIM27-shRNA-AAV mice com-
pared with MRL/lpr mice with little change of serum
creatinine (Scr), and blood urea nitrogen (BUN). Expec-
tively, the loss of glycocalyx and damage of endothelial
cells was reduced after suppression of TRIM27 in MRL/lpr
mice (Fig. 2d–i).

Suppression of TRIM27 reduced the dysfunction of
glomerular endothelial cells in vitro

To imitate the microenvironment of LN, plasma from LN
patients was used to stimulate human glomerular endothelial
cells. First, as illustrated in Fig. 3a, after treatment with LN
plasma, the expression of TRIM27 protein was obviously
increased in a time-dependent manner. In addition, the IF
results (Fig. 3b) demonstrated that the positive signal of
TRIM27, which was weak, was mainly distributed in the
nuclei of HRGECs in the control group. After stimulation
with LN plasma, the TRIM27 signal was dramatically
enhanced and located mainly in the cytoplasm. The above
results indicated that the expression of TRIM27 protein was
increased in HRGECs after LN plasma treatment.

Afterward, to investigate whether overexpression of
TRIM27 mediated the dysfunction of HRGECs, TRIM27-
shRNA-LV, or NC-LV was transfected into HRGECs. The
western blotting results (Fig. 3c) revealed that the protein
level of TRIM27 was clearly decreased after transfection
with TRIM27-shRNA-LV, whereas little change was
observed after transfection with NC-LV.

Next, degeneration of the glycocalyx layer was
detected. As shown in Fig. 3d, the expression of the
syndecan-1 protein mainly occurred in the membrane and
cytoplasm of HRGECs. Compared with that in the control
group, the positive signal of the syndecan-1 protein was
significantly reduced in the LN group. Furthermore,
TRIM27-shRNA-LV repressed the effect of LN plasma
on syndecan-1 expression. ELISA (Fig. 3e) was applied
to test the protein level of syndecan-1 in the culture
medium. The results demonstrated that the syndecan-1
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Fig. 1 TRIM27 mediated the degeneration of the glycocalyx and
glomerular endothelial cell injury in MRL/lpr mice. a IF analysis
showed that the expression of TRIM27 in glomerular endothelial cells
of MRL/lpr mice was higher than that in glomerular endothelial cells
of control mice. b The expression of TRIM27 and VCAM‐1 in the
kidney cortex of mice was tested by western blotting. c The expression
of syndecan-1 in the glomeruli of MRL/lpr mice was detected by IF
after injection with TRIM27-shRNA-AAV or NC-AAV. d, f The
ELISA results showed the content of syndecan-1 and VCAM-1 in the

serum of mice in different groups. e IHC staining demonstrated the
expression of VCAM-1 in the glomerular endothelial cells of mice.
g The level of NO in the kidneys of mice in different groups. Scale
bars: 50 μm. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group, #p <
0.05, ##p < 0.01, ###p < 0.001 vs. MRL/lpr + NC-AAV mice. TRIM27
tripartite motif-containing 27, IF immunofluorescence, ELISA
enzyme-linked immunosorbent assay, IHC immunohistochemistry,
VCAM-1 vascular cell adhesion molecule-1, NO nitric oxide.
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Fig. 2 Downregulation of TRIM27 expression inhibited the loss of
the glycocalyx and glomerular endothelial cell injury in vivo.
a, b IF and western blot analysis assay showed the expression of
TRIM27 in glomerular endothelial cells was downregulated effectively
in MRL/lpr+EC-shTRIM27‐AAV group. c MRL/lpr mice injected with
EC-shTRIM27‐AAV showed less UPro/24 h than the NC‐AAV group
with little difference in Scr and BUN. d Representative HE and PAS‐
stained kidney sections from 24 weeks old mice after injected with EC-
shTRIM27‐AAV or NC‐AAV. e IF was applied to test the expression of
syndecan-1 in the glomeruli of mice. f, h The content of syndecan-1 and

VCAM-1 in the serum of mice was measured by ELISA. g The
expression of VCAM-1 in the glomerular endothelial cells of mice was
detected by IHC staining. i The level of NO in the kidneys of mice in
different groups. Scale bars: 50 μm. *p < 0.05, **p < 0.01, ***p < 0.001
vs. control group, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. MRL/lpr + NC-
AAV mice. TRIM27 tripartite motif-containing 27, EC endothelial cell,
IF immunofluorescence, Scr serum creatinine, BUN blood urea nitro-
gen, HE hematoxylin and eosin, PAS periodic acid‐Schiff, ELISA
enzyme-linked immunosorbent assay, IHC immunohistochemistry,
VCAM-1 vascular cell adhesion molecule-1, NO nitric oxide.
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Fig. 3 Downregulation of TRIM27 reduced the injury of HRGECs
induced by LN plasma. a Western blotting data showed that the
expression of TRIM27 was higher after LN plasma stimulation in
HRGECs than that in the control group. b IF results revealed that the
expression of TRIM27 in HRGECs was greatly elevated in the cyto-
plasm after treatment with LN plasma. c Western blot analysis showed
that the expression of TRIM27 and VCAM-1 were significantly
reduced by infection of HRGECs with the sh-TRIM27 lentivirus.
d Representative confocal microscopy images showing the expression
of syndecan-1 in HRGECs. e, f Detection of the syndecan-1 and

VCAM-1 proteins in the supernatant of HRGECs by ELISA. g IF was
used to test the F-actin distribution of HRGECs in different groups. h
Summarized data showing the level of NO in HRGECs with different
treatments. Scale bars: 25 μm. *p < 0.05, **p < 0.01, ***p < 0.001 vs.
control group, #p < 0.05, ##p < 0.01 vs. LN+NC group. TRIM27 tri-
partite motif-containing 27, HRGECs human renal glomerular endo-
thelial cells, LN lupus nephritis, IF immunofluorescence, ELISA
enzyme-linked immunosorbent assay, VCAM-1 vascular cell adhesion
molecule-1, NO nitric oxide.
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protein level was dramatically enhanced in the LN group
compared with that in the control group, while inhibition
of TRIM27 expression suppressed the TRIM27 level. The
ELISA result (Fig. 3f) for VCAM-1 was similar to that
for syndecan-1. In addition, western blot analysis
(Fig. 3c) showed that VCAM-1 protein expression was
evidently increased after LN plasma stimulation com-
pared with that in the control group, whereas transfection
with TRIM27-shRNA-LV downregulated VCAM-1 pro-
tein expression.

The cytoskeleton of endothelial cells is critical for their
function, so we used phalloidin to label F-actin. As shown
in Fig. 3g, F-actin was regularly distributed across the
whole cell in the control group. After treatment with LN
plasma, the number of organized F-actin fibers was
obviously decreased, whereas the number of disorganized
F-actin fibers was evidently increased, and the fibers were
arranged in an irregular way. However, the disordered
arrangement of the cytoskeleton was partially ameliorated
by TRIM27 knockdown.

Similarly, the level of NO in the HRGECs was tested. As
shown in Fig. 3h, it was clearly increased after LN plasma
treatment compared with that in the control group.
Knockdown of the expression of TRIM27 significantly
reduced the NO level, whereas little change in the NO level
was observed in the NC-LV group.

TRIM27 contributed to glomerular endothelial cell
injury in lupus nephritis via the FoxO1 pathway

Previously, activation of the FoxO1 signaling pathway
contributed to the TRIM27-mediated proliferation and
extracellular matrix deposition of mesangial cells, and
knockdown of TRIM27 decreased the level of proteinuria
in LN mice [13]. To further investigate the precise effect
of the FoxO1 pathway on the development of proteinuria,
we analyzed the relationship between the activation of
the FoxO1 signaling pathway and the dysfunction of
glomerular endothelial cells. As shown in Fig. 4a, the
protein expression of p-FoxO1-Ser256 was evidently
increased at 30 min after LN plasma treatment, which was
followed by a decrease in FoxO1 after 1 h, which indi-
cated that LN plasma could activate FoxO1 signaling in
HRGECs.

To observe the effect of TRIM27 inhibition on the
FoxO1 pathway, TRIM27-shRNA-LV or NC-LV was
transfected into HRGECs. RT-PCR indicated that the
mRNA level of FoxO1 was significantly increased after
downregulation of TRIM27 (Fig. 4b). Western blotting
results (Fig. 4c) revealed that after TRIM27 inhibition, the
expression of p-FoxO1-Ser256 was remarkably reduced,
which was accompanied by the elevation of FoxO1.
Meanwhile, co-IP results showed that the LN plasma

treatment could enhance the ubiquitination level of FoxO1,
which was reduced by TRIM27 suppression (Fig. 4d).
Notely, overexpression of TRIM27 could induce the reverse
results (Fig. 4e–g).

Next, the influence of the overexpression of FoxO1 on
the loss of the glycocalyx and glomerular endothelial cell
injury was detected in vitro. Figure 5a demonstrates that the
WT-FoxO1 vector effectively upregulated the expression of
FoxO1 while producing little change in the NC group. The
IF results (Fig. 5b) showed that the positive staining of the
syndecan-1 protein was dramatically reduced in the LN
group compared to that in the control group, which
was consistent with the previous results. However, over-
expression of FoxO1 partially recovered the expression of
syndecan-1. The ELISA results (Figs. 5c, d) indicated that
the WT-FoxO1 vector prohibited the upregulation of the
syndecan-1 and VCAM-1 proteins in the medium, which
were separately induced by LN plasma. In addition, the
overexpression of FoxO1 reversed the effect of LN plasma
on VCAM-1 protein expression (Fig. 5a).

Subsequently, as shown in Fig. 5b, the irregular
arrangement of F-actin fibers was induced by LN plasma
stimulation, which was partially diminished by transfection
of the WT-FoxO1 vector.

Ultimately, the NO content was apparently increased in
the LN plasma stimulation group compared with that in the
control group, while transfection of the WT-FoxO1 vector
reduced the NO content, which was in line with the
expected results (Fig. 5e).

Taken together, these data demonstrated that the FoxO1
pathway contributed to glomerular endothelial cell injury
mediated by TRIM27 in lupus nephritis.

Active Akt upregulated the expression of the
TRIM27 protein and then led to glomerular
endothelial cell injury in lupus nephritis

As active Akt could phosphorylate FoxO1, we explored its
expression using western blot analysis. Figure 6a shows that
the protein levels of p-Akt-Ser473 and p-Akt-Thr308 were
dramatically enhanced at 30 min after LN plasma stimula-
tion, whereas there was little change in Akt, indicating that
LN plasma could activate the Akt signaling pathway. Thus,
LY294002 was applied to inhibit the activation of Akt. As
illustrated in Fig. 6b, the expression of p-Akt-Ser473 and p-
Akt-Thr308 were significantly decreased after LY294002
treatment.

Afterward, the effect of LY294002 on the expression of
the TRIM27 and FoxO1 proteins was measured. As shown
in Fig. 6c, LN plasma could increase the protein level of
TRIM27, which was partially inhibited by LY294002. As
expected (Fig. 6d), the inhibition of Akt activation effec-
tively suppressed the phosphorylation of the FoxO1 protein,
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which was accompanied by the upregulation of FoxO1. To
verify whether Akt was the upstream molecule of TRIM27,
the expression of TRIM27 protein was tested after treatment
with SC79 (an agonist of Akt). The results demonstrated that
activation of the Akt signaling pathway could increased the
protein level of TRIM27 significantly (Fig. 6k), suggesting
that TRIM27 was indeed the downstream molecule of Akt.

Then, we detected the influence of LY294002 on the
dysfunction of endothelial cells treated with LN plasma by
IF, western blotting, and ELISA methods. As expected, the
results (Fig. 6e–j) demonstrated that suppression of Akt
activation could reduce the impairment of the glycocalyx
and the damage to endothelial cells.

These data revealed that activation of the Akt pathway
contributed to glomerular endothelial cell injury via the
TRIM27/FoxO1 signaling pathway in lupus nephritis.

Discussion

Previous studies have shown that the glycocalyx is a layer
covering the surface of both fenestrated and nonfene-
strated endothelial cells [18, 19]. The endothelial glyco-
calyx consists of proteoglycans, glycosaminoglycans,
glycoproteins, and other soluble components [20]. Under
physiological conditions, the degradation and regenera-
tion of glycocalyx components are maintained in a
dynamic balanced state. Increasing evidence has high-
lighted that the endothelial surface layer can be damaged
when exposed to various stimuli, including shear stress,
inflammatory cytokines, and oxidative stress, which may
lead to several disorders, such as atherosclerosis, Takot-
subo cardiomyopathy, and acute respiratory distress
syndrome [21–23].

Fig. 4 TRIM27 participated in the loss of the glycocalyx and
damage to HRGECs via the FoxO1 pathway. a Western blot ana-
lysis showed the expression of p-FoxO1-Ser256 and FoxO1 protein in
HRGECs treated with LN plasma. b, c, e, f) Representative mRNA and
protein level of TRIM27 and FoxO1 were detected in HRGECs after
downregulate and upregulate the expression of TRIM27 separately by

RT‐PCR and western blot. d, g The ubiquitination level of FoxO1 was
tested by co-IP. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group, #p
< 0.05, ##p < 0.01 vs. LN+NC group. TRIM27 tripartite motif-
containing 27, HRGECs human renal glomerular endothelial cells,
LN lupus nephritis, RT‐PCR reverse transcription‐polymerase chain
reaction, co-IP co-immunoprecipitation.
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In glomerular capillaries, the glycocalyx lines the fene-
strated glomerular endothelial cells, which are a component
of the glomerular filter barrier. Recently, increasing evi-
dence has indicated that endothelial glycocalyx disruption
plays an important role in a variety of kidney diseases. In
chronic kidney disease patients (CKD) [24], the levels of
syndecan-1 and hyaluronan (glycocalyx components) were
increased significantly compared with those in healthy
controls, which was correlated with the dysfunction of
endothelial cells. In diabetic nephropathy [25, 26], the
thickness of the endothelial glycocalyx was apparently
reduced in mice injected with STZ. After restoring the
endothelial glycocalyx [27], the level of albuminuria was
remarkably reduced in diabetic mice. In addition, aldoster-
one, dysfunctional high-density lipoprotein, and uric acid
could lead to the shedding of the glycocalyx and injury to
endothelial cells [28–30].

As is the case for lupus nephritis, there has been little
research about the endothelial glycocalyx. Kim KJ reported
that serum syndecan-1 levels were higher in 14 LN patients
than those in healthy controls, which was closely related to
the renal activity index [31]. In this study, we showed that
the expression of the syndecan-1 protein in the glomerular
cells of MRL/lpr mice was evidently reduced and accom-
panied by an increase in syndecan-1 in serum, which indi-
cated impairment of the glycocalyx in LN mice. In addition,
syndecan-1 protein expression in HRGECs was decreased,
while in culture medium, it was elevated independently after
stimulation with LN plasma. These data demonstrated the
shedding of the endothelial glycocalyx in lupus nephritis.

Next, other experiments were employed to further detect
endothelial cell injury in LN. The levels of serum VCAM-1
and NO have been reported to be increased in LN patients
compared with those in healthy donors and are related to the

Fig. 5 Overepression of FoxO1 reduced the shedding of the gly-
cocalyx and the damage of HRGECs in vitro. a Western blot ana-
lysis showed that the expression of FoxO1 was increased greatly and
that of VCAM-1 was decreased significantly in HRGECs after trans-
fection with the WT-FoxO1 plasmid. b IF detection showed the
expression of SDC-1 and F-actin in HRGECs after different treat-
ments. c, d Overexpression of FoxO1 repressed the levels of syndecan-
1 and VCAM-1 in the supernatant, as shown by ELISA. e The NO

content in HRGECs with different treatments was measured. Scale
bars: 25 μm. *p < 0.05, **p < 0.01 vs. control group, #p < 0.05, ##p <
0.01 vs. LN+NC group. TRIM27 tripartite motif-containing 27,
HRGECs human renal glomerular endothelial cells, LN lupus
nephritis, IF immunofluorescence, ELISA enzyme-linked immuno-
sorbent assay, VCAM-1 vascular cell adhesion molecule-1, NO nitric
oxide, SDC-1 syndecan-1, FoxO1 forkhead transcription factors of the
O class 1.
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damage of endothelial cells [32–36]. Therefore, we tested
the expression of VCAM-1 protein and NO production
in vivo and in vitro. Expectedly, the results showed that
both were upregulated in the glomerular cells of LN mice
and HRGECs treated with LN plasma, which was consistent
with previous reports. In addition, phalloidin staining
demonstrated the disordered arrangement of F-actin protein

in LN plasma-stimulated HRGECs, which also indicated the
occurrence of endothelial cell injury.

Previous research has reported that TRIM27 is involved
in various biological actions, including mediation of sig-
naling pathways, transcriptional regulation, cell differentia-
tion, and the inflammatory response [37–40]. Recently, it
has been shown that overexpression of TRIM27 plays a role

Fig. 6 The activation of Akt
induced the abnormal
functioning of HRGECs
through the TRIM27/FoxO1
pathway in vitro.
a The expression of p-Akt-
Ser473, p-Akt-Thr308 and Akt
were detected by western blotting
in HRGECs. b The efficiency of
LY294002 was measured by
western blotting.
c, dWestern blot analysis showed
the expression of TRIM27,
p-FoxO1-Ser256 and FoxO1
protein after LY294002
pretreatment in HRGECs.
e IF was used to detect the
expression of syndecan-1 after
using LY294002 in HRGECs.
f, h ELISA showed that
LY294002 could reduce the
expression of syndecan-1 and
VCAM-1 in the supernatant.
g Western blot analysis showed
that VCAM-1 protein expression
decreased significantly after
LY294002 pretreatment in
HRGECs. (i) IF detection of the
distribution of F-actin after
stimulation with LY294002 of
HRGECs. j The results showed
that the level of NO decreased
significantly after pretreatment
with LY294002 in HRGECs.
k Western blot analysis showed
that TRIM27 protein expression
increased dramatically after SC79
pretreatment in HRGECs. Scale
bars: 25 μm. *p < 0.05,
**p < 0.01 vs. control group,
#p < 0.05, ##p < 0.01 vs. LN+
DM group. TRIM27 tripartite
motif-containing 27, HRGECs
human renal glomerular
endothelial cells, LN lupus
nephritis, IF immunofluorescence,
ELISA enzyme-linked
immunosorbent assay, VCAM-1
vascular cell adhesion molecule-
1, NO nitric oxide, LY
LY294002, DM DMSO,
SC SC79.
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in colon, esophageal, and intraductal carcinoma [41–43]. In
a previous study, we revealed that the TRIM27 protein was
highly expressed in the glomerular mesangial cells of LN
patients and mice, where it mediated mesangial cell pro-
liferation and extracellular matrix deposition [13]. Interest-
ingly, during the experiments, TRIM27 was also found to be
upregulated in the glomerular endothelial cells of lupus
nephritis. In addition, other studies have shown that
TRIM14 and TRIM28 promote endothelial activation
[44, 45]. Does TRIM27 play a role in the breakdown of the
glycocalyx and injury to endothelial cells? The results
demonstrated that downregulation of TRIM27 could par-
tially preserve the glycocalyx and reduce the damage of
endothelial cells, which was consistent with previous
research. This effect may be due to the structural similarity,
which needs to be further investigated.

Therefore, the way in which TRIM27 mediates the
dysfunction of endothelial cells in LN was explored. Shen B
discovered that silencing FoxO1 could suppress endothelial
cell injury [46]. Bertin FR showed that knockdown of
FoxO1 enhanced the expression of VCAM-1 in endothelial
cells [47]. Our study revealed that TRIM27 could regulate
the proliferation of mesangial cells via the FoxO1/p27
pathway [13]. Therefore, whether the TRIM27/
FoxO1 signaling pathway is involved in endothelial cell
injury was investigated. The results indicated that suppres-
sion of TRIM27 could prevent FoxO1 expression and that
the upregulation of FoxO1 attenuated the loss of the
endothelial cell surface layer and damage to endothelial
cells in LN. However, the mechanism by which TRIM27
mediates the expression of FoxO1 remains unclear. Ranjit
[48] reported that TRIM27 inhibition increased the activity
of cis-regulatory elements located in the FoxO1 gene, which
was consistent with our results that TRIM27 could regulate
the mRNA level of FoxO1. Besides, we found the ubiqui-
tination level of FoxO1was modulated by TRIM27 which
may be related with the ubiquitin ligase activity of TRIM27
and will be further explored in the future.

Other research teams have highlighted that Akt, an
upstream regulator of FoxO1, influences the dysfunction of
endothelial cells. In diabetic nephropathy, an increase in
endoglin contributes to the activation of endothelial cells by
regulating Akt signaling [49]. Bevan HS showed that acti-
vation of the PI3K/Akt pathway increased the production of
NO induced by laminar shear stress in endothelial cells [50].
In this study, LN plasma stimulation activated PI3K/Akt
signaling in HRGECs. Importantly, inhibiting the Akt
pathway with LY294002 significantly reduced the protein
level of TRIM27 and the upregulation of the FoxO1 protein,
which restored the glycocalyx and ameliorated the injury of
HRGECs. Meanwhile, the expression of TRIM27 protein
was significantly enhanced after activation of Akt with
SC79 which further confirmed Akt was the upstream

molecule of TRIM27. These results were distinct from the
research that have been reported by Ma [51], which may be
caused by the different microenvironment of cells and dis-
similar pathogenesis of LN and cancer.

Taken together, our study revealed that TRIM27 played
a precise role in the dysfunction of endothelial cells in
lupus nephritis. Downregulation of TRIM27 suppressed
the impairment of the glycocalyx and the damage of
endothelial cells by the FoxO1 pathway. Activation of Akt
could upregulate the expression of TRIM27, which was
revealed to be a novel regulator of the injury of endothelial
cells in LN, providing a novel strategy for the treatment of
lupus nephritis.
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