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Abstract. Asymmetric dimethylarginine (ADMA), an endog-
enous nitric oxide synthase (NOS) inhibitor, accumulates in 
plasma during chronic kidney disease (CKD). High plasma 
levels of ADMA can increase transforming growth factor-β 
(TGF-β) expression, related to renal fibrosis, but the precise 
molecular mechanism is not explicit. The present study was 
designed to determine the mechanism through which long-term 
low-dose ADMA induces TGF-β expression in endothelial 
cells and to investigate the molecular mechanism of its action. 
Human umbilical vein endothelial cells (HUVECs) were 
exposed to low-dose ADMA (5 and 10 µmol/l) for 7 passages 
and TGF-β expression was determined. Human renal glomer-
ular endothelial cells (HRGECs) were exposed to high-dose 
ADMA (100 µmol/l) which were used to clarify the molecular 
mechanism. The results showed that long-term low-dose 
ADMA (5 and 10 µmol/l) increases TGF-β production in both 
mRNA and protein levels in HUVECs in a time-dependent 
manner. We confirmed that exogenous ADMA (100 µmol/l) 
significantly enhanced stress fiber formation in HRGECs and 
upregulated TGF-β expression. Such effects of ADMA in 
HRGECs were inhibited by pre-treatment with actin depoly-
merizing agent, actin stabilizing agent, p38 MAPK inhibitor 
and NADPH oxidase inhibitor. In addition, we demonstrated 
that ADMA (100  µmol/l) significantly activated nuclear 
factor-κB (NF-κB) in HRGECs, which was markedly attenu-
ated by actin depolymerizing agent, actin stabilizing agent, p38 
MAPK inhibitor and NADPH oxidase inhibitor. In brief, the 
present study demonstrated that long-term low-dose ADMA 
induces TGF-β expression in endothelial cells at both the gene 

and protein levels. The actin cytoskeleton may be involved 
in modulation of ADMA-induced NF-κB activation and the 
ensuing TGF-β expression in HRGECs.

Introduction

Nitric oxide (NO) is synthesized by stereospecific oxidation of 
terminal guanidine nitrogen of L-arginine by the action of the 
NO synthase (NOS) (1). The synthesis of NO can be blocked 
by inhibition of the NOS active site with guanidine-substituted 
analogues of L-arginine, such as asymmetric dimethylarginine 
(ADMA) (2,3), which is an important risk factor for endothe-
lial dysfunction.

Numerous studies have revealed that a high level of ADMA 
is associated with increased renal oxidative stress (ROS) (4,5) 
and activated the oxidant-responsive transcription factor 
nuclear factor-κB (NF-κB), which enhanced cytokine expres-
sion in human endothelial cells (6). Furthermore, in hepatic 
stellate cells, treatment with ADMA significantly increased 
the intracellular ROS production and activated NF-κB. 
The effects of ADMA on the level of transforming growth 
factor-β (TGF-β) mRNA could be markedly attenuated by 
pre-treatment with antioxidant pyrrolidine dithiocarbamate 
(7). We, and others, have demonstrated that actin cytoskeleton 
modulates ADMA-induced NF-κB nuclear translocation in 
previous studies, which plays a critical role on endothelial 
cell dysfunction (8,9). ADMA can also increase endothelial 
permeability, which may involve the p38 MAPK and NADPH 
signal pathway (10).

ADMA is considered an independent mortality and cardio-
vascular risk factor in chronic kidney disease (CKD) patients 
(11-13). Matsumoto et al (14) indicated that high plasma levels 
of ADMA are associated with decreased number of peritubular 
capillaries, increased tubulointerstitial fibrosis, TGF-β expres-
sion and proteinuria levels in five-sixths subtotal nephrectomy 
(Nx) rats. These data and similar observations of other authors 
suggest that ADMA may contribute to the progression of CKD 
(14-16). Furthermore, ADMA exposure induced glomerular 
and vascular fibrosis as evidenced by the elevated deposits of 
collagens I, III and fibronectin, suggesting that in pathophysi-
ological conditions of endothelial dysfunction, the exaggerated 
endogenous synthesis of ADMA could contribute to CKD 
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progression by extracellular matrix synthesis (17). It was 
accepted that TGF-β was related to renal fibrosis. However, the 
precise molecular mechanisms underlying ADMA-induced 
TGF-β expression is not explicit.

In addition, the current experimental research uses, 
primarily, high concentration (10-500 µmol/l) and short-term 
(12-24 h) incubation conditions to study the cellular effects 
of ADMA. However, the level is lower (1-10 µmol/l) and the 
affliction proceed during the whole period in the high blood 
level ADMA diseases, such as CKD, cardiovascular disease 
(CVD), hypertension, and diabetes. The present study was 
designed to determine the effects of long-term low-dose 
ADMA on the TGF-β expression in endothelial cells and to 
investigate the underlying molecular mechanisms.

Materials and methods

Cell culture. Primary human renal glomerular endothelial 
cells (HRGECs) and primary human umbilical vein endothe-
lial cells (HUVECs) were purchased from ScienCell Research 
Laboratories (San Diego, CA, USA). Both were cultured 
in endothelial cell medium (ECM) (ScienCell Research 
Laboratories) containing 5% fetal bovine serum (FBS), 
1% endothelial cell growth supplement (ECGS) and 1% peni-
cillin/streptomycin solution (P/S).

The medium of HRGECs was changed every two days. 
Actively growing HRGECs at the third to the fifth passage 
were used for experiments.

HUVECs were used in the long-term low-dose ADMA 
stimulation. ADMA was replaced every 48 h starting at the 
fourth passage until the ninth passage. After reaching conflu-
ence (between 8-9 days), endothelial cells were trypsinized 
and seeded at a density of 2,500 cells/cm2 per 25 cm2 flasks. 
Following detachment with trypsin telomerase activity, mRNA 
and protein levels of TGF-β expression were analyzed.

Western blot analysis. Cells were lysed with RIPA lysis buffer. 
Protein concentrations were determined using a BCA assay, 
soluble proteins were separated on 12% SDS-polyacrylamide 
gels and transferred to polyvinylidene difluoride membranes. 
Nonspecific membrane binding was blocked for 1 h at room 
temperature with 5% BSA (or milk) in phosphate-buffered 
saline containing 0.05% Tween-20. Membranes were incu-
bated overnight at 4˚C with primary antibodies (1:50; Beijing 
Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, 
China). After washing, membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies for 1-2 h 
at room temperature in blocking buffer. Signals generated by 
the chemiluminescent substrate were captured by ECL plus 
reagent (Sun Bio Corp., Beijing, China), and the images were 
analyzed by densitometry using Labworks Image Acquisition 
and Analysis Software (Ultra-Violet Products, Ltd., Cambridge, 
UK). Protein bands were quantified by densitometry using the 
analysis software Image.

Quantitative real-time PCR. Total-RNA was isolated from cells 
using the TRIzol reagent (Invitrogen, USA) and was quantified 
by analysis of absorbance at 260 nm. Relative gene expression 
levels were calculated using the comparative threshold-cycle 
method of quantitative PCR, with data normalized to GAPDH 

and expressed relative to untreated controls. Real-time PCR 
was performed using the BioEasy SYBR-Green I Real-Time 
PCR kit (Bioer Technology Co., Ltd, China), according to 
the manufacturer's instructions. The primers used to amplify 
TGF-β were: 5'-GCCAGAGTGGTTATCTTTTGATG-3' and 
5'-AGTGTGTTATCCCTGCTGTCAC-3'. The total volume 
used in PCR was 20 µl. All experiments were performed in 
triplicate.

Electrophoretic mobility shift assay (EMSA). Ten micrograms 
of nuclear extract were incubated with 1 µg of poly(dI-dC) in a 
binding buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.5 mM 
dithiothreitol, 10% glycerol, 20 µl final volume) for 15 min at 
room temperature. Then, end-labeled double-stranded oligo-
nucleotides containing an NF-κB site (30,000 cpm each) were 
added and the reaction mixtures were incubated for 15 min 
at room temperature. The DNA-protein complexes were 
resolved in 5% native polyacrylamide gel electrophoresis 
in low ionic strength buffer (0.25X Tris borate/EDTA). The 
oligonucleotide used for the gel shift analysis was NF-κB 
5'-AGTTGAGGGGACTTTCCCAGGC-3'. The sequence 
motifs within the oligonucleotides are underlined.

Immunofluorescence. Cells grown on coverslips were fixed in 
3.7% paraformaldehyde/PBS for 30 min and permeabilized 
with 0.1% Triton X-100 for 10 min. Cells were incubated with 
fluorescein isothiocyanate-phalloidin (FITC-phalloidin) for 
60 min at room temperature to localize F-actin filaments. 
Single plain images of the cells were obtained by confocal laser 
scanning microscopy (Leica TCS SP5, Mannheim, Germany).

Statistical analysis. Data are expressed as the means ± SD. 
Comparisons between more than two conditions were 
performed with the one-way ANOVA test followed by the LSD 
and SNK test (western blot analysis and real-time PCR data). 
P<0.05 was considered to indicate statistically significant 
differences. All tests were performed with SPSS version 17.0.

Results

Long-term low-dose ADMA increases TGF-β production in 
HUVECs. HUVECs were cultured until the ninth passage 
and incubated in the presence of different low-dose concen-
trations of ADMA (5 and 10 µmol/l), which were replaced 
every 48 h starting from the fourth passage. Both protein 
(Fig. 1A, C and E) and mRNA (Fig. 1B, D and F) levels of 
TGF-β were determined at the fifth, seventh, and ninth passage. 
In each passage (P5, P7, P9), both concentrations of ADMA 
(5 and 10 µmol/l) significantly increased TGF-β production 
compared with untreated cells. More obvious effects were 
observed in the higher concentration.

Long-term low-dose ADMA increases TGF-β production 
in HUVECs in a time-dependent manner. To investigate the 
correlation between TGF-β expression and ADMA, HUVECs 
were cultured until the ninth passage and incubated in the 
presence of low-dose of ADMA (5 and 10 µmol/l), which was 
replaced every 48 h starting from passage four. Both protein 
(Fig. 2A, C and E) and mRNA (Fig. 2B, D and F) levels of 
TGF-β were determined at the third, fifth, seventh, and ninth 
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passage. The results showed that both the mRNA and protein 
levels of TGF-β were increased in a time-dependent manner 
(Fig. 2C-F) in the cells exposed to low-dose ADMA. The 
time-dependent manner was absent in control cells without 
ADMA stimulation (Fig. 2A and B).

Since TGF-β, a pleiotropic cytokine, is also present in 
control cells, and is involved in the effects of cell apoptosis, 
the following formula was used for correction:

Relative TGF-β expression = TGF-β expression in ADMA-
stimulated (5 and 10 µmol/l) cells/TGF-β expression in control 
cells.

In Fig. 3, the changes in TGF-β production in endothelial 
cells are shown as a function of passage number. Treatment 
of cultured endothelial cells with ADMA (5 and 10 µmol/l) 
significantly increased TGF-β production compared with 
untreated cells in a time-dependent manner.

Reorganization of actin filaments inhibits ADMA-induced 
stress fiber formation and TGF-β expression in HRGECs. 
To address the role of actin cytoskeleton in the mechanism 
of ADMA-induced NF-κB activation in HRGECs, we firstly 
evaluated the effect of reorganizing actin filaments on NF-κB-
dependent reporter gene activity. We used the four types 
of agents which can prevent the formation of actin stress 
fibers induced by ADMA. Analysis by immunofluorescence 

microscopy of HRGECs showed that the cells of the control 
group were polygonal in shape and F-actin was found mostly 
in the cortical regions comprising the cortical actin bands 
(Fig. 4A), which rearranged into stress fibers after treatment 
with ADMA (Fig.  4B). Pre-treatment with 5 µM Cyto D, 
the prototypic actin depolymerizing drug, induced obvious 
destabilization of the actin filaments and then prevented the 
formation of stress fibers induced by ADMA (Fig. 4E). Similar 
effects were observed with the presence of SB 203580, the p38 
MAPK inhibitor (Fig. 4C), apocynin, the NADPH oxidase 
inhibitor (Fig. 4D), and Jas, the prototypic actin stabilizing 
drug (Fig. 4F).

Since NF-κB is an essential regulator of TGF-β tran-
scription, we determined if the effects of reorganization of 
the actin filaments on NF-κB activity are reproduced on 
ADMA-induced TGF-β expression in HRGECs. Western 
blot analysis showed that HRGECs exposed to ADMA 
(100 µmol/l) expressed much higher levels of TGF-β than 
control cells and the increased TGF-β protein was signifi-
cantly inhibited in cells pre-treated with Cyto D (5 µmol/l) 
or Jas (1 µmol/l) for 30 min (Fig. 5A). However, the drugs 
per se have no significant effect on TGF-β expression. The 
similar inhibition of ADMA-induced TGF-β expression was 
also observed from the pre-treatment of p38 MAPK inhibitor 
and NADPH oxidase inhibitor (Fig. 5B).

Figure 1. Effects of different levels of ADMA on TGF-β expression in HUVECs. (A-E) HUVECs were incubated with ADMA (5 and 10 µmol/l) starting from 
the fourth passage and replaced every 48 h. (A) mRNA level of TGF-β expression was measured with western blot analysis in passage five. (B) Protein level of 
TGF-β expression was measured with real-time PCR in passage five. (C) mRNA level of TGF-β expression was measured with western blot analysis in passage 
seven. (D) Protein level of TGF-β expression was measured with real-time PCR in passage seven. (E) mRNA level of TGF-β expression was measured with 
western blot analysis in passage nine. (F) Protein level of TGF-β expression was measured with real-time PCR in passage nine. Results are presented as the 
means ± SD from three independent experiments. *P<0.05, compared with control cells.
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Reorganization of actin filaments prevents ADMA-induced 
NF-κB DNA binding activity. The results of EMSA revealed 
that the control group showed a faint shift, while the cells 

exposed to ADMA (100 µmol/l) produced a strong shift. In 
subsequent experiments, it was found that both Cyto D and 
Jas reduced the DNA binding of NF-κB in response to ADMA 

Figure 2. Effects of different concentrations of ADMA on TGF-β expression in HUVECs. (A-E) HUVECs were cultured until the ninth passage and incubated in 
the presence of low-dose concentrations of ADMA (5 and 10 µmol/l), which were replaced every 48 h starting from passage four. The cells at passage three without 
ADMA stimulation were used as control cells. (A) mRNA level of TGF-β expression was measured with western blot analysis in control cells with different pas-
sages. (B) Protein level of TGF-β expression was measured with real-time PCR in control cells with different passages. (C) mRNA level of TGF-β expression was 
measured with western blot analysis in 5 µmol/l ADMA-stimulated cells with different passages. (D) Protein level of TGF-β expression was measured with real-
time PCR in 5 µmol/l ADMA-stimulated cells with different passages. (E) mRNA level of TGF-β expression was measured with western blot analysis in 10 µmol/l 
ADMA-stimulated cells with different passages. (F) Protein level of TGF-β expression was measured with real-time PCR in 10 µmol/l ADMA-stimulated cells 
with different passages. Results are presented as the means ± SD from three independent experiments. *P<0.05, compared with control cells.

Figure 3. Effects of long-term low-dose ADMA on TGF-β expression in HUVECs. HUVECs were cultured until the ninth passage and incubated in the pres-
ence of low-dose concentrations of ADMA (5 and 10 µmol/l), which were replaced every 48 h starting from passage four. The cells at passage three without 
ADMA stimulation were used as control cells. (A) mRNA level of TGF-β expression in ADMA-treated cells was measured with western blot analysis using the 
corrected formation. (B) Protein level of TGF-β expression in ADMA-treated cells was measured with real-time PCR using the corrected formation. Results 
are presented as the means ± SD from three independent experiments. *P<0.05, compared with control cells.
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challenge (Fig. 6A). The similar inhibition of ADMA-induced 
NK-κB nuclear translocation was also observed from the 
cells pretreated by p38 MAPK inhibitor and NADPH oxidase 
inhibitor (Fig. 6B).

Discussion

The main purpose of this study was to demonstrate that 
ADMA, the endogenous NOS inhibitor, can induce TGF-β 

Figure 4. Effects of ADMA and interferents on actin stress fiber formation in HRGECs. HRGECs were stained with FITC-phalloidin to visualize F-actin by 
immunofluorescence microscopy after the treatment. (A) Before the treatment. (B) After the treatment of 100 µM ADMA for 24 h. (C-F) Pre-treatment of 
interferent [(C) 10 µM SB 203580, (D) 100 µM apocynin, (E) 5 µM Cyto D, (F) 1 µM Jas] for 30 min prior to challenge with 100 µM ADMA for 24 h.

Figure 5. (A) Effects of stabilization and destabilization of the actin filaments on ADMA-induced TGF-β expression; (B) effects of p38 MAPK inhibitor and 
NADPH oxidase inhibitor of the actin filaments on ADMA-induced TGF-β expression. Data are presented as the means ± SD from three independent experi-
ments. Different from controls (*P<0.05); different from ADMA-stimulated cells (#P<0.05).
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expression in endothelial cells, and that cytoskeleton organiza-
tion may be involved in modulating ADMA-induced NF-κB 
activation and the ensuing TGF-β expression in HRGECs.

NF-κB is a ubiquitously expressed family of transcription 
factors controlling varied biological effects ranging from 
inflammatory, oxidative stress, and stress-induced responses 
to cell fate decisions such as proliferation, differentiation, 
tumorigenesis, and apoptosis (18-20). Fazal et al (9) revealed 
the existence of actin cytoskeleton-dependent and -independent 
pathways that may be involved in a stimulus-specific manner to 
facilitate NF-κB nuclear import and thereby ICAM-1 expres-
sion in endothelial cells. We have already confirmed that 
stabilization and destabilization of the actin filaments prevented 
ADMA-induced NF-κB activation and the ensuing cytokine 
production in HUVECs (8). However, it was confirmed that 
the actin organization responses to ADMA challenge and the 
subsequent NF-κB activation are cell type specific (21), and, to 
date, how cytoskeleton responds to ADMA stimulation and the 
role of cytoskeleton reorganization in ADMA-induced NF-κB 
activation in HRGECs has yet to be investigated. In the present 
study, we demonstrated that ADMA significantly enhanced 
the stress fiber formation and active DNA binding of NF-κB 
in HRGECs, and such effects were inhibited by pre-treatment 
with actin depolymerizing or stabilizing drug.

Previous studies have demonstrated that the p38 MAPK 
and NADPH pathways may be involved in the cytoskeleton 
formation. Accumulating evidence suggests that ROS are 
important regulators of the actin cytoskeletal dynamics and 
cellular motility, and an important source of ROS within 
endothelial cells is the non-phagocytic NADPH oxidase (22). 
It has been demonstrated that NADPH oxidase activation and 
the ensuing ROS production associated with actin or with 
the F-actin binding protein moesin (23-25), dramatically 
increasing the speed of actin polymerization. Furthermore, 
phosphorylation of Hsp27, the downstream effector of p38 
(26), leads to dissociation of multimers and promotes actin 
polymerization (27). Inhibiting p38 can inhibit stress fiber 

formation in adherent cells and lead to a decrease in cell 
permeability (28-30). We have already confirmed that ADMA 
increases endothelial permeability, which may involve the p38 
MAPK and NADPH oxidase pathway in HUVECs (10). In the 
experiments presented here, it has been demonstrated that the 
inhibition of the p38 MAPK pathway and NADPH oxidase 
activation can inhibit the ADMA-induced NK-κB activa-
tion via decreasing cytoskeleton reorganization in HRGECs, 
suggesting the cytoskeleton is involved in modulating the 
NF-κB nuclear transcription.

Findings of this study show that the inhibition of NOS by 
ADMA increased the expression of TGF-β in HUVECs after 
the repeated addition of ADMA. ADMA is considered an 
independent mortality and cardiovascular risk factor in CKD 
patients (11-13), possibly contributing to the progression of 
CKD (14-16). Evidence has implicated TGF-β as a major caus-
ative agent in the pathogenesis of tubulointerstitial fibrosis in 
CKD (31,32). Recently, blockade of NOS or NO deficiency was 
reported to promote cardiac or renal fibrosis, respectively, via 
induction of TGF-β (33,34), thus suggesting the pathological 
role for the ADMA-elicited NO reduction in fibrosis in various 
aggressive disorders. Mihout et al (17) demonstrated that high 
levels of ADMA induced renal TGF-β production associated 
with increased renal oxidative stress in uninephrectomized 
mice, dimethylarginine dimethylaminohydrolase (DDAH) 
ameliorated the renal dysfunction by reducing ADMA 
accumulation (14), while the precise molecular mechanisms 
were not explicit. It is known that ADMA increases TGF-β 
expression via the NO/NF-κB pathway in hepatic stellate cells, 
while there is no report on ADMA-induced NF-κB activity 
and the ensuing TGF-β expression in endothelial cells. Our 
study demonstrated that ADMA-induced TGF-β expression 
is associated with NF-κB activity, but whether other pathways 
are also involved in the effect remains to be confirmed in 
future studies.

TGF-β, a pleiotropic cytokine, regulates cell proliferation, 
differentiation, and apoptosis, and plays a key role in develop-

Figure 6. (A) Effects of stabilization and destabilization of the actin filaments on ADMA-induced DNA binding of NF-κB; (B) effects of p38 MAPK inhibitor 
and NADPH oxidase inhibitor on ADMA-induced DNA binding of NF-κB. Data are presented as the means ± SD from three independent experiments. 
Different from controls (*P<0.05); different from ADMA-stimulated cells (#P<0.05).
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ment and tissue homeostasis. Hence, in untreated cells, TGF-β 
also expressed along with the growth of cells. The results 
presented here show that in the control cells without ADMA 
stimulation, TGF-β expression was not time-dependent. We 
analyzed the relative TGF-β expression using the corrected 
formula mentioned previously to exclude the influencing factor 
with the normal cell apoptosis and other cell homeostasis. The 
experiment demonstrated that long-term low-dose ADMA 
increased TGF-β production in both mRNA and protein levels 
in HUVECs in a time-dependent manner.

Moreover, in this investigation, more obvious TGF-β 
production was observed in the higher ADMA concentration. 
Hence we can assume that ADMA accumulated in the progres-
sion of CKD, associated with the higher blood concentration, 
induced the TGF-β production in endothelial cells along with 
the extension of stimulation time, which could cause the renal 
fibrosis.

The dose of ADMA used in previous in vitro studies was 
usually relatively high (100 µmol/l), however the blood level of 
ADMA is 1-10 µmol/l reported in patients with chronic renal 
disease. We demonstrated that long-term low-dose of ADMA 
induces TGF-β expression in endothelial cells via NF-κB 
activation and highlighted the cytoskeleton related pathways 
responsible.

To date, the technology of extracting HRGECs has not 
been improved significantly. In our experiment, the cells 
failed to grow at the fifth or sixth passage, hence the long-term 
stimulation can not be implemented in HRGECs and we used 
HUVECs to replace them. They have common endothelial 
cell characteristics and HUVECs have also been studied 
extensively in kidney research. Whether long-term low-dose 
ADMA challenge induces cytokine expression in HRGECs 
remains to be studied.

Furthermore, while there is emerging evidence that the reor-
ganization of cytoskeleton in endothelial cells can be protectable 
for endothelial dysfunction, it remains to be determined whether 
it can protect the renal fibrosis in further in vivo studies.

In summary, the present study demonstrated that long-term 
low-dose ADMA induces TGF-β expression in endothelial 
cells at both the gene and protein level, which may be involved 
in the development of renal fibrosis. Actin cytoskeleton may be 
involved in modulated ADMA-induced NF-κB activation and 
the ensuing TGF-β expression in HRGECs.
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