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levels of nitrite/nitrate, upregulated CXCR 2  gene expression, 
increased endothelial cell binding with monocytes and acti-
vated the NF- � B pathway, which was inhibited by pretreat-
ment with losartan or  L -arginine. These data suggest that 
ADMA is a potential proinflammatory factor and may be in-
volved in the inflammatory reaction induced by Ang II. 

 Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Angiotensin II (Ang II), the core composition of the 
renin-angiotensin system (RAS), may promote athero-
genesis by stimulating cell growth and proliferation, oxi-
dative stress, cell adhesion and release of chemotactic fac-
tors and cytokines. The traditional role of RAS has been 
updated by the concept that Ang II is a potent proinflam-
matory substance. It has been demonstrated that Ang II 
induces monocyte chemoattractant protein-1 (MCP-1) 
and interleukin-8 (IL-8) release via activation of the nu-
clear factor (NF)- � B pathway  [1] . A large scale of clinical 
studies have demonstrated that blockade of Ang II by an-
giotensin-converting enzyme inhibitor (ACEI) or AT 1  re-
ceptor antagonist reduces the incidence of cardiovascular 
events in patients with hypertension, atherosclerosis (AS) 
and after myocardial infarction  [2–4] .
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 Abstract 
 Previous investigations have demonstrated that angiotensin 
(Ang) II induces inflammatory reactions and asymmetric
dimethylarginine (ADMA), an endogenous NOS inhibitor, 
might be a novel inflammatory factor. Endothelial cell acti-
vation was induced by incubation with Ang II or ADMA. In-
cubation with Ang II (10 –6   M ) for 24 h elevated the levels of 
ADMA and decreased the levels of nitrite/nitrate concomi-
tantly with a significant increase in the expression of protein 
arginine methyltransferase and a decrease in the activity of 
dimethylarginine dimethylaminohydrolase (DDAH). Expo-
sure to Ang II (10 –6   M  for 24 h) also enhanced intracellular ROS 
elaboration and the levels of tumor necrosis factor (TNF)- �  
and interleukin (IL)-8, upregulated chemokine receptor 
CXCR 2  mRNA expression, increased adhesion of endothelial 
cells to monocytes and induced a significant increase in the 
activity of nuclear factor (NF)- � B, which was attenuated by 
pretreatment with the Ang II receptor blocker losartan (1, 3 
and 10  �  M ). Exogenous ADMA (30  �  M ) also increased ROS 
generation and the levels of TNF- �  and IL-8, decreased the 
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  There is growing evidence that a profound inflamma-
tory response exists in the hypertensive arterial wall, e.g. 
in AS. The initial step of this inflammatory response is 
characterized by adhesion of monocytes to injured endo-
thelium in the arterial wall. IL-8 is a powerful trigger for 
firm adhesion of monocytes to vascular endothelium. 
The CXCR 2  receptor, which is activated by IL-8 and 
growth-regulated oncogene, is a G-protein-coupled re-
ceptor expressed in neutrophils, monocytes, endothelial 
cells, some fibroblasts and cancer cells  [5] . It was report-
ed that CXCR 2  is highly expressed on macrophages in AS 
lesions, and CXCR 2  deficiency markedly attenuates AS 
progression in mice  [6] , suggesting that the IL-8/CXCR 2  
pathway appears to be involved in the adhesion of mono-
cytes at inflammatory sites contributing to the develop-
ment of AS.

  Impaired endothelium-dependent vasodilation is the 
primary trigger of some cardiovascular diseases such as 
hypertension or AS. Previous investigations have demon-
strated that asymmetric dimethylarginine (ADMA), 
which can competitively inhibit the activity of nitric ox-
ide synthase (NOS), is an important risk factor contribut-
ing to endothelial dysfunction. It was reported that in 
cultured endothelial cells, ADMA upregulates the ex-
pression of MCP-1 and increases endothelial adhesion to 
monocytes via an increase in the activity of NF- � B  [7] ; in 
activated macrophages, ADMA elevates the expression of 
lectin-like ox-LDL receptor (LOX-1) and ox-LDL uptake 
to facilitate foam cell formation  [8] . Thus, besides the de-
crease in the synthesis of NO, ADMA might be a novel 
inflammatory factor. Previous studies have shown that 
RAS may play an important role in the elevation of the 
ADMA level in hypertensive patients, and blockade of 
Ang II by ACEI or Ang II receptor blocker (ARB) signif-
icantly attenuates the elevated level of ADMA, resulting 
in endothelial protection  [9–11] . The present study was 
designed to examine whether ADMA plays an important 
role in inflammatory reactions induced by Ang II and to 
explore possible molecular mechanisms.

  Materials and Methods  

 Reagents 
 Human umbilical vein endothelial cells (HUVECs, ATCC) 

were obtained from the Tumor Research Institute of the Beijing 
Medical University (Beijing, China). Human monocytoid cells 
(THP-1, ATCC) were purchased from the Cell Culture Center of 
the Xiang-Ya Medical School (Changsha, China). Dulbecco’s 
modified Eagle’s medium (DMEM), RPMI-1640, benzylpenicil-
lin and streptomycin were obtained from Gibco-BRL. Fetal bo-
vine serum (FBS) was obtained from Sijiqing Biological Engineer-

ing Materials (Hangzhou, China). ADMA standard, Ang II,  L -ar-
ginine, trypan blue and monoclonal anti-protein arginine 
methyltransferase (PRMT) I were purchased from Sigma.   Losar-
tan was freely supplied by Merck.  � -[ 32 P]ATP was obtained from 
the Furui Biological Engineering Institute (Beijing, China). NO 
assay kits were purchased from the Juli Biological Medical Engi-
neering Institute (Nanjing, China).   ROS detection kits and BCA 
protein kits were purchased from Beyotime (Jiangsu, China).
ELISA kits for the measurement of tumor necrosis factor
(TNF)- �  and IL-8 were obtained from Senxiong Biological 
(Shanghai, China). Western blotting kits and horseradish peroxi-
dase-conjugated goat anti-rabbit secondary antibody were pur-
chased from KPL. First-strand cDNA synthesis kit was obtained 
from Fermentas. The primers of CXCR 2  and  � -actin were synthe-
sized by Shanghai Biological and Engineering Technology (Shang-
hai, China). TRIzol, a gel shift assay system for the determination 
of NF- � B activity, and the probe of NF- � B were obtained from 
Promega. 

  Cell Culture and Treatment 
 Endothelial cells were cultured in DMEM containing 10% 

FBS, 100 U/ml benzylpenicillin and 100  � g/ml streptomycin at 
37   °   C in a humidified atmosphere of 5% CO 2 . When the cells 
reached subconfluence, cells were transferred to 6-well culture 
dishes at an optimal density of 10 5  cells/ml. Before the experi-
ment, the conditioned medium was replaced by the medium con-
taining 1% FBS for 24 h. THP-1 cells were cultured in RPMI-1640 
containing 15% FBS, 100 U/ml benzylpenicillin and 100  � g/ml 
streptomycin. The viability of endothelial and monocytic cells 
was assessed by trypan blue exclusion before the experiment, and 
only cells with a viability  1 95% were used in the experiment.

  Endothelial cell activation was induced by incubation with 
different concentrations of Ang II (10 –9  to 10 –6   M ) for various 
times (1–48 h). For losartan, endothelial cells were exposed to 
losartan (1, 3 or 10  �  M ) for 1 h and then incubated with Ang II 
(10 –6   M ) for 4  or 24 h in the presence of losartan. For  L -arginine, 
cells were exposed to  L -arginine (0.5 m M ) for 1.5 h, and then in-
cubated with Ang II (10 –6   M ) for 4 or 24 h in the presence of  L -ar-
ginine. In order to clarify whether ADMA triggers inflammatory 
actions induced by Ang II, exogenous ADMA (30  �  M ) was used 
in the present study.

  Determination of Nitrite/Nitrate Concentrations 
 The NO level in the medium was indirectly determined by the 

nitrite and nitrate contents. As previously described  [12] , nitrate 
was converted to nitrite with  Aspergillus  nitrite reductase, and the 
total nitrite was measured with the Griess reagent. Absorbance 
was determined at 540 nm with a spectrophotometer.

  Determination of ADMA Concentration 
 The conditioned medium was deproteinized with 5-sulfosali-

cylic acid. Using high-performance liquid chromatography 
(HPLC), ADMA content was assessed in the supernatant accord-
ing to a previous method  [13] . HPLC was carried out using a Shi-
madzu LC-6A (Shimadzu, Kyoto, Japan) liquid chromatograph 
connected with a Shimadzu SCL-6A system controller and a
Shimadzu SIC-6A autosampler.  O -Phthaldialdehyde adducts of 
methylated amino acids and internal standard ADMA produced 
by precolumn mixing were monitored using a model RF 530 fluo-
rescence detector set at  �  ex  = 338 nm and  �  em  = 425 nm on a Re-
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solve C 18  column. Samples were eluted from the column using a 
linear gradient containing mobile phase A composed of 0.05  M  
(pH 6.8) sodium acetate-methanol-tetrahydrofuran (81:   18:   1,
v:v:v) and mobile phase B composed of 0.05 m M  sodium ace-
tate-methanol-tetrahydrofuran (22:   77:   1, v:v:v) at a flow-rate of
1 ml/min.

  Western Blotting to Determine PRMT Protein Expression 
 Subsequent to the different treatments, endothelial cells were 

lysed in SDS sample buffer containing 62.5 m M  Tris (pH 6.8), 2% 
SDS (w/v), and 10% glycerol. Samples were heated at 95   °   C for
5 min, and proteins of equal concentration (100  � g) were sepa-
rated by 12% SDS-PAGE. Then proteins were electrophoretically 
transferred to nitrocellulose membranes, and the membranes 
were blocked for 1 h with 1% blocked milk. After blocking, the 
membranes were incubated in the primary monoclonal-PRMT I 
antibody (1:   1,000) at 4   °   C overnight. Membranes were washed in 
TBST for 1 h before incubation for 1 h in goat anti-rabbit second-
ary antibody (1:   1,000). Then membranes were washed in TBST 
for 1 h and developed with an enhanced chemiluminescence kit.

  Dimethylarginine Dimethylaminohydrolase Activity Assay 
 The activity of dimethylarginine dimethylaminohydrolase 

(DDAH) in endothelial cells was estimated by directly measuring 
the amount of ADMA metabolized by the enzyme  [14] . In an ice 
bath, cell lysates were divided into two groups, and ADMA was 
added (final concentration 500  �  M ). To inactivate DDAH, 30% 
5-sulfosalicylic acid was immediately added to one experimental 
group. This group provided a baseline of 0% DDAH activity. The 
other lysate was incubated at 37   °   C for 2 h before the addition of 
30% 5-sulfosalicylic acid. The ADMA levels in each group were 
measured by HPLC as described above. The difference in ADMA 
concentrations between two groups reflects DDAH activity. For 
every experiment, DDAH activity of cells in the control group is 
defined as 100%, and DDAH activity in other conditions was ex-
pressed as the percentage of metabolized ADMA compared with 
the control.

  ROS Determination  
 Changes in intracellular ROS levels were determined by mea-

suring the oxidative conversion of cell-permeable 2 � ,7 � -dichloro-
fluorescein diacetate (DCFH-DA) to fluorescent dichlorofluores-
cein (DCF) using a fluorospectrophotometer (F4000, Japan). 
Cells in 6-well culture dishes were incubated with Ang II (10 –6   M ) 
or ADMA (30  �  M ) for various times (1–48 h) in the absence or 
presence of losartan (1, 3 or 10  �  M ) or  L -arginine (0.5 m M ). The 
cells were washed with DMEM and incubated with DCFH-DA at 
37   °   C for 20 min. DCF fluorescence distribution in 20,000 cells 
was detected fluorospectrophotometrically at an excitation wave-
length of 488 nm and at an emission wavelength of 525 nm.

  Reverse Transcription-PCR Analysis 
 Total mRNA was extracted from cells in 6-well culture dishes 

using TRIzol. First-strand cDNA was then synthesized from 4  � g 
total RNA using reverse transcriptase. Primers were synthesized
as previously reported  [15] : 5 � -CGGAATTCAAATGGAAGAT-
TTTAACATGGAG-3 �  (CXCR 2 , sense), 5 � -CCGCTCGAGTTAG-
AGAGTAGTGGAAGTGTG-3 �  (CXCR 2 , antisense), amplification 
length 417 bp; 5 � -CTGTCCCTGTATGCCTCTG-3 �  ( � -actin, 
sense) and 5 � -ATGTCACGCACGATTTCC-3 �  ( � -actin, antisense), 

amplification length 218 bp. cDNA was amplified by 38 cycles at 
94   °   C for 60 s (denaturation), 58   °   C for 60 s (annealing) and an ex-
tension step at 72   °   C for 60 s. PCR products were analyzed by 2% 
agarose gel electrophoresis. The housekeeping actin gene was used 
for 28 cycles as a control to normalize relative changes in CXCR 2  
mRNA expression in reverse transcription PCR. 

  Determination of IL-8 and TNF- �  
 The levels of IL-8 and TNF- �  in the conditioned medium were 

measured using ELISA kits strictly following the instructions of 
the manufacturer.

  Static Adhesion Assays 
 Endothelial cells were plated into 12-well dishes and treated 

with Ang II (10 –6   M ) or ADMA (30  �  M ) for 24 h in the absence or 
presence of losartan or  L -arginine; 30 min before the adhesion as-
say, endothelial cells were washed with Hanks balanced salt solu-
tion. Then THP-1 cells were diluted to a final concentration of 10 6  
cells/ml and added to each well (1 ml/well). The dishes were again 
incubated for 30 min at 37   °   C. Non-adherent THP-1 cells were 
carefully removed by washing twice with Hanks balanced salt so-
lution. Adherent THP-1 cells were counted in six high-power mi-
croscopic fields for each well. 

  Preparation of Nuclear Extracts 
 Endothelial cells were seeded into 25-cm 2  culture flasks at an 

optimal density of 10 5  cells/ml. Cells were washed with PBS twice 
and incubated with 400  � l buffer A (10 m M  HEPES, pH 7.9, 10 m M  
KCl, 0.1 m M  EDTA, 0.1 m M  EGTA, 1 m M  DTT, 0.5 m M  PMSF) for 
15 min on ice. Then 25  � l 10% NP-40 was added. After vortexing, 
cell lysates were centrifuged at 12,000  g  for 3 min at 4   °   C and
nuclei were resuspended in 50  � l of buffer B (20 m M  HEPES, pH 
7.9, 0.4  M  NaCl, 1 m M  EDTA, 1 m M  EGTA, 25% glycerin, 1 m M  
DTT and 1 m M  PMSF) and vigorously vortexed at 4   °   C for 15 min. 
Nuclear lysates were subsequently centrifuged at 12,000  g  for 
5 min, and the supernatant containing the nuclear proteins was 
carefully removed. Protein aliquots were either frozen at –70   °   C 
or immediately used for electrophoretic mobility shift assays 
(EMSA).

  EMSA 
 EMSA determining NF- � B DNA-binding activity was per-

formed by incubating aliquots of nuclear extracts containing 
15  � g of total protein with  � -[ 32 P]-labeled double-strand NF- � B-
specific oligonucleotide probe (sense: 3 � -TCAACTCCCCTGA-
AAGGGTCCG-5 � ; 5 � -AGTTGAGGGGACTTTCCCAGGC-3 � ) by 
T 4  polynucleotide kinase. The labeled probe was purified through 
Sephadex G-25. After a 10-min incubation at room temperature, 
the mixture was run on a 4% non-denaturing polyacrylamide gel 
in 0.5 !  TBE buffer. After electrophoresis, the gels were dried and 
the DNA-protein complexes were detected by autoradiography.

  Statistic Analysis 
 Results are expressed as means  8  SEM. Data were analyzed 

by ANOVA followed by the Newmann-Keuls test for multiple 
comparisons. Cell binding data are expressed as the mean relative 
number of cells binding per high power field. Statistical signifi-
cance was tested using analysis of variance followed by Fisher’s 
protected least-significant difference test. Statistical significance 
was considered if p  !  0.05.
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  Results 

 ADMA Content 
 Incubation of endothelial cells with Ang II (10 –6   M ) for 

24 h caused a significant increase in the ADMA level in 
the conditioned medium (p  !  0.01). Pretreatment with 
losartan (3 or 10  �  M ) significantly reduced the elevated 
ADMA level by Ang II (p  !  0.01).  L -arginine (0.5 m M ) 
also decreased the Ang II-induced increase in ADMA 
(p  !  0.05) ( fig. 1 ).

  NO Level 
 After incubation of endothelial cells with Ang II

(10 –6   M ) for 24 h, the level of nitrite/nitrate was markedly 
decreased in the cultured medium (p  !  0.05). Treatment 
with losartan (1, 3 or 10  �  M ) significantly attenuated the 
inhibitory effect of Ang II on nitrite/nitrate (p  !  0.05 and 
p  !  0.01). Adding  L -arginine (0.5 m M ) also recovered the 
decreased level of nitrite/nitrate by Ang II ( fig. 2 a).

  Exogenous ADMA (30  �  M ) also significantly de-
creased the nitrite/nitrate level in cultured endothelial 
cells. Pretreatment with losartan (3, 10  �  M ) attenuated 
the decreased level of nitrite/nitrate by ADMA (p  !  0.05 
and p  !  0.01). A similar effect was observed in the pres-
ence of  L -arginine (0.5 m M ;  fig. 2 b).

  Protein Expression of PRMT I 
 Compared to control, treatment with Ang II for 24 h 

concentration-dependently increased the protein expres-
sion of PRMT I in endothelial cells ( fig. 3 a). PRMT pro-
tein was not expressed in control endothelial cells at 6 h. 
Incubation with Ang II (10 –6   M ) for 12, 24 or 48 h caused 
a significant increase in the expression of PRMT I, peak-
ing at 24 h ( fig. 3 b), whereas PRMT I expression was low 
at 6 h.
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  Exposure of endothelial cells to Ang II (10 –6   M ) for
24 h increased the protein expression of PRMT I (p  !  
0.01). Pretreatment with losartan dose-dependently in-
hibited the elevated protein expression of PRMT I by Ang 
II (p  !  0.01). Treatment with  L -arginine also attenuated 
the increased expression of PRMT I by Ang II ( fig. 3 c).

  DDAH Activity 
 Compared to control, DDAH activity was significant-

ly reduced in the endothelial cells treated with Ang II 
(10 –6   M ) for 24 h (p  !  0.01). Incubation with losartan (1, 
3 or 10  �  M ) attenuated the decreased activity of DDAH 

by Ang II in a dose-dependent manner (p  !  0.01). Treat-
ment with  L -arginine had a similar effect on DDAH ac-
tivity ( table 1 ).

  IL-8 and TNF- �  Content 
 After incubation of endothelial cells with Ang II

(10 –6   M ) or ADMA (30  �  M ) for 24 h, the levels of IL-8 and 
TNF- �    were markedly increased (p  !  0.01). Pretreatment 
with losartan (1, 3 or 10  �  M ) significantly inhibited the 
increased concentration of IL-8 or TNF- �  by Ang II or 
ADMA.  L -arginine attenuated the elevated level of IL-8 
and TNF- �  by Ang II ( fig. 4 ,  5 ).

Table 1. Effect of losartan on the activity of DDAH of endothelial cells treated with Ang II

Group n ADMA0 ADMA1 D = ADMA0 – ADMA1 DDAH activity, %

Control 6 388.6827.8 315.3835.5 73.3812.7 100.0816.8
Ang II (10–6 M) 5 376.8836.6 358.8834.1 18.084.2 24.685.7a

+ Losartan (1 �M) 5 441.3840.6 355.6840.4 85.785.4 117.087.0b

+ Losartan (3 �M) 5 406.4833.8 306.4828.7 100.0814.3 136.5819.5b

+ Losartan (10 �M) 5 459.4833.0 372.0828.3 87.4813.5 119.3818.4b

+ L-arginine (0.5 mM) 7 433.9836.6 365.7834.3 68.1813.7 93.0818.7b

Data are expressed as means 8 SEM.
a p < 0.01 vs. control; b p < 0.01 vs. Ang II. ADMA0 = The levels of ADMA in the unincubated lysate;

ADMA1 = the levels of ADMA in the incubated lysate.
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  Fig. 4.  Effect of losartan (Los) on the level of TNF- �  by Ang II or 
ADMA. Data are expressed as means  8  SEM. n = 4–6.  b  p  !  0.01 
vs. control;  c  p  !  0.05,  d  p  !  0.01, vs. Ang II;  e  p  !  0.05,  f  p  !  0.01, 
vs. ADMA.  L -Arg =  L -Arginine. 

  Fig. 5.  Effect of losartan (Los) on the release of IL-8 from endo-
thelial cells treated with Ang II or ADMA. Data are expressed as 
means  8  SEM. n = 4–6.  b  p  !  0.01 vs. control;  c  p  !  0.05,  d  p  !  0.01, 
vs. ADMA;  f  p  !  0.01 vs. Ang II. 
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  CXCR 2  mRNA Expression 
 As shown in  figure 6 , treatment of endothelial cells 

with Ang II (10 –6   M ) or ADMA (30  �  M ) for 4 h signifi-
cantly upregulated the expression of CXCR 2  mRNA (p  !  
0.01). Pretreatment with losartan (1, 3 or 10  �  M )   mark-
edly inhibited the increased expression of CXCR 2  mRNA 
by Ang II or ADMA. Treatment with  L -arginine (0.5 m M ) 
also attenuated the elevated expression of CXCR 2  mRNA 
by Ang II or ADMA (p  !  0.01 and p  !  0.01).

   Monocyte Adhesion 
  Compared to control, exposure to Ang II (10 –6   M ) or 

ADMA (30  �  M ) for 24 h significantly increased the num-
ber of monocytes binding to endothelial cells (p  !  0.01). 
Pretreatment with losartan or  L -arginine markedly de-
creased the increased binding of monocytes to endothe-
lial cells by Ang II or ADMA (p  !  0.01;  table 2 ).

Table 2. Effect of Ang II or ADMA on monocytic binding to endothelial cells

Group n Cells/hpf Group n Cells/hpf

Control 6 163.589.6
Ang II (10–6 M) 4 473.0817.3a ADMA (30 �M) 4 316.7810.3a

+ Losartan (1 �M 4 241.8824.1b + Losartan (1 �M) 4 247.386.9c

+ Losartan (3 �M) 4 213.8812.9b + Losartan (3 �M) 4 198.787.3c

+ Losartan (10 �M) 4 200.5818.6b + Losartan (10 �M) 4 186.085.6c

+ L-arginine (0.5 mM) 4 229.3816.2b + L-arginine (0.5 mM) 4 200.784.9c

a p < 0.01 vs. control; b p < 0.01 vs. Ang II; c p < 0.01 vs. ADMA.
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  Intracellular ROS 
 Treatment of endothelial cells with Ang II (10 –6   M ) or 

ADMA (30  �  M ) increased intracellular ROS generation 
in a time-dependent manner. ROS generation began to 
increase at 4 h and reached a maximum at 24 h ( fig. 7 a).

  Supplementation with Ang II (10 –6   M ) or ADMA (30 
 �  M ) for 24 h significantly increased intracellular ROS 
generation (p  !  0.05 and p ! 0.01). The effect of Ang II 
or ADMA on the ROS level was reversed by treatment 
with losartan or  L -arginine. Losartan or  L -arginine itself 
had no effect on the ROS level ( fig. 7 b, c).

  NF- � B Activity 
 As shown in  figure 8 , there is no signal in negative 

controls without adding nuclear protein. In cultured en-
dothelial cells, NF- � B was significantly activated by 
treatment with Ang II (10 –6   M ) for 4 h. The effect of Ang 
II on NF- � B activation was blocked by treatment with 
losartan. A similar effect was observed in the presence of 
 L -arginine.

  Incubation with ADMA (30  �  M ) for 4 h markedly en-
hanced the activity of NF- � B in endothelial cells. Pre-
treatment with losartan or  L -arginine significantly inhib-
ited the increased activity of NF- � B by ADMA ( fig. 9 ).

  Discussion 

 The major findings of the present study are: (1) Ang II 
increased the level of ADMA in the culture media via in-
creasing PRMT I protein expression and decreasing 
DDAH activity; (2) ADMA (endogenous or exogenous) 
induced inflammatory reactions and increased endothe-
lial adhesion to monocytes by increasing CXCR 2  mRNA 
expression, which was mediated via activation of the NF-
 � B signaling pathway.

  Previous investigations have demonstrated that 
ADMA, an endogenous NOS inhibitor, is a novel risk fac-
tor for cardiovascular disease which contributes to endo-
thelial dysfunction. Many clinical studies have shown 
that plasma ADMA levels are significantly elevated in in-
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  Fig. 7.  Effect of losartan (Los) on intracellular ROS generation by 
Ang II or ADMA.  a  Cells were treated with Ang II or ADMA for 
1, 4, 12, 24 and 48 h.  a  p  !  0.05 vs. control (4 h);  c  p  !  0.05,  d  p  !  
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dividuals with endothelial dysfunction, e.g. hypercholes-
terolemia, hyperglycemia, hyperhomocysteinemia, heart 
failure, hypertension and diabetes mellitus, to name a few 
 [16–21] . Recently, it has been reported that the ADMA 
level is positively correlated with carotid artery intima-
media thickness and major cardiovascular events in pa-
tients with percutaneous transluminal coronary angio-
plasty and in patients in the intensive care unit   [22–24] . 
All these findings suggest that ADMA may be an impor-
tant target for pharmacotherapeutic interventions  [25] . It 
is known that ADMA is synthesized by PRMT, which 
utilizes an S-adenosylmethionine methyl group donor, 
and hydrolyzed by DDAH, which accounts for most of 
the clearance of ADMA to  L -citrulline and dimethyl-
amine. It was demonstrated that the increase in the level 
of ADMA by LDL, ox-LDL or TNF- �  is due to increased 
PRMT expression and decreased DDAH activity  [26, 27] . 
Some clinical studies have also reported that RAS plays 
an important role in the elevation of ADMA in hyperten-
sive patients, and blockade of Ang II by ACEI or ARB 
significantly attenuates the elevated level of ADMA  [9–
11] . In the present study in cultured endothelial cells, 
treatment with Ang II increased ADMA production, ac-
companied with an increase in the protein expression of 

PRMT I and a decrease in the activity of DDAH. These 
findings provide direct evidence that Ang II is an impor-
tant factor increasing the ADMA level.

  Previous studies have shown that endothelial dys-
function is closely related to oxidative stress induced by 
stimulation of ROS production. There is evidence that an 
increase in ADMA is related to oxidative stress, and treat-
ment with antioxidants, e.g. vitamin E, probucol, davidi-
tin A and pyrrolidine dithiocarbamate, decreases both 
lipid peroxide and ADMA levels  [26–31] . It was reported 
that Ang II can enhance the activity of NADPH oxidase 
and lead to marked ROS generation in cultured endothe-
lial cells  [32]  and L6 myotubes, which is blocked by ARB 
losartan or the NADPH oxidase inhibitor apocynin  [33] . 
In the present study, incubation of endothelial cells with 
Ang II increased the production of ADMA, concomitant-
ly with an increase in ROS levels, and the effects of Ang 
II were blocked in the presence of losartan, suggesting 
that Ang II elevated ADMA levels via induction of oxi-
dant stress mediated by AT 1  receptor.  L -arginine is a
substrate of NOS for NO synthesis. Previous studies
have proven that  L -arginine improves endothelial injury 
against endogenous or exogenous oxygen free radicals 
 [34] . Recently, it was reported that in cultured endothe-

1 2 3 4 5 6 7

NF-�B

Probe

  Fig. 8.  Effect of losartan on NF- � B DNA-binding activity in cul-
tured endothelial cells treated with Ang II. 1 = Negative control; 
2 = control; 3 = Ang II; 4 = + losartan (1  �  M ); 5 = + losartan (3  �  M ); 
6 = + losartan (10  �  M ); 7 = +  L -arginine (0.5 m M ). n = 3. 

1 2 3 4 5 6

NF-�B

Probe

  Fig. 9.  Effect of losartan on NF- � B DNA-binding activity in cul-
tured endothelial cells treated with ADMA. 1 = Control; 2 = 
ADMA; 3 = + losartan (1  �  M ); 4 = + losartan (3  �  M ); 5 = + losar-
tan (10  �  M ); 6 = +  L -arginine (0.5 m M ). n = 3. 
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lial cells,  L -arginine inhibits ADMA-induced cell apop-
tosis via a reduction of intracellular ROS levels  [35] , sug-
gesting that  L -arginine possesses antioxidant actions. 
The results of the present study showed that  L -arginine 
supplementation decreased the elevated ADMA level and 
ROS generation induced by Ang II. It is likely that  L -ar-
ginine decreased the ADMA levels via a reduction of ROS 
production induced by Ang II.

  It is known that NF- � B is an important link between 
Ang II and inflammation, and plays a pivotal role in ath-
erogenesis by regulating proinflammatory gene expres-
sion. Recent work has shown that Ang II, besides regulat-
ing blood pressure, is a potent activator of inflammatory 
pathways. ADMA, besides inhibiting NO synthesis, also 
participates in inflammatory reactions. Previous studies 
have demonstrated that Ang II-induced activation of NF-
 � B in monocytes/macrophages, endothelial cells and 
vascular smooth muscle cells results in a significant in-
crease in the expression of proinflammatory cytokines, 
e.g. MCP-1, IL-6, IL-8 and growth factors  [36] , which can 
be inhibited by the ACEI ramiprilat  [1] . There is evidence 
that inhibition of NO production by ADMA upregulates 
the expression of redox-sensitive genes and MCP-1, in-
creases the adhesiveness of endothelial cells and activates 
the NF- � B pathway  [7] . In cultured endothelial cells, ox-
LDL induced elevation of ADMA and TNF- �  levels via 
activation of the NF- � B pathway  [37] . In the present 
study, stimulation of endothelial cells with both Ang II 
and ADMA increased ROS generation and activated NF-
 � B to stimulate inflammatory mediator (TNF- �  and IL-
8) production, suggesting that Ang II or ADMA induced 
oxidant stress to mediate inflammatory reactions via ac-
tivation of the NF- � B signal pathway.

  Chemokines, which are classified into four distinct 
subfamilies (CXC, CC, C and CX 3 C) according to the ar-
rangement of the di-cysteine motif, have been demon-
strated to be critically involved in the recruitment of 
monocytes to vascular endothelium. The CXCR 2  recep-
tor, which is activated by IL-8 and gro- � , is normally ex-
pressed by neutrophils, monocytes and endothelial cells, 
for example. It was demonstrated that IL-8 profoundly 
increased the migration of monocytes across endothelial 
cells, and blockade of the CXCR 2  receptor markedly in-
hibited macrophage recruitment  [38] . More recently, it 
was reported that ox-LDL could upregulate the expres-
sion of CXCR 2  and increase chemotaxis of monocytes to 
IL-8 and adhesion of monocytes to endothelial cells   via 
the p38 MAPK pathway in cultured monocytes, which 
was attenuated by the scavenger receptor inhibitor poly-
inosinic acid  [15] . The results of the present study showed 

that Ang II or ADMA increased the adhesion of endothe-
lial cells to monocytes via increasing the release of IL-8 
and upregulating the expression of CXCR 2 . It is likely 
that chemokine receptors play an important role in endo-
thelial adhesion induced by Ang II or ADMA.

  Losartan, an Ang II type 1 receptor antagonist, is 
widely used in the treatment of hypertension. Large-scale 
studies have demonstrated that losartan possesses anti-
atherosclerotic properties by inhibiting production of 
many inflammatory mediators such as cICAM-1,
cVCAM-1, MCP-1, TNF- �  and E-selectin, independent 
of their effects on blood pressure  [39, 40] . Previous stud-
ies have shown that Ang II may activate NF- � B and acti-
vated protein (AP-1) via a redox-sensitive mechanism in-
volving the NADPH oxidase pathway, which was blocked 
by losartan treatment  [41] . In the present study, ADMA 
or Ang II induced oxidative stress and inflammatory re-
actions and increased endothelial adhesion to mono-
cytes, which was blocked by losartan, suggesting that 
anti-inflammatory and antioxidant effects of losartan 
may be related to reduced ADMA production via the AT 1  
receptor. However, the relationship between ADMA and 
Ang II remains unclear. Some clinical studies have shown 
that blockade of Ang II by ACEI or ARB significantly at-
tenuated the elevated level of ADMA in patients with hy-
pertension  [9–11] . In the present study, Ang II directly 
stimulated ADMA production, and endogenous or exog-
enous ADMA induced an increase in IL-8 and TNF- �  
levels and activated the NF- � B pathway, which was 
blocked by losartan, in support of the hypothesis that el-
evated ADMA plays a facilitative role in inflammatory 
reactions induced by Ang II. Recently, Suda et al.  [42]  
have reported that in wild-type and eNOS-knockout 
mice, treatment with ADMA for 4 weeks upregulates 
ACE gene expression and increased superoxide produc-
tion, which is abolished by simultaneous treatment with 
temocapril (ACEI) or olmesartan (ARB), suggesting that 
ACEI or ARB inhibits the effect of ADMA via their anti-
oxidant actions. These findings suggest that Ang II is an 
important factor in ADMA production, and the long-
term vascular effects of ADMA are performed by a pos-
sible Ang-dependent mechanism. Thus it is hypothesized 
that a mutual and complex relationship exists between 
Ang II and ADMA. However, future studies have to con-
firm this hypothesis. 

  In conclusion, the present study suggests that ADMA 
is a potential proinflammatory factor and Ang II induces 
inflammatory reactions via the NF- � B pathway by stim-
ulation of ADMA production.

 



 Asymmetric Dimethylarginine  J Vasc Res 2007;44:391–402 401

 References 

  1 Schmeisser A, Soehnlein O, Illmer T, Lorenz 
HM, Eskafi S, Roerick O, Gabler C, Strasser 
R, Daniel WG, Garlichs CD: ACE inhibition 
lowers angiotensin II-induced chemokine 
expression by reduction of NF- � B activity 
and AT1 receptor expression. Biochem Bio-
phys Res Commun 2004;   325:   532–540. 

  2 Wachtell K, Lehto M, Gerdts E, Olsen MH, 
Hornestam B, Dahlof B, Ibsen H, Julius S, 
Kjeldsen SE, Lindholm LH, Nieminen MS, 
Devereux RB: Cardiovascular morbidity and 
mortality in hypertensive patients with a his-
tory of atrial fibrillation: The Losartan In-
tervention For End Point Reduction in Hy-
pertension (LIFE) study. J Am Coll Cardiol 
2005;   45:   705–711. 

  3 Kowey PR, Dickson TZ, Zhang Z, Shahinfar 
S, Brenner BM; RENAAL Investigators: 
Losartan and end-organ protection – lessons 
from the RENAAL study. Clin Cardiol 2005;  

 28:   136–142. 
  4 Bosch J, Lonn E, Pogue J, Arnold JM, Dage-

nais GR, Yusuf S, HOPE/HOPE-TOO Study 
Investigators: Long-term effects of ramipril 
on cardiovascular events and on diabetes: re-
sults of the HOPE study extension. Circula-
tion 2005;   112:   1339–1346. 

  5 Murphy PM: Neutrophil receptors for inter-
leukin-8 and related CXC chemokines. 
Semin Hematol 1997;   34:   311–318. 

  6 Boisvert WA, Curtiss LK, Terkeltaub RA: In-
terleukin-8 and its receptor CXCR2 in ath-
erosclerosis. Immunol Res 2000;   21:   129–137. 

  7 Boger RH, Bode-Boger SM, Tsao PS, Lin PS, 
Chan JR, Cooke JP: An endogenous inhibitor 
of nitric oxide synthase regulates endothelial 
adhesiveness for monocytes. J Am Coll Car-
diol 2000;   36:   2287–2295. 

  8 Smirnova IV, Kajstura M, Sawamura T, Go-
ligorsky MS: Asymmetric dimethylarginine 
upregulates LOX-1 in activated macro-
phages: role in foam cell formation. Am J 
Physiol Heart Circ Physiol 2004;   287:H782–
H790. 

  9 Napoli C, Sica V, de Nigris F, Pignalosa O, 
Condorelli M, Ignarro LJ, Liguori A: Sulfhy-
dryl angiotensin-converting enzyme inhibi-
tion induces sustained reduction of systemic 
oxidative stress and improves the nitric ox-
ide pathway in patients with essential hyper-
tension. Am Heart J 2004;   148:e5. 

 10 Delles C, Schneider MP, John S, Gekle M, 
Schmieder RE: Angiotensin converting en-
zyme inhibition and angiotensin II AT1-re-
ceptor blockade reduce the levels of asym-
metrical N(G),N(G)-dimethylarginine in 
human essential hypertension. Am J Hyper-
tens 2002;   15:   590–593. 

 11 Ito A, Egashira K, Narishige T, Muramatsu 
K, Takeshita A: Renin-angiotensin system is 
involved in the mechanism of increased se-
rum asymmetric dimethylarginine in essen-
tial hypertension. Jpn Circ J 2001;   65:   775–
778. 

 12 Feng Q, Lu X, Jones DL, Shen J, Arnold JM: 
Increased inducible nitric oxide synthase ex-
pression contributes to myocardial dysfunc-
tion and higher mortality after myocardial 
infarction in mice. Circulation 2001;   104:  

 700–704. 
 13 Chen BM, Xia LW, Zhao RQ: Determination 

of NG, NG-dimethylarginine in human 
plasma by high-performance liquid chroma-
tography. J Chromatogr B Biomed Sci Appl 
1997;   692:   467–471. 

 14 Lin KY, Ito A, Asagami T, Tsao PS, Adimoo-
lam S, Kimoto M, Tsuji H, Reaven GM, 
Cooke JP: Impaired nitric oxide synthase 
pathway in diabetes mellitus: role of asym-
metric dimethylarginine and dimethylargi-
nine dimethylaminohydrolase. Circulation 
2002;   106:   987–992. 

 15 Lei ZB, Zhang Z, Jing Q, Qin YW, Pei G, Cao 
BZ, Li XY: Ox-LDL upregulates CXCR 2  ex-
pression in monocytes via scavenger recep-
tors and activation of p38 mitogen-activated 
protein kinase. Cardiovasc Res 2003;   53:   524–
532. 

 16 Surdacki A, Nowicki M, Sandmann J, Tsikas 
D, Boeger RH, Bode-Boeger SM, Kruszelnic-
ka-Kwiatkowska O, Kokot F, Dubiel JS,
Froelich JC: Reduced urinary excretion of 
nitric oxide metabolites and increased plas-
ma levels of asymmetric dimethylarginine in 
men with essential hypertension. J Cardio-
vasc Pharmacol 1999;   33:   652–658. 

 17 Eid HM, Eritsland J, Larsen J, Arnesen H, 
Seljeflot I: Increased levels of asymmetric
dimethylarginine in populations at risk
for atherosclerotic disease. Effects of pra-
vastatin. Atherosclerosis 2003;   166:   279–284. 

 18 Paiva H, Laakso J, Lehtimaki T, Isomustaja-
rvi M, Ruokonen I, Laaksonen R: Effect of 
high-dose statin treatment on plasma con-
centrations of endogenous nitric oxide syn-
thase inhibitors. J Cardiovasc Pharmacol 
2003;   41:   219–222. 

 19 Saitoh M, Osanai T, Kamada T, Matsunaga 
T, Ishizaka H, Hanada H, Okumura K: High 
plasma level of asymmetric dimethylargi-
nine in patients with acutely exacerbated 
congestive heart failure: role in reduction of 
plasma nitric oxide level. Heart Vessels 2003;  

 18:   177–182. 
 20 Fard A, Tuck CH, Donis JA, Sciacca R, Di 

Tullio MR, Wu HD, Bryant TA, Chen NT, 
Torres-Tamayo M, Ramasamy R, Berglund 
L, Ginsberg HN, Homma S, Cannon PJ: 
Acute elevations of plasma asymmetric di-
methylarginine and impaired endothelial 
function in response to a high-fat meal in pa-
tients with type 2 diabetes. Arterioscler 
Thromb Vasc Biol 2000;   20:   2039–2044. 

 21 Boger RH, Bode-Boger SM, Sydow K, Hei-
stad DD, Lentz SR: Plasma concentration
of asymmetric dimethylarginine, an endog-
enous inhibitor of nitric oxide synthase,
is elevated in monkeys with hyperhomo-
cyst(e)inemia or hypercholesterolemia. Ar-
terioscler Thromb Vasc Biol 2000;   20:  

 1557–1564. 
 22 Miyazaki H, Matsuoka H, Cooke JP, Usui M, 

Ueda S, Okuda S, Imaizumi T: Endogenous 
nitric oxide synthase inhibitor: a novel mark-
er of atherosclerosis. Circulation 1999;   99:  

 1141–1146. 
 23 Lu TM, Ding YA, Lin SJ, Lee WS, Tai HC: 

Plasma levels of asymmetrical dimethylargi-
nine and adverse cardiovascular events after 
percutaneous coronary intervention. Eur 
Heart J 2003;   24:   1912–1919. 

 24 Siroen MP, van Leeuwen PA, Nijveldt RJ, 
Teerlink T, Wouters PJ, Van den Berghe G: 
Modulation of asymmetric dimethylargi-
nine in critically ill patients receiving inten-
sive insulin treatment: a possible explana-
tion of reduced morbidity and mortality? 
Crit Care Med 2005;   33:   504–510. 

 25 Boger RH: The emerging role of asymmetric 
dimethylarginine as a novel cardiovascular 
risk factor. Cardiovasc Res 2003;   59:   824–
833. 

 26 Boger RH, Sydow K, Borlak J, et al: LDL cho-
lesterol upregulates synthesis of asymmetri-
cal dimethylarginine in human endothelial 
cells: involvement of S-adenosylmethionine-
dependent methyltransferases. Circ Res 
2000;   87:   99–105. 

 27 Ito A, Tsao PS, Adimoolam S, Kimoto M, 
Ogawa T, Cooke JP: Novel mechanism for 
endothelial dysfunction: dysregulation of 
dimethylarginine dimethylaminohydrolase. 
Circulation 1999;   99:   3092–3095. 

 28 Saran R, Novak JE, Desai A, Abdulhayoglu 
E, Warren JS, Bustami R, Handelman GJ, 
Barbato D, Weitzel W, D’Alecy LG, Rajago-
palan S: Impact of vitamin E on plasma 
asymmetric dimethylarginine (ADMA) in 
chronic kidney disease (CKD): a pilot study. 
Nephrol Dial Transplant 2003;   18:   2415–
2420. 

 29 Jiang JL, Li NS, Li YJ, Deng HW: Probucol 
preserves endothelial function by reduction 
of the endogenous nitric oxide synthase in-
hibitor level. Br J Pharmacol 2002;   135:   1175–
1182. 

 30 Jiang DJ, Jiang JL, Tan GS, Du YH, Xu KP, Li 
YJ: Protective effects of daviditin A against 
endothelial damage induced by lysophos-
phatidylcholine. Naunyn Schmiedebergs 
Arch Pharmacol 2003;   367:   600–606. 

 31 Yamagishi S, Nakamura K, Ueda S, Kato S, 
Imaizumi T: Pigment epithelium-derived 
factor (PEDF) blocks angiotensin II signal-
ing in endothelial cells via suppression of 
NADPH oxidase: a novel anti-oxidative 
mechanism of PEDF. Cell Tissue Res 2005;  

 320:   437–445. 



 Chen   /Xie   /Yang   /Wang   /Zhang   /Luo   /Li   

 

J Vasc Res 2007;44:391–402402

 32 Wei Y, Sowers JR, Nistala R, Gong H, Upter-
grove GM, Clark SE, Morris EM, Szary N, 
Manrique C, Stump CS: Angiotensin II-in-
duced NADPH oxidase activation impairs 
insulin signaling in skeletal muscle cells. J 
Biol Chem 2006;   281:   35137–35146. 

 33 Brasier AR, Recinos A III, Eledrisi MS: Vas-
cular inflammation and the renin–angio-
tensin system. Arterioscler Thromb Vasc 
Biol 2002;   22:   1257–1266. 

 34 Xiong Y, Li YJ, Deng HW: Protection of L-
arginine against oxygen free radicals-in-
jured rabbit aortic endothelium. Zhongguo 
Yao Li Xue Bao 1994;   15:   119–123.  

 35 Jiang DJ, Jia SJ, Dai Z, Li YJ: Asymmetric
dimethylarginine induces apoptosis via
p38 MAPK/caspase-3-dependent signaling 
pathway in endothelial cells. J Mol Cell Car-
diol 2006;   40:   529–539.  

 36 Zernecke A, Weber KS, Erwig LP, Kluth DC, 
Schroppel B, Rees AJ, Weber C: Combinato-
rial model of chemokine involvement in glo-
merular monocyte recruitment: role of CXC 
chemokine receptor 2 in infiltration during 
nephrotoxic nephritis. J Immunol 2001;   166:  

 5755–5762. 
 37 Yang TL, Chen MF, Luo BL, Xie QY, Jiang JL, 

Li YJ: Fenofibrate decreases asymmetric di-
methylarginine level in cultured endothelial 
cells by inhibiting NF- � B activity. Naunyn 
Schmiedebergs Arch Pharmacol 2005;   371:  

 401–407.  
 38 Nabah YN, Mateo T, Estelles R, Mata M, Za-

gorski J, Sarau H, Cortijo J, Morcillo EJ, Jose 
PJ, Sanz MJ: Angiotensin II induces neutro-
phil accumulation in vivo through genera-
tion and release of CXC chemokines. Circu-
lation 2004;   110:   3581–3586. 

 39 Graninger M, Reiter R, Drucker C, Minar E, 
Jilma B: Angiotensin receptor blockade de-
creases markers of vascular inflammation. J 
Cardiovasc Pharmacol 2004;   44:   335–339.  

 40 Hayek T, Attias J, Coleman R, Brodsky S, 
Smith J, Breslow JL, Keidar S: The angioten-
sin-converting enzyme inhibitor, fosinopril, 
and the angiotensin II receptor antagonist, 
losartan, inhibit LDL oxidation and attenu-
ate atherosclerosis independent of lowering 
blood pressure in apolipoprotein E-deficient 
mice. Cardiovasc Res 1999;   44:   579–587. 

 41 Chen XL, Tummala PE, Olbrych MT, Alex-
ander RW, Medford RM: Angiotensin II in-
duces monocyte chemoattractant protein-1 
gene expression in rat vascular smooth mus-
cle cells. Circ Res 1998;   83:   952–959. 

 42 Suda O, Tsutsui M, Morishita T, Tasaki H, 
Ueno S, Nakata S, Tsujimoto T, Toyohira Y, 
Hayashida Y, Sasaguri Y, Ueta Y, Nakashima 
Y, Yanagihara N: Asymmetric dimethylargi-
nine produces vascular lesions in endothe-
lial nitric oxide synthase-deficient mice: in-
volvement of renin-angiotensin system and 
oxidative stress. Arterioscler Thromb Vasc 
Biol 2004;   24:   1682–1688. 

  




