
O R I G I N A L  R E S E A R C H

Endothelin-1/Endothelin Receptor Type 
A-Angiopoietins/Tie-2 Pathway in Regulating the 
Cross Talk Between Glomerular Endothelial Cells 
and Podocytes in Trichloroethylene-Induced Renal 
Immune Injury

This article was published in the following Dove Press journal: 
Journal of Inflammation Research

Haibo Xie,1,2,* Hui 
Wang,1,2,* Qifeng Wu,3 Jiale 
Peng,4 Hua Huang,4 Yican 
Wang,4 Meng Huang,4 Wei 
Jiang,4 Yi Yang,4 Xuesong 
Zhang,4 Jiaxiang Zhang,2,4 

Qixing Zhu1,2

1Department of Dermatology, First 
Affiliated Hospital of Anhui Medical 
University, Hefei, Anhui Province, People’s 
Republic of China; 2Key Laboratory of 
Dermatology (Anhui Medical University), 
Ministry of Education, Hefei, People’s 
Republic of China; 3Guangdong Province 
Hospital for Occupational Disease 
Prevention and Treatment, Guangzhou, 
Guangdong Province, People’s Republic of 
China; 4Department of Occupational 
Health and Environmental Health, School of 
Public Health, Anhui Medical University, 
Hefei, Anhui Province, People’s Republic of 
China  

*These authors contributed equally to this 
work  

Introduction: This study aimed to investigate the mechanism in regulating the cross talk 
between glomerular endothelial cells and podocytes in “occupational medicamentosa-like 
dermatitis induced by trichloroethylene (OMLDT)” patients.
Methods: Totally 6 OMLDT patients, 18 controls, and 102 BALB/c female mice were 
involved in this study. Patient’s serum endothelin-1 (ET-1), angiopoietin-1 (Ang-1) and 
angiopoietin-2 (Ang-2), blood urea nitrogen (BUN), and podocalyxin (PCX) were detected. 
All the mice were used to establish the trichloroethylene (TCE) sensitized mouse model. 
Transmission electron microscope results were used to reflect renal glomerulus injury. 
Protein levels were detected by Western blot. Ang-1/Ang-2 gene level was reflected by RT- 
PCR. Cell apoptosis level was detected by using TUNEL assay kit.
Results: We found that in OMLDT patients, ET-1, Ang-2, BUN, and PCX were highly 
expressed but Ang-1 was inhibited. In TCE sensitized positive mouse, the downregulation of 
Ang-1, pTie-2 and the upregulation of Ang-2 were mediated by ET-1/ETAR but not 
ET-1/ETBR. The promotor of apoptosis proteins was downregulated and the inhibitor of 
apoptosis proteins was upregulated by treating with BQ123.
Discussion: ET-1/ETAR-Angs/Tie-2 pathway mediated the cross talk between glomerular 
endothelial cells and podocytes. BQ123 can alleviate glomerulus immune injury.
Keywords: trichloroethylene, glomerular, endothelin-1, endothelin receptor type A, 
angiopoietin-1, angiopoietin-2

Introduction
Trichloroethylene (TCE), a typical chlorinated organic compounds (COCs), is 
widely used in industrial processes, metal parts and electronic components cleaning 
due to its excellent degreasing property and non-combustible nature.1 In the United 
States, the imported or manufactured TCE has reached 172 million tons in 2015.2 

Because of the widespread use, TCE is frequently released into groundwater. 
Archer et al found that TCE concentrations were 0.04 μg/L in the tap water and 
(0.17–0.61) μg/m3 in outdoor air in Grand Prairie.3 In China, TCE ranks the 3rd in 
the list of toxic water pollutants.4 TCE puts a wide range of toxicological effects on 
human life, like acute renal failure, Parkinson’s disease, neuropathy, nephral 

Correspondence: Jiaxiang Zhang  
Department of Occupational Health and 
Environmental Health, School of Public 
Health, Anhui Medical University, Hefei, 
Anhui, People’s Republic of China  
Tel +86-055163869267  
Email zhangjiaxiang@ahmu.edu.cn   

Qixing Zhu  
Department of Dermatology, First 
Affiliated Hospital of Anhui Medical 
University, Hefei, Anhui, People’s Republic 
of China  
Email zqxing@yeah.net

submit your manuscript | www.dovepress.com Journal of Inflammation Research 2021:14 761–776                                                          761

http://doi.org/10.2147/JIR.S301104 

DovePress © 2021 Xie et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

mailto:zhangjiaxiang@ahmu.edu.cn
mailto:zqxing@yeah.net
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


necrosis and cranial nerve palsies.5 TCE also has been 
classified as group I carcinogen.6 Although the production 
of TCE has declined over the past years, TCE is still 
widely used in China.7 In China, the use of TCE is con
centrated in Guangdong Province, which leads to hyper
sensitivity syndrome induced by TCE which has gradually 
become one of the major occupational toxins. This occu
pational disease caused by trichloroethylene was named 
“occupational medicamentosa-like dermatitis induced by 
TCE (OMLDT)”.1 OMLDT is characterized by general
ized rash, superficial lymphadenopathy, fever, kidney and 
liver dysfunction,8 which is also defined as TCE hyper
sensitivity syndrome (THS). Renal immune injury usually 
occurs at the early stage. Acute renal failure is one of the 
leading causes of death from OMLDT. In 2010, China, 
there still are at least 20 thousand new works exposed to 
TCE.9 Our previous studies found that the TCE sensitized 
mice got severe renal glomerular inflammation,10,11 but the 
mechanism in regulating the cross talk between glomerular 
endothelial cells and podocytes still have not been 
investigated.

The endothelin family includes three vasoactive peptides 
(endothelin-1, ET-1; endothelin-2, ET-2; endothelin-3, ET-3) 
and two G protein-coupled receptors (endothelin receptor- 
type A, ETAR; endothelin receptor-type B, ETBR) expressed 
on the cell surface. ET-1, which is mainly produced by 
endothelial cells, is the most well studied and the most 
powerful intrinsic vasoconstrictor and plays an important 
role in regulating blood vessel stability.12 ET-1 exerts differ
ent biological functions by binding to these two receptors. In 
the vascular system, ETAR act as growth-promoting and 
a primary vasoconstrictor by irreversible binding with ET- 
1, whereas ETBR is more important in clearing the circulat
ing ET-1 which functions as a “clearance receptor”. 
Furthermore, ETAR is found to be involved in the develop
ment of many diseases, such as atherosclerosis, heart failure, 
arterial hypertension, cancer, diabetes and renal disease.13 

Studies found that ET-1 stimulates renal inflammation and 
fibrosis by activating ETAR.14 ETA blockade could slow the 
progression of diabetic nephropathy by the anti- 
inflammatory mechanisms.15 Federica et al found that the 
ET-1 produced from endothelial glomerular cells could 
induce the loss of nephrin from podocytes, while ET-1 
receptor antagonists abrogate the nephrin shedding.16

Angiopoietins are another family involved in the blood 
vessel remodeling, maturation and maintenance during both 
blood vessel pathological angiogenesis, and development.17 

The angiopoietin family includes angiopoietin-1 (Ang-1), 

angiopoietin-2 (Ang-2), angiopoietin-3 (Ang-3) and angio
poietin-4 (Ang-4), and the tyrosine kinase receptors (Tie-1 
and Tie-2). Only the Ang/Tie2 signaling axis is the main 
regulator of angiogenesis. The Tie-2 receptor is highly 
expressed on endothelial cells. All four kinds of Angs were 
secreted factors that exert their biological effects by binding 
to Tie-2 receptor.18 Studies found that Ang-1 and Ang-4 
function as agonists of Tie-2 but Ang-2 and Ang-3 function 
as antagonists. Tie-2 becomes phosphorylated on several 
cytoplasmic tyrosine residues and results in the PI3-kinase 
/protein kinase B (PI3k/AKT) and endothelial nitric oxide 
synthase 3 (eNOS) activation, which shows anti-apoptotic 
activity and vascular protective functions.19 In the kidney, 
Ang-1 was predominantly expressed in podocytes and plays 
an important role in the maintenance of the glomerular 
permeability.20 Ang-1 also shows anti-inflammatory activity 
by inhibiting tumor necrosis factor-α (TNF-α)-induced leu
kocyte capillary transmigration. On the contrary, Ang-2 is 
rapidly release from endothelial vesicles under pro- 
inflammatory signaling, where it competes with Ang-1 in 
an autocrine manner, thereby down-regulating the phosphor
ylation level of Tie-2, finally results in the activation of 
apoptotic proteins.21

Both endothelin-1 and angiopoietins are important fac
tors in regulating the physiological functions of vascular 
endothelial cells; is there any relationship between these 
two proteins? In recent years, there are several studies 
involved in the investigation referred to endothelin-1 and 
angiopoietins. But they played different roles in different 
diseases.22,23 We know that angiopoietins are associated 
with endothelin-1 in kidney diseases, but how angiopoietins 
regulated by endothelin-1 have still not been well investi
gated. The newest study found that after traumatic brain 
injury, administered with ETBR antagonist BQ788 promoted 
the recovery of blood-brain barrier function through activa
tion of the Ang-1/Tie-2 signal.24 In this TCE-sensitized 
mouse model, TCE-sensitized mice got glomerular endothe
lial dysfunction and podocyte damage. The Ang-1/Ang-2 
expression level in TCE-sensitized mouse podocytes is 
unknown. Whether Ang-1/Ang-2 expression levels are 
affected by ET-1, and which endothelin receptor mediates 
the expression of Ang-1/Ang-2 needed further research.

Method
Reagents
Freund’s complete adjuvant (FCA) and TCE were bought 
from Sigma-Aldrich (St. Louis, MO, USA). Olive oil and 
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acetone were purchased from the Shanghai Chemical 
Reagent Company (Shanghai, China). Selective endothelin 
A receptor (ETAR) antagonist BQ 123, selective endothe
lin B receptor (ETBR) antagonist BQ 788 and phosphatase 
inhibitors were bought from Absin (Shanghai, China). 
Anti-rabbit monoclonal GAPDH antibody, Anti-mouse 
monoclonal ET-1 antibody, anti-rabbit monoclonal 
NPHS-2 antibody, anti-rabbit monoclonal podocin anti
body, anti-rabbit monoclonal Bax antibody, anti-rabbit 
monoclonal caspase-3 antibody, anti-rabbit polyclonal 
ETBR antibody, anti-rabbit polyclonal CD31 antibody, 
anti-rabbit monoclonal Ang-2 antibody were purchased 
from Abcam (Cambridge, UK). Anti-goat polyclonal Tie- 
2 antibody, anti-goat polyclonal nephrin antibody, anti- 
goat polyclonal Ang-1 antibody, anti-rabbit polyclonal 
phosphor-Tie-2 (pTie-2) antibody and human ET-1 
ELISA kit were acquired from R&D Systems 
(Minnesota, USA). Anti-rabbit polyclonal eNOS antibody 
and anti-rabbit polyclonal Ang-1 antibody were acquired 
from Bioss (Beijing, China). Anti-mouse monoclonal ETA 

R antibody, anti-mouse monoclonal PI3K antibody, anti- 
mouse monoclonal pAKT antibody, anti-mouse monoclo
nal Fas antibody, anti-mouse monoclonal Fas-L antibody, 
anti-mouse monoclonal phosphorylation of Bad (pBad) 
antibody, anti-mouse monoclonal Bcl-2 antibody, anti- 
mouse monoclonal CD31 antibody, anti-rat monoclonal 
monocyte chemoattractant protein-1 (MCP-1) antibody 
were bought from Santa Cruz Biotechnology (Santa 
Cruz, CA). Anti-rabbit monoclonal Bad antibody was 
bought from Boster biological technology (Wuhan, 
China). Dynabeads M-450 Tosylactivated (diameter 4.5 
µm) was purchased from Dynal AS (Oslo, Norway). 
Type I collagenase was from Sigma-Aldrich (St. Louis, 
MO, USA). Phenylmethylsulfonylfluoride (PMSF) was 
bought from Cell Signaling Technology (Danvers, USA). 
BCA Kit, radio-immunoprecipitation lysis buffer (RIPA), 
human Ang1 and human Ang-2 ELISA kit were obtained 
from Beyotime Biotechnology (Shanghai, China). Mouse 
cystatin C (Cys-c) ELISA Kit, mouse podocalyxin (PCX) 
ELISA Kit, HumanCys-c ELISA Kit, Human PCX ELISA 
Kit and TUNEL Assay Kit (HRP-DAB) were acquired 
from Elabscience Biotechnology Co., Ltd (Wuhan, 
China). Mouse Creatinine (Cre) Assay kit and Urea 
Assay Kit were purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). 
Immunohistochemistry kit and DAB substrate kit were 
obtained from ZSJQ-BIO (Beijing, China); Thermo 
Scientific RevertAid First Strand cDNA Synthesis Kit 

was purchased from Thermo (Waltham, USA). 
LightCycler 480 SYBR Green I Master was purchased 
from Roche (Basel, Switzerland).

Participants
Six newly diagnosed OMLDT patients recruited from 
January 2016 to January 2020 at Guangdong Province 
Hospital for Occupational Disease Prevention and 
Treatment were involved in this study. The age range of 
the patients was from 16–29 years of age (3 males and 3 
females). All the patients’ serum and urine were collected 
on the first day in hospital (before treatment) and one 
month after treatment but not discharged (after treatment) 
respectively. Eighteen controls aged from 18 years old to 
30 years old were recruited from health examining center. 
OMLDT patients were matched (1:3 ratio) to controls 
without OMLDT (based on age±3 years, the same gender). 
Patients aged over 60 years old, suffered from mental 
disease, accompanied by primary kidney disease, chronic 
diseases and other serious organic diseases caused by other 
reasons were excluded. This work received approval for 
research ethics from Anhui Medical University and 
a proof/certificate of approval is available upon request 
(Ethical approval number: 20,131,419). Participants under 
the age of 18 had a legal guardian provide informed 
consent, while participants over the age of 18 provided 
their own informed consent. This study was conducted in 
accordance with the Declaration of Helsinki.

Animals
Pathogen-free BALB/c female mice weighted (18–20) 
g and were 7–8 weeks of age when used in this study 
were all purchased from the Experimental Animal Center 
of Anhui (Anhui, China). All mice were fed with standard 
lab chow, eggs and drinking water, with a 12 h/12 h light 
and dark cycle. Padding was replaced every day to remain 
the dry living environment. All the mice were housed and 
bred following the institutional guidelines for animal use 
and care. All animal studies were conducted in accordance 
with the Regulations on the Administration of Laboratory 
Animals published by the Ministry of Science and 
Technology of the People’s Republic of China and was 
approved by Anhui Medical University (animal ethical 
committee number: SCXK 2017–001). One hundred and 
two female mice were randomly divided into the blank 
control group (with 8 replicates), solvent control group 
(with 8 replicates), BQ123 control group (with 8 repli
cates), BQ788 control group (with 8 replicates), TCE 
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treatment group (with 30 replicates), TCE + BQ123 treat
ment group (with 20 replicates), TCE + BQ788 treatment 
group (with 20 replicates). The TCE-sensitized mouse 
model was established according to the previous study.25 

Before the model was established, all animals’ 2 × 2 cm2 

dorsal hair was removed. On the first day of the experi
ment, TCE treatment group mice, TCE + BQ123 treatment 
group mice and TCE + BQ788 treatment group mice were 
received a dorsal hypodermic injection of a mixture of 50 
μL FCA and 50 μL 50% TCE (TCE: olive oil: acetone = 
5:2:3, volume ratio). On days 4, 7, and 10, these mice 
received topical application of 100 μL 50% TCE. On days 
17 and 19, they were treated with 30% TCE (TCE: olive 
oil: acetone = 3:2:5, volume ratio). On days 17 and 19, 
2 h before the challenge, BQ123 control group mice and 
TCE + BQ123 treatment group mice received BQ123 
6.7 mg/kg; BQ788 control group mice and TCE + 
BQ788 treatment group mice were received BQ788 
3 mg/kg. The blank control group mice received no treat
ment. BQ123 control and BQ788 control group mice 
received no treatment before the challenge. The solvent 
control group mice received identical volume ratio of olive 
oil and acetone. On the 20th day, the cutaneous reactions 
were evaluated.25 According to the cutaneous reactions, 
TCE treatment group mice were further divided into TCE 
sensitized negative group (TCE− group) (n=20), TCE sen
sitized positive group (TCE+ group) (n=10), the sensitiza
tion rate was 33.3%; TCE + BQ123 treatment group were 
further divided into TCE + BQ123 sensitized negative 
group (TCE + BQ123− group) (n=11), TCE + BQ123 
sensitized positive group (TCE + BQ123+ group) (n=9), 
the sensitization rate was 45.0%; TCE + BQ788 treatment 
group mice were further divided into TCE + BQ788 sen
sitized negative group (TCE + BQ788− group) (n=14), 
TCE + BQ788 sensitized positive group (TCE + BQ788+ 

group) (n=6), the sensitization rate was 30.0%. All the 
mice 24 h urine was collected by using metabolism cage 
before sacrifice. Part of each mouse’s left kidney was 
taken and fixed in 4% neutral buffered formaldehyde for 
48 hours. The left mice were anesthetized and then per
fused with dynabeads via abdominal aorta. After perfu
sion, the two kidneys were removed and then digested 
with type I collagenase for 30 mins. The tissue was then 
filtered through a 100 um cell strainer and centrifuged at 
200×g at 4°C for 5 min. The pure glomeruli were obtained 
and after three washes with ice-cold sterile PBS using 
a magnetic particle concentrator.

Immunofluorescence
Immunofluorescence was used for ET-1, Tie-2, Ang-2, 
ETAR, Ang-1 location. The kidneys were taken and fixed 
in 4% neutral buffered formaldehyde for 48 hours, then 
embedded in paraffin. Finally, a 3 μm thick section for 
assessment of pathology was collected. The slices were 
then dewaxed in xylene solution, rehydrated in ethyl alco
hol, processed with 0.3% Triton-100 for 30 min, incubated 
in goat serum for 30 min at 37°C and then incubated with 
CD 31 and ET-1, CD 31 and Tie-2, CD 31 and Ang-2, 
NPHS2 and ETAR, NPHS2 and Ang-1 antibodies over
night at 4 °C, respectively. The slices were washed with 
phosphate buffer saline (PBS) and incubated with fluoro
genic secondary antibodies for 30 min and DAPI for 
3 min. Finally, the immuno-binding products were ana
lyzed with a fluorescent microscope.

Renal Injury Detection
Mouse renal function index urea creatinine (Cre) and urea 
nitrogen(UN) were detected by using creatinine assay kit 
and urea assay kit according to manufacturer’s instruc
tions, respectively. Human Cre and blood urea nitrogen 
(BUN) were detected by using automatic biochemical 
analyzer.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
The mouse and human 24 h urine were diluted and then used 
for detecting the levels of Cys-c and PCX to reflect glomer
ular filtration function and podocyte injury by using mouse or 
human Cys-c ELISA kit and PCX ELISA kit, respectively. 
Human serum ET-1, Ang-1 and Ang-2 levels were also 
detected by using human ET-1, Ang-1 and Ang-2 ELISA kit.

Transmission Electron Microscope (TEM)
A little part of renal cortex was fixed in glutaraldehyde- 
paraformaldehyde for 10 hours, then post-fixed with 1% 
osmium tetroxide (OsO4) in PBS for 1 hour and dehy
drated through a graded series of ethanol (30, 50, 70, 80, 
90, 95, 100%) for 15 min at each step, then transferred into 
absolute acetone for 20 min. Tissue was placed into 1:1 
mixture of absolute acetone-spurr resin for 1 hour, then 
into 1:3 mixture of absolute acetone-spurr resin for 3 hours 
at room temperature, incubated in resin mixture overnight. 
The next day, tissue was transferred into capsules contain
ing spurr resin and heated for 9 hours at 70°C. Finally, 
they were stained with uranyl acetate/alkaline lead citrate 
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for 15 min and examined with a Hitachi H-7650 transmis
sion electron microscope.

Western Blot
Glomeruli total protein was extracted by using RIPA, 
PMSF and phosphatase inhibitors (100:1:1) mixture. 
After centrifuged, BCA Kit was used for measuring pro
tein concentration. The proteins were denatured by heating 
to 100 °C, then equal amounts of 40 μg were loaded and 
separated by SDS-PAGE. Proteins were transferred into 
PVDF membrane and blocked in 5% no fat milk for 
2 h and then incubated with ET-1, ETAR, ETBR, Ang-1, 
Ang-2, Tie-2, pTie-2, PI3K, pAKT, eNOS, Bcl-2, Bad, 
pBad, Fas, Fas-L, Bax, caspase-3, MCP-1, TNF-α, 
nephrin, podocin, GAPDH antibody overnight at 4 °C, 
respectively. On the second day, membranes were washed 
and then incubated in goat anti-rabbit IgG or goat anti- 
mouse IgG or rabbit anti-goat IgG at room temperature for 
2 hours. Finally, membranes were washed and signals 
were detected by using enhanced chemilumines
cence (ECL).

Quantitative Real-Time PCR (qRT-PCR)
Total glomerulus RNA was extracted by using Trizol 
Reagents according to the manufacturer’s instructions. 
Revert Aid First Strand cDNA Synthesis Kit was used to 
yield cDNA. cDNA was amplified by PCR using Light 
Cycler 480 SYBR Green I Master kit and respective pri
mers. Primer sequences see in Table 1. The amplification 
program was as follows: initial denaturation at 95 °C for 
10 minutes, then started 45 cycles, which include 95°C for 
15 seconds, 60°C for 15 seconds and 72°C for 20 seconds. 
Gene expression was analyzed by the 2−ΔΔCt method.

TUNEL
The level of apoptosis in renal glomeruli was detected by 
using TUNEL assay kit. The 3 μm thickness cortex 

paraffin sections were dewaxed in xylene solution, rehy
drated in ethyl alcohol, incubated in protease K for 30 min 
and then blocked with H2O2 for 20 min at room tempera
ture. The samples were incubated in TdT protease and then 
in Streptavidin-HRP for 30 min at 37 °C, then processed 
with DAB and hematoxylin. Finally, the immuno-binding 
products were detected by using a light microscope.

Statistical Analysis
Data in this study are shown as mean ± standard devia
tion (x̄ ± s) or P50 (P25, P75). In mouse, the difference 
between groups was tested by one-way analysis of var
iance (ANOVA) with the least significant difference 
(LSD) test. Related samples Friedman’s two-way analy
sis of variance by ranks was used for human serum ET- 
1, Ang-1, Ang-2, Ang-1/Ang-2 analyzing, and human 
urine PCX, Cre and BUN testing. Linear correlation 
analysis was used for investigating the relationship 
between ET-1, Ang-1 and BUN. SPSS V.23.0 (SPSS 
Inc., Chicago, USA) software was used to perform the 
statistical analyses. P< 0.05 was considered statistically 
significant.

Results
OMLDT Patients Renal Injury Indexes 
and Serum ET-1, Ang-1, Ang-2 Levels
Results from Table 2 showed that on admission, OMLDT 
patients’ serum level of ET-1, Ang-2, BUN and urine level 
of PCX were 60.69 (45.35, 85.86) pg/mL, 932.26 (725.67, 
1214.97) pg/mL, 5.20 (4.53,7.38) mmol/l and 2884.53 
(2169.36, 5173.75) pg/mL, respectively, significantly 
higher than those after one month treatment and control 
group (P<0.05). The Ang-1 level detected on admission 
was lower than those after treatment and control group 
(P<0.05). The Ang-1/Ang-2 level was also changed after 
treatment (P<0.05). Further, before treatment, OMLDT 
patients' serum ET-1 was negatively correlated with Ang- 
1 (P<0.05) but not significantly associated with BUN. 
Ang-1 was negatively correlated with BUN (P<0.05). 
Results see in Table 2 and Figure 1.

ET-1 but Not Ang-1 Elevated in TCE 
Sensitized Positive Mouse
In TCE sensitization mouse model, compared to blank 
control group, solvent control group, and TCE sensitized 
negative group, ET-1 significantly increased in TCE sen
sitized positive group. Ang-1 as the promotor of blood 

Table 1 Primers for RT-PCR

Gene Names Sequences (5ʹ–3ʹ)

Angiopoietin 2 Forward: TGTATGATCACTTCTACCTCGC

Reverse: TGGCTGATGCTACTTATTTTGC

Angiopoietin 1 Forward: GAAGGATGCTGATAACGACAAC

Reverse: AGTTTTCCATGATTTTGTCCCG

GAPDH Forward: ACCCCAGCAAGGACACTGAGCAAG

Reverse: GGCCCCTCCTGTTATTATGGGGGT
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vessel repairing did not increase or even decrease in TCE 
sensitized positive group mice (Figure 2). There is good 
agreement between OMLDT patients and TCE sensitiza
tion mouse models.

BQ123 Reduced the Level of Urinary 
Cys-c, PCX and Protected Renal Function
Both Cys-c and PCX are the two main factors that more 
sensitive for detecting mild to moderate changes in the 
estimated glomerular filtration rate.26 Compared to blank 
control groups, urine levels of Cre, UN, Cys-c and PCX 
were significantly increased in TCE sensitized positive 
group but not in solvent control group, BQ123 control 
group, TCE sensitized negative group and TCE+BQ123 
sensitized negative group. The injection of BQ123 pro
moted the repairing of podocytes and the recovery of renal 
function (Cre and UN). Results are in Figure 3.

BQ123 Reduced the Protein Levels of 
TNF-α and MCP-1 in Glomeruli
Inflammation mediators such as MCP-1 and inflammatory 
factors such as TNF-α were overexpressed in TCE sensi
tized positive mice, but BQ123 reduced the expression of 

MCP-1 and TNF-α in TCE+BQ123 sensitized positive 
group mice (P<0.05). Results see in Figure 4.

BQ123 Alleviated Endothelial Cell Injury
Figures 5 and 6 show that compared to TCE sensitized 
positive group, BQ123 downregulated promotor of apop
tosis proteins (Fas, Fas/L, Bax, Bad, pro-caspase-3 and 
cleaved-caspase-3) and upregulated inhibitor of apoptosis 
proteins (PI3K, pAKT, eNOS, pBad and Bcl-2) in TCE 
+BQ123 sensitized positive group (P<0.05).

Under TEM observation (Figure 7), foot processes of 
the podocytes appeared fused (red arrow), vacuolate 
degeneration of massive mitochondria (yellow arrow) 
and dilation of Golgi’s apparatus (green arrow) were also 
observed in TCE sensitized positive mice glomerular 
endothelial cells. But in TCE+BQ123 sensitized positive 
mice, glomerular basement membrane slightly thickened 
(black arrow), occasional vacuolate degeneration of mito
chondria (yellow arrow) was seen.

Glomerular Apoptosis Rate
We detected the glomerular apoptosis rate by using 
TUNEL assay kit (Figures 8 and 9). Blank control group, 
solvent control group, BQ123 control group, TCE 

Table 2 OMLDT Patients Serum ET-1, Ang-1, Ang-2, Cre, BUN and Urine PCX Levels (P50 (P25, P75))

Group OMLDT Patients Control Group F Value P value

Before Treatment After Treatment

ET-1 (pg/mL) 60.69 (45.35, 85.86) 30.81 (22.61, 46.44) 9.88 (5.35, 13.73) 12.000 0.002

Ang-1 (pg/mL) 1172.25 (781.04, 1394.57) 1690.79 (1375.70, 1852.02) 1272.85 (1213.83, 1509.12) 9.333 0.009
Ang-2 (pg/mL) 932.26 (725.67, 1214.97) 267.07 (194.56, 339.54) 446.18 (415.23, 528.28) 12.000 0.002

Ang-1/Ang-2 1.09 (0.732, 1.56) 6.65 (5.10, 8.14) 3.01 (2.53, 3.33) 12.000 0.002

Cre (μmol/l) 56.00(53.75,64.00) 61.50(50.00,64.75) 67.33(60.92,76.08) 2.333 0.311
BUN(mmol/l) 5.20(4.53,7.38) 3.60 (2.90, 4.63) 3.33(3.11, 4.18) 9.000 0.011

PCX(pg/mL) 2884.53 (2169.36, 5173.75) 349.65 (297.55, 447.01) 616.77 (447.24, 656.94) 10.333 0.006

Figure 1 Relationships between ET-1, Ang-1 and BUN (before treatment). OMLDT patients’ serum ET-1 was negatively correlated with Ang-1 (A). There are no significant 
correlations between serum ET-1 and BUN (B). Ang-1 was negatively correlated with BUN (P<0.05) (C).
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sensitized negative group and TCE+BQ123 sensitized 
negative group were rarely showed apoptotic cells, the 
cell apoptosis rate was about 3%. In TCE sensitized posi
tive group, the cell apoptosis rate was (16.96±7.17)%, 
significantly higher than the solvent control group 
(2.95%±0.84%). But the cell apoptosis rate was signifi
cantly decreased with the treatment of BQ123 (apoptosis 
rate: 8.85%±2.53%; P<0.05).

BQ123 Alleviated Podocyte Injury
The mice glomeruli podocyte injury was reflected by 
detecting the protein levels of podocin and nephrin 
(Figure 10) and transmission electron microscope observa
tion (Figure 11). Results indicated that in TCE sensitized 
positive mice, podocin and nephrin were significantly 
reduced (P<0.05), the podocytes had light swelling (blue 
arrow) with mitochondria vacuolate degeneration (yellow 

Figure 2 Protein levels of ET-1 and Ang-1. (A) showed the Western blot results of renal ET-1 and Ang-1 expression levels. (B and C) showed the optical density values of 
ET-1 and Ang-1, respectively. Compared to solvent control group, ET-1 significantly increased but Ang-1 decreased in TCE sensitized positive group. *P<0.05.

Figure 3 Urinary Cys-c, PCX, Cre and UN levels. Figure 3 shows the urinary levels of Cys-c, PCX, Cre and UN, respectively. Compared to solvent control group, urine 
levels of Cre, UN, Cys-c and PCX were significantly increased in TCE+BQ123 sensitized positive group; compared to TCE+BQ123 sensitized positive group, urine levels of 
Cre, UN, Cys-c and PCX were significantly increased in TCE sensitized positive group. *P<0.05.
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arrow). Mitochondrial injury reduced (yellow arrow), 
podocin and nephrin increased in TCE+BQ123 sensitized 
positive mice by injecting with BQ123.

BQ123 Downregulated ETAR, Ang-2 and 
Upregulated Ang-1, pTie-2
We gave the mice BQ123 or BQ788 to investigate whether 
Ang-1 was inhibited by ET-1. Western blot results 
(Figure 12) showed that compared to the solvent control 
group, ETAR and Ang-2 significantly increased while 

Ang-1 decreased in TCE sensitized positive group. The 
ETAR inhibitor BQ123 downregulated ETAR and Ang-2 
expression levels and upregulated Ang-1 and pTie-2 
expression levels significantly (P<0.05).

BQ788 Downregulated ETBR but Not 
Upregulated Ang-1, pTie-2
Figure 13 shows that the expression level of ETBR was 
inhibited by BQ788. ETBR and Ang-2 increased in TCE 
sensitized positive group, Ang-1 decreased in TCE 

Figure 4 Protein levels of TNF-α and MCP-1. (A) showed the Western blot results of renal TNF-α and MCP-1. (B and C) showed the optical density values of TNF-α and 
MCP-1, respectively. Compared to solvent control group, MCP-1 and TNF-α were significantly decreased in TCE sensitized positive mice. But BQ123 reduced the 
expression of MCP-1 and TNF-α in TCE+BQ123 sensitized positive group compared to TCE sensitized positive group. *P<0.05.

Figure 5 Protein levels of Fas, Fas/L, Bax, Bad, pro-caspase-3 and cleaved- caspase-3. (A) showed the Western blot results of renal Fas, Fas/L, Bax, Bad, pro-caspase-3 and 
cleaved- caspase-3. (B–G) showed the optical density values of Fas, Fas/L, Bax, Bad, pro-caspase-3 and cleaved- caspase-3, respectively. Compared to solvent control group, 
Fas, Fas/L, Bax, Bad, pro-caspase-3 and cleaved- caspase-3 protein levels were significantly increased in TCE sensitized positive group (P<0.05). But BQ123 downregulated 
them in TCE+BQ123 sensitized positive group compared to TCE sensitized positive group (P<0.05). *P<0.05.
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sensitized positive group, but Ang-2 was not inhibited by 
BQ788, Ang-1 and pTie-2 were not promoted by BQ788.

The Location of ET-1, ETAR, ETBR, Ang-1, 
Ang-2 and Tie-2
We further identified the localization of ET-1, ETAR, Ang- 
1, Ang-2 and Tie-2 by immunofluorescence to clearly 
understand the cross talking between endothelial cells 
and podocytes. Results (Figures 14–18) showed that in 
glomeruli, ET-1, Ang-2, Tie-2 were mainly expressed 
in endothelial cells, ETAR, Ang-1 were mainly expressed 
in podocytes.

The Gene Levels of Ang-1/Ang-2
Ang-1 and Ang-2 gene levels were detected by qRT- 
PCR. Results (Figure 19) showed that compared to 
solvent control group mice, the gene level of Ang-2 
was significantly increased in TCE sensitized positive 
mice (P<0.05). Compared to TCE sensitized positive 
mice, the gene level of Ang-1 was significantly 
increased and Ang-2 decreased in TCE+BQ123 sensi
tized positive group (P<0.05). Compared to solvent 

control group mice, the ratio of Ang-1/Ang-2 was sig
nificantly decreased in TCE sensitized positive group, 
but significantly increased in TCE+BQ123 sensitized 
positive group mice (P<0.05).

Discussion
TCE is a kind of chlorinated solvent and currently 80–90% 
of TCE is used for metals degreasing.27 TCE is also 
a main industrial toxic byproduct that widely exists in 
soil, air and water.28 Exposure to TCE may cause nervous 
system damage, reproductive and developmental disor
ders, cancer, and OMLDT. Till now, there is still no 
specific drug for OMLDT treatment. In OMLDT patients, 
part of them may display severe renal injury. Our previous 
studies have investigated the mechanisms of renal 
endothelial cells and podocyte damage, respectively. In 
this study, we combined the TCE sensitized mouse 
model with OMLDT patients to investigate the cross talk 
between glomerular endothelial cells and podocytes. This 
study focused on the glomerular injury of OMLDT 
patients and will provide a new direction for the treatment 
of renal injury.

Figure 6 Protein levels of PI3K, pAKT, eNOS, pBad and Bcl-2. (A) showed the Western blot results of renal PI3K, pAKT, eNOS, pBad and Bcl-2. (B–F) showed the optical 
density values of PI3K, pAKT, eNOS, pBad and Bcl-2, respectively. Compared to solvent control group, PI3K, pAKT, eNOS, pBad and Bcl-2 protein levels were significantly 
decreased in TCE sensitized positive group (P<0.05), but increased in TCE+BQ123 sensitized positive group by treating with BQ123 compared to TCE sensitized positive 
group (P<0.05). *P<0.05.
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ET-1 and its two G protein-coupled receptors (ETA 

R and ETBR) play a significant role in regulating blood 
vessel stability.29 The overexpression of ET-1 is also 
considered to be associated with inflammation. Studies 
found that ET-1 triggers the release of NO through ETB 

R and subsequently causing vascular relaxation,30 while 
causes sustained powerful vasoconstriction by binding 
to ETAR.31 Angiopoietins as the vascular growth factors 
are important in regulating vascular remodeling, stabili
zation and maturation.21 Previous studies also found that 
Ang-1 and Ang-2 are involved in podocyte injury.32 In 

this study, we found that ET-1 and Ang-2 were highly 
expressed in OMLDT patients and TCE sensitized posi
tive mice but Ang-1 was inhibited. TCE sensitized posi
tive mice renal injury got alleviated after injecting with 
BQ123. The ET-1 and Angiopoietins were also asso
ciated with renal injury. Was renal Ang-1 inhibited by 
the overexpressed ET-1?

Because the two different endothelin receptors put two 
different biological effects, it is better to investigate their 
functions by using the two specific inhibitors for ETA 

R (BQ123) and ETBR (BQ788) respectively. We found that 

Figure 7 Glomerular endothelial cells TEM detection (×30,000). Red arrow: the fused foot processes; yellow arrow: the vacuolate degeneration of massive mitochondria; 
green arrow: the dilation of Golgi’s apparatus; black arrow: the slightly thickened glomerular basement membrane. Glomerular endothelial cells in solvent control group 
showed normal cell structure; foot processes of the podocytes appeared fused, vacuolate degeneration of massive mitochondria and dilation of Golgi’s apparatus were also 
observed in TCE sensitized positive mouse. Glomerular basement membrane slightly thickened, occasional vacuolate degeneration of mitochondria were seen in TCE 
+BQ123 sensitized positive mouse.

Figure 8 Glomerular apoptosis detection (×400). (A) Blank control group. (B) Solvent control group. (C) TCE+BQ123 control group. (D) TCE sensitized negative group. 
(E) TCE sensitized positive group. (F) TCE+BQ123 sensitized negative group. (G) TCE+BQ123 sensitized positive group. Red arrow: apoptotic cells.
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compared to TCE sensitized positive mice, ETAR and Ang-2 
were inhibited by injecting with BQ123, Ang-1 and its phos
phorylated receptor pTie-2 were upregulated by injecting 
with BQ123. Besides, ETBR was inhibited by injecting 
with BQ788, but Ang-1 and its phosphorylated receptor 
pTie-2 were not upregulated, Ang-2 was not inhibited by 
injecting with BQ788. We conclude that the glomerulus 
Ang-1/Ang-2 expression was regulated by ET-1/ETAR in 
TCE sensitized mice.

Previous studies found that the overexpression of Ang- 
1 down-regulated Fas and Fas/L expression via the PI3K/ 
Akt pathway.33 Sun et al found that Ang-2 up-regulated 
the expression levels of Bax and cleaved caspase-3 but 
down-regulated the expression level of Bcl-2.34 In this 
study, we found that the Ang-1/Ang-2 gene level was 
decreased in TCE sensitized positive group compared to 
solvent control group. We further detected the glomerular 
endothelial cell apoptosis rate, found that the cell apopto
sis rate was (16.96±7.17)% in TCE sensitized positive 
group, but (2.95±0.84)% in solvent control group. The 

Figure 9 Glomerular apoptosis rate. The cell apoptosis rate in blank control group, 
solvent control group, BQ123 control group, TCE sensitized negative group and 
TCE+BQ123 sensitized negative group were about 3%. In TCE sensitized positive 
group, the cell apoptosis rate was (16.96±7.17)%. The cell apoptosis rate in TCE 
+BQ123 sensitized positive group was (8.85±2.53)%. a: Compared to solvent 
control group, P<0.05. b: compared to TCE+BQ123 sensitized positive group, 
P<0.05.

Figure 10 Protein levels of podocin and nephrin. (A) showed the Western blot results of renal podocin and nephrin. (B and C) showed the optical density values of 
podocin and nephrin, respectively. Compared to solvent control group, podocin and nephrin were significantly decreased in TCE sensitized positive mice (P<0.05). Podocin 
and nephrin increased in TCE+BQ123 sensitized positive mice compared to TCE sensitized positive mice (P<0.05). *P<0.05.

Figure 11 Glomerular podocytes TEM detection (×30,000). Yellow arrow: the vacuolate degeneration of massive mitochondria; blue arrow: podocytes with slightly swelling. 
Solvent control group mice showed the normal structure of podocytes. In TCE sensitized positive mice, podocytes had light swelling with mitochondria vacuolate 
degeneration. Mitochondrial injury reduced in TCE+BQ123 sensitized positive mice.
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cell apoptosis rate was decreased by injecting with BQ123. 
The promotor of apoptosis proteins Fas, Fas/L, Bax, Bad, 
pro-caspase-3 and cleaved- caspase-3 also downregulated 
by injecting with BQ123, the inhibitor of apoptosis pro
teins PI3K, pAKT, eNOS, pBad and Bcl-2 upregulated by 
injecting with BQ123. The endothelial cell injury was also 
alleviated. So we conclude that both increased Ang-2 and 
decreased Ang-1 were associated with TCE-induced glo
merular apoptosis.

We also found that the TCE sensitized positive 
mouse glomeruli podocytes got obvious injury, but 
the loss of nephrin and podocin was prevented by 
injecting with the ETAR antagonist. Indicating that 
the overexpression of ET-1 induced nephrin shedding 
was also mediated by ET-1/ETAR. Collino et al. got the 
same results.16

In summary, ET-1 was a key factor which associates 
with OMLDT patients' renal injury. Serum level of Ang- 
1 was negatively associated with ET-1, ET-1 was posi
tively associated with renal injury in OMLDT patients. 
The endothelial cells secreted ET-1 promoted podocyte 

injury in TCE sensitized mice. The elevated ET-1 inhib
ited podocytes to secret Ang-1 and promoted Ang-2 
expression in endothelial cells by combining to ETA 

R which located at podocytes, the disruption of Ang-1/ 
Ang-2 induced the glomerular endothelial cell apoptosis 
and podocytes injury. This study found the new pathway 
in renal endothelial cells and podocytes cross talking. 
Suggesting that the ETAR inhibitor may have 
a significant effect in reducing renal endothelial cell 
injury. There are several limitations of this study. The 
first limitation was that the glomerular endothelial cells 
and podocytes could not be separated due to technical 
limitations. The second limitation was that the TCE 
sensitized kidney injury was a kind of immune injury 
in this study; the model could not be well mimicked 
using in vitro cell experiments.

Conclusion
ET-1/ETAR-Angs/Tie-2 pathway mediated the injury 
between glomerular endothelial cells and podocytes. 
BQ123 alleviated the endothelial cells and podocyte 

Figure 12 Protein levels of ETAR, Ang-1, Ang-2, Tie-2 and pTie-2. (A) showed the Western blot results of renal ETAR, Ang-1, Ang-2, Tie-2 and pTie-2. (B–F) showed the 
optical density values of ETAR, Ang-1, Ang-2, Tie-2 and pTie-2 respectively. Compared to solvent control group, ETAR and Ang-2 significantly increased while Ang-1 
decreased in TCE sensitized positive group. The ETAR inhibitor BQ123 downregulated ETAR and Ang-2 expression levels and upregulated Ang-1 and pTie-2 expression levels 
significantly. *P<0.05.
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injury and renal inflammation by promoting Ang-1 
expression and inhibiting Ang-2 expression. This 
study added a piece of important information for 
a better understanding of the mechanisms underlying 
TCE-induced renal injury. The expression of 

Endothelin-1 could affect renal podocyte injury, sug
gest that the disorder of vascular endothelial system 
may exist in OMLDT patients. This conclusion pro
vided a new treatment direction for TCE-induced kid
ney immune injury.

Figure 13 Protein levels of ETBR, Ang-1, Ang-2, Tie-2 and pTie-2. (A) showed the Western blot results of renal ETBR, Ang-1, Ang-2, Tie-2 and pTie-2. (B–F) showed the 
optical density values of ETBR, Ang-1, Ang-2, Tie-2 and pTie-2 respectively. ETBR and Ang-2 increased in TCE sensitized positive group, Ang-1 decreased in TCE sensitized 
positive group. ETBR was inhibited by BQ788, but Ang-2 was not inhibited by BQ788, Ang-1 and pTie-2 were not promoted by BQ788. *P<0.05.

Figure 14 The location of ET-1 (×400). ET-1 was mainly expressed on endothelial cells. Yellow arrow: endothelial cells.
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Figure 15 The location of ETAR (×400). ETAR was mainly expressed on podocytes. Red arrow: podocytes.

Figure 16 The location of Ang-1 (×400). Ang-1 was mainly expressed on podocytes. Red arrow: podocytes.

Figure 17 The location of Ang-2 (×400). Ang-2 was mainly expressed on endothelial cells. Yellow arrow: endothelial cells.
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