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Abstract
Dimethylarginine dimethylamino hydrolase-1 (DDAH-1) is an important regulator of nitric oxide (NO) metabolism that has
been implicated in the pathogenesis of cardiovascular diseases. Nevertheless, its role in cerebral ischemia still needs to be
elucidated. Herein, we examined the expression of DDAH-1 in the brain of rat by double-label immunofluorescence
staining. DDAH-1 knock-out (DDAH-1−/−) and wild-type rats underwent middle cerebral artery occlusion/reperfusion
(MCAO/R). After 24 h, neurological scores, TTC staining and TUNEL assay were used to evaluate neurological damages. 3
and 7-days infarct outcomes were also shown. Blood-brain-barrier (BBB) permeability was examined via Evans blue
extravasation and tight junction (TJ) proteins expression and mRNA levels by western blot and RT-qPCR. The levels of
plasma asymmetric dimethylarginine (ADMA), NO and ADMA in brain tissue were also assessed. In addition,
supplementation of L-arginine to DDAH-1−/− rats was used to explore its role in regulating NO. DDAH-1 was abundantly
distributed in cerebral cortex and basal nuclei, and mainly expressed in neurons and endothelial cells. DDAH-1−/− rats
showed aggravated neurological damage and BBB disruption, including decrease of TJ proteins expression but
indistinguishable mRNA levels after MCAO/R. DDAH-1 depletion and neurological damages were accompanied with
increased ADMA levels and decreased NO concentrations. The supplementation with L-arginine partly restored the
neurological damages and BBB disruption. To sum up, DDAH-1 revealed to have a protective role in ischemia stroke (IS)
and IS-induced leakage of BBB via decreasing ADMA level and possibly via preventing TJ proteins degradation.

Introduction

Stroke is the leading cause of death and the major cause of
disability, with ischemia stroke (IS) accounting for as much
as 80% of these cases [1, 2]. IS is characterized by endo-
thelial dysfunction, which mainly depends on the production
of nitric oxide (NO). NO is synthesized from L-arginine by a

family of NO synthases (NOS), that target soluble guanylyl
cyclase thus having a critical role in various signaling
pathways, and especially in regulation of vascular function.
NO in physiological concentrations is beneficial to vasodi-
latation and integrity of vascular structure [3–6], and its
production could be inhibited by asymmetric dimethylargi-
nine (ADMA), due to its structure that is competitive with
NOS. ADMA is derived from methylated arginine residues
found on proteins by a group of protein-arginine methyl
transferase’s and is largely eliminated by dimethylarginine
dimethylamino hydrolase (DDAH). Therefore, DDAH is
thought to regulate the production of endothelial NO
through DDAH-ADMA-NOS axis. There are two isoforms
of DDAH, DDAH-1 and DDAH-2; DDAH-1 seems to have
greater effects on ADMA-dependent NO production [7–9].

ADMA has been identified as cardiovascular risk factor
for various clinical conditions [10–18]. DDAH-1 dysfunc-
tion has also been linked with pulmonary hypertension,
coronary heart disease, hypertension, congestive heart fail-
ure, portal hypertension and many other diseases [19–27].
Nonetheless, so far only few studies have addressed the role
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of DDAH-1 in IS. Leypoldt et al. have suggested that
overexpression of DDAH-1 cannot protect from ischemic
cerebral tissue damage, since high basal cerebral DDAH
activity could not be furthermore increased by over-
expression of DDAH-1 [28].

Here, by using a novel DDAH-1 knockout rat strain, we
studied the effect of DDAH-1 dysfunction on IS in rats. The
rat middle cerebral artery occlusion/reperfusion (MCAO/R)
model was used to mimic IS pathogenesis in human. Neu-
rological scores, TTC staining, TUNEL assay and blood-
brain-barrier (BBB) leakage assessment of 24-h were used
to evaluate acute neurological damages, and long-term
outcomes of 3 and 7-days were also shown by neurological
scores and TTC staining. L-arginine, as a substrate of NO
synthesis, was supplemented and combined with ADMA
level assessment to ensure the relationship between DDAH-
1 and NO. The aim of the present study was to explore the
role of DDAH-1 in IS, which we hypothesized would act as
a protective factor for IS, and investigate the possible
pathways.

Materials and methods

Animals

DDAH-1 knockout (KO) (DDAH-1−/−) Sprague–Dawley
(SD) rats were kindly provided by Professor Da-Chun Xu
(Department of Cardiology, Shanghai Tenth People’s Hos-
pital, Tongji University School of Medicine). The generation
of DDAH-1−/− rats were the same as previously described
[29]. The CRISPR-Cas9 technique was applied to generate
DDAH-1−/− rats on SD background as illustrated in Fig. S1.
Wild-type (WT) male SD rats, weighing 250 g to 280 g
(8–10 weeks of age) were purchased from Shanghai SIPPR-
BK laboratory animal Co. Ltd. All rats were housed in
separated cages in SPF animal room at 25 °C and humidity
of 40% with a 12-h light/dark cycle, and were given free
access to water and diet. In addition, all animal studies
(including the rats euthanasia procedure) were conducted
according to the U.K. Animals (Scientific Procedures) Act,
1986 and associated guidelines. L-Arginine (2.0% L-
Arginine (ARG) in drinking water) was used as indirect
supplement of DDAH-1. A randomized ARG and vehicle
feeding schedule was created using the standard=RAND ()
function in Microsoft-Excel and prepared by a third person
not involved in the experiment to maintain blinding.

Genotyping

The KO SD rats were generated by pantogamy. To identify
homozygous (DDAH-1−/−) or heterozygous (DDAH-1+/−)
rats, the DNA sequences (extracted from the tail) were

examined in all newborns. DNA Isolation Kit (Sangon
Biotech (Shanghai) Co.) was used to extract genomic
DNA. The following primers: forward primer, 5′-CATTC
ATCCGCTGCCAAGAG-3′; reverse primer, 5′-CTGGC
CCTTTACCTCCTTCC (Shanghai JIE LI Biology Co.)
were used for PCR amplification. The PCR products were
purified by agarose gel electrophoresis. Finally, only
homozygous DDAH-1−/− rats were selected for further
experiments. DNA electrophoresis for KO and WT rats was
shown in supplementary material (Fig. S2).

MCAO/R model

All animals were fasted but had free access to water 12 h
before the experiment. Each rat was weighed before surgery
and anesthetized intraperitoneally with 2% pentobarbital
sodium (0.2 ml/100 g) (0.3 mL/100 g). Rectal temperature
was maintained from 36.5 °C to 37.5 °C by a heating pad. In
WT group, KO group and ARG group, rats were subjected
to MCAO/R as previously described with some modifica-
tions to reduce adverse events [30]. Briefly, following a
midline incision, neck vessels including the left common
carotid artery, external carotid artery (ECA), and internal
carotid artery (ICA) were exposed and isolated. Then, a
small incision was made on the ECA and silica suture
(Doccol Co.403756PK5Re) and was gently advanced into
the ICA for distance of 18–20 mm to occlude the origin of
middle cerebral artery. The suture was removed carefully to
restore perfusion 90 min later. The neck incision was
closed, and rats were allowed access to food and water. In
SHAM group, rats underwent the same procedure without
inserting the suture. A laser-Doppler probe implanted on the
skull (2 mm posterior and 5 mm lateral to the bregma) was
to monitor the cerebral blood flow (CBF). Readings were
recorded 15 min before operation and after occlusion and
reperfusion, and data were expressed as the percentage of
baseline value in WT/SHAM group. A floating catheter was
inserted into the left femoral artery for monitoring con-
tinuous mean arterial blood pressure (MABP). After
operation, rats were individually housed and carefully fed
until the end of the experiment.

Behavior assessment and TTC staining

The neurobehavioral changes of rats were evaluated by the
neurological severity score (NSS) (adapted from [31]). It is
consisted of 4 individual parameters including tests on
motor function, sensory function, beam balance, reflex
absence and abnormal movements, and the total score is 18
points (Table S1).

For measuring infarct volume, TTC staining was per-
formed 24 h, 3 days, 7 days respectively after surgery. Rats
were anesthetized and the brain was then collected and
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quickly frozen at −20°C for 15 min. Brain tissue was sliced
into six coronal sections (2 mm thick) using Leica blades in
a rat brain matrix (RWD Life Science Co.). The slices were
stained in TTC (Servicebio.Co) for 30 min at 37 °C in the
dark followed and fixed with 4% paraformaldehyde (Ser-
vicebio.Co). The infarcted tissue was unstained (white),
while normal tissue was stained in red. Digital images of
brain slices were analyzed using ImageJ software. To avoid
possible interference of brain edema, the infarct area on
each slice was corrected by standard method (infarct
area=contralateral hemisphere area−area of non-ischemic
ipsilateral hemisphere). The total infarct area was obtained
by addition of infarct area in each section. The infarct
volume was calculated by multiplication of the total infarct
area with the thickness of each slice. The percentage of
infarct volume was also shown as the equation (infarct area/
contralateral hemisphere area).

TUNEL assay

Cell apoptosis was analyzed using TUNEL in situ cell death
detection kit (Roche, Germany). At 24 h after surgery, rats
were deeply anesthetized and then perfused with normal
saline and 4% paraformaldehyde. The brain was removed,
fixed in 4% paraformaldehyde overnight, and then dehydrated
in 30% sucrose solution. The infarct coronal sections in dif-
ferent groups were collected and made into paraffin section
(5 μm). Then the apoptotic cells were determined according to
the manufacturer’s instruction. On the slices, stained dark
brown neuron nucleus represented TUNEL-positive, while
blue nucleus represented DAPI-positive. The apoptosis rate
was expressed as ratio of TUNEL-positive cells to total cells.
Using light microscopy (200×), 10 visual fields were ran-
domly selected and approximately 4000 cells were counted in
each slice. Finally, the averages of apoptotic number and rate
for each group were calculated and compared.

Determination of NO concentration

The NO concentrations in infarct area were observed 24 h
after MCAO/R model. Basal ganglia were rapidly isolated
and homogenized. After centrifugation of 3000 rpm for
6 min, the supernatant was collected for the determination
of NO2−/NO3− contents (µmol/gprotein) according to the
manufacturer’s instruction of the NO assay kit (Nanjing
Jiancheng Bioengineering Institute, China), which indir-
ectly reflected NO concentration.

Determination of ADMA level

The plasma and tissue ADMA concentrations were mea-
sured by enzyme-linked immunosorbent assay (ELISA) kit
(JianglaiBio, Shanghai, China) following the manufacturer’s

instruction. Each sample was gauged in triplicate. A stan-
dard curve for six standard concentrations and their corre-
sponding OD values (450 nm) was generated to measure the
concentration of unknown sample.

Evans blue assessment

Evans blue dye (EBD) extravasation was measured to
assess BBB disruption. At 24 h after surgery, 2% EBD in
normal saline was injected intravenously (4 mL/kg) via
caudal vein and was allowed to circulate. Six h after EBD
injection, rats were deeply anesthetized and perfused with
normal saline. Subsequently, brains were removed and
sliced into six coronal sections (2 mm thick). The whole
brains and slices were photographed to analyze the degree
of EBD extravasation. For quantitative measurement, the
left hemispheres (infarct side) of brain tissue were weighted
and homogenized in 250 μL of PBS by ultrasonic processor,
after which 250 μL of formamide was added and homo-
genized. By centrifugation for 5 min at 12000 × g, the
supernatants of samples were obtained, followed by mea-
suring the absorbance at 610 nm via microplate spectro-
photometer. The amount of EBD extravasation was
calculated according to a standard curve and the result was
expressed as EBD/brain tissue (μg/g).

Western blots

The expression of tight junction (TJ) proteins in brain tissue
were analyzed using western blot. At 24 h after surgery, brains
were rapidly removed as mentioned above, and tissues around
infarct area were collected to extract the whole proteins using
the protein extraction kit (Epizyme). Bicinchoninic acid assay
was used to determine the concentration of proteins. Equal
amount of proteins (50 μg) in different groups were separated
by Tris–glycine SDS page (6% and 10%) and transferred to
nitrocellulose membrane. Consequently, the membranes were
blocked with 5% non-fat milk in PBST at room temperature
for 1 h and incubated with primary antibodies (ZO-1,absin,
1:1000; occludin, absin, 1:1000; claudin-5, absin, 1:1000;
β-actin, sigma, 1:5000) at 4 °C overnight. The following day,
the membranes were incubated with corresponding HRP-
conjugated secondary antibody (abcam, 1:2000) at room
temperature for 1.5 h. The protein band was scanned on
Amersham Imager 600 using enhanced chemiluminescence
kit (Sangon Biotech (Shanghai) Co.) and the relative amounts
of proteins were analyzed using ImageJ software.

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

The mRNA level of TJ proteins in infarct area were ana-
lyzed using RT-qPCR. The brain tissues of the experimental
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rats were dissected. The tissue (50 mg) around infarct area
were extracted and treated with Trizol reagent for the
extraction of total RNA, which diluted with ultrapure water.
The RNA concentration and purity were estimated using an
ultraviolet spectrophotometer (measured by absorbance at
260 nm and 280 nm) and the ratio of OD 260/OD 280 was
determined to be between 1.8 and 2.0, which met the
needs of the follow-up experiments. The RNA was
reversely transcribed into cDNA using PrimeScript RT
reagent kit (Takara Bio Inc., Otsu, Japan) and the obtained
cDNA was stored at −20 °C. The primers for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
ZO-1, occludin, claudin-5 of rat were designed and syn-
thesized by Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China) (Table 1). RT-qPCR was conducted
with the cDNA according to the instructions of the SYBR
FAST qPCR Master Mix (KAPA). The reaction system
was 20 μl containing 1 μl of cDNA template SYBR, 10 μl
of FAST qPCR Master Mix, 0.4 μl of ROX High, 0.4 μl of
Primer F (10 pmol/μl) and Primer R (10 pmol/μl) and
7.8 μl of sterile water. RT-qPCR was conducted using an
ABI7500 qPCR instrument (7900, Applied Biosystems,
Carlsbad, CA, USA) and GAPDH was used as an internal
control. The reaction conditions were as follows: 95 °C for
3 min. 95 °C for 3 s, 60 °C for 30 s, 95 °C for 15 s, 60 °C
for 15 s, 95 °C for 15 s for a total of 40 cycles. The 2-ΔΔCt

method (ΔΔCT=ΔCttheexperimentgroup−ΔCtthecontrolgroup)
was employed to calculate the mRNA expression of
ZO-1, occludin, claudin-5. The experiment was repeated 3
times.

Double-label immunofluorescence staining

To explore the distribution of DDAH-1 and its co-
expression with endothelial cells and neurons in the brain,
double-label immunofluorescence staining between DDAH-

1 and endothelial cell/neuron was performed. The brain
frozen sections of WT rats were obtained and processed as
described above with some exceptions: the sections were
incubated with 4 pairs of primary antibodies (DDAH-1,
SantaCruz, 1:100; CD31, abcam,1:30; NeuN, abcam, 1:500;
β-tubulin, abcam, 1:1000) and corresponding secondary
antibodies respectively. Sections were viewed and photo-
graphed at a magnification of ×200 and ×400.

Statistical analysis

All data were shown as mean ± standard deviation and were
analyzed using the SPSS version 22.0. Data sets were tested
for equal variances using the Levene’s test. Differences
among groups were analyzed using one-way analysis of
variance (ANOVA) and Kruskal–Wallis ANOVA, with
LSD test for post hoc comparisons. P < 0.05 was considered
statistically significant and designation included *p < 0.05,
**p < 0.01, ***p < 0.001 in comparison.

Results

DDAH-1 main distribution in cerebral cortex, basal
nuclei, neurons and endothelial cells

To clarify the distribution of DDAH-1 and its function,
double-label immunofluorescence staining between DDAH-
1 and endothelial cell/neuron was performed in different
regions of the brain. A higher distribution of DDAH-1 was
observed in the cerebral cortex and basal nuclei compared
to brainstem and cerebellum (Fig. 1a), while DDAH-1−/−

totally abolished DDAH-1 protein expression in brain tis-
sues (Fig. 1b). DDAH-1−/− rats showed no detectable
defect in development and growth, which was consistent
with the prior observations in global DDAH-1−/− strain
[32]. DDAH-1−/− also had no evident effect on the general
appearance of cerebral vessels (Table S2).

In addition, DDAH-1 was mainly expressed in the
endothelial cells (cerebral vessels) and neurons (Fig. 2).
These data suggested that DDAH-1 may have a role in the
regulation of endothelial cells and neurons.

DDAH1−/− has no detectable effect on cell death in
rats under control conditions

To explore the function of DDAH-1 in IS, we first detected
whether DDAH-1−/− had effects on cell death under non-
ischemic condition. No significant difference was found in
infarct volume (0.00 ± 0.00 mm3 (KO/SHAM) vs. 0.00 ±
0.00 mm3 (WT/SHAM), p > 0.05, n= 5) and neurological
behavior (0.00 ± 0.00 (KO/SHAM) vs. 0.00 ± 0.00 (WT/

Table 1 Primers sequences for GAPDH, ZO-1, occludin, claudin-5
of rat.

Genes Sequences

ZO-1 F: 5′-CCACCTCGCACGTATCACAAGC-3′

R: 5′-GGCAATGACACTCCTTCGTCTCTG-3′

occludin F: 5′-TCGTGATGTGCATCGCTGTATTCG-3′

R: 5′-CGTAACCGTAGCCGTAACCGTAAC-3′

claudin-5 F: 5′-GCCTCCGCACTGCTCATGTG-3′

R: 5′-TCTTCTTGTCGTAATCGCCGTTGG-3′

GAPDH F: 5′-CGTCTTCACCACCATGGAGA-3′

R: 5′-CGGCCATCACGCCACAGCTT-3′

F forward, R reverse, ZO-1 Zonula Occludens-1, GAPDH
glyceraldehyde-3-phosphate dehydrogenase, RT-qPCR reverse tran-
scription quantitative polymerase chain reaction.
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SHAM), p > 0.05, n= 15) between WT and DDAH-1−/−

rats underwent SHAM operation (Fig. 3). There was also no
significant difference in apoptosis cells number (173.4 ±
15.88 (KO/SHAM) vs. 170.6 ± 14.14 (WT/SHAM), p >
0.05, n= 5) and no clearly EBD extravasation (0.30 ±
0.05 μg/g (KO/SHAM) vs. 0.28 ± 0.06 μg/g (WT/SHAM),
p > 0.05, n= 5) (Figs. 4 and 5).

Aggravated ischemic damage in DDAH-1−/− rats
after MCAO/R model

The CBF and MABP were monitored before operation, after
occlusion and reperfusion to evaluate the regulation of
DDAH-1 on them. Values of MABP and alterations of CBF
(% from baseline) are shown in Table S3. The MABP of

Fig. 1 Main distribution of
DDAH-1 in basal nuclei, not
brainstem. a DDAH-1 was
distributed mainly in cerebral
cortex and basal nuclei, but less
in brainstem and cerebellum.
Representative images of
immunofluorescence staining for
DDAH-1 in basal nuclei, cortex,
brainstem and cerebellum were
shown. b DDAH-1−/− totally
abolished DDAH-1 protein
expression in brain. Nearly no
expression of DDAH-1 was
exhibited in DDAH-1−/− rats
brain. Representative images of
immunofluorescence staining for
DDAH-1 in basal nuclei and
cortex were shown. Data were
representative of 3 independent
experiments. Magnification
= ×200. scale bar= 10 μm.
DAPI= 2-(4-Amidinophenyl)-
6-indolecarbamidine
dihydrochloride. DDAH-1
dimethylarginine dimethylamino
hydrolase-1.
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DDAH-1 KO rats was significantly increased compared to
WT rats under normal condition (108.4 ± 0.87 mmHg (KO/
SHAM) vs. 92.5 ± 1.22 mmHg (WT/SHAM), p < 0.001, n
= 15). After MCAO/R model, both KO and WT rats
showed increasing MABP, while MABP in KO rats sig-
nificantly increased in comparison with WT rats (129.6 ±
0.89 mmHg (KO/M) vs. 115.6 ± 1.04 mmHg (WT/M), p <
0.001, n= 15). The CBF of KO rats at baseline were sig-
nificantly lower than WT rats (−19.7 ± 1.52% (KO/SHAM)
vs. 0 ± 0% (WT/SHAM), p < 0.001, n= 15). A 40–50%
reduction of CBF was seen in WT rats after MCAO, and
KO rats experienced a significantly higher reduction
(−58.4 ± 1.61% (KO/M) vs. −45.2 ± 1.23% (WT/M), p <
0.001, n= 15). Following reperfusion both CBF of WT and
KO rats significantly restored, while KO rats exhibited
lower CBF in comparison with WT rats (−29.6 ± 1.45%
(KO/M) vs. −16.9 ± 1.36% (WT/M), p < 0.001, n= 15).

Although there was no difference in cell death under
SHAM operations, a significant increase in infarct volume
at 24 h were found in the KO rats compared to WT rats after
MCAO/R model (330.02 ± 12.16 mm3 (KO/M) vs. 97.22 ±
8.73 mm3 (WT/M), p < 0.001, n= 5) (Fig. 3a, c). For the
percentage of infarct volume at 24 h, significant increase
was also confirmed in KO rats (48.70 ± 1.16% (KO/M) vs.
13.59 ± 0.59% (WT/M), p < 0.001, n= 5) (Fig. 3d). Sig-
nificant increase of NSS was found in KO group compared
to WT group (14.1 ± 0.84 (KO/M) vs. 7.4 ± 0.63 (WT/M),
p= 0.039, n= 15) (Fig. 3b).

In addition, significantly higher apoptotic cells number
and rate were observed in the KO/M group (apoptotic

number: 3060 ± 145.6, p < 0.001, apoptotic rate: 70.68 ±
5.72%, p < 0.001, n= 5) than WT/M group (apoptotic
number: 1573 ± 168.1, apoptotic rate: 35.23 ± 1.77%, p <
0.001, n= 5) (Fig. 4).

To investigate whether DDAH-1 affects BBB during IS,
we examined EBD extravasation as a marker of BBB dis-
ruption, as EBD usually binds to serum albumin and
extravasates into brain tissue only when BBB is disrupted.
Although no clearly EBD extravasation was shown in
DDAH-1−/− rats under SHAM operation, DDAH-1 KO rats
(2.4 ± 0.12 μg/g) were exhibited significant increase com-
pared to WT rats (1.27 ± 0.07 μg/g) after MCAO/R (p <
0.001, n= 5) (Fig. 5).

Thus, these results indicated that the lack of DDAH-1 led
to worse ischemic damage after MCAO/reperfusion, which
suggests DDAH-1 might play a role in protecting from IS.

Close association of ADMA and NO level with
neurological damages

To clarify whether DDAH-1 functions relying on NO, the
peripheral blood ADMA levels, the NO concentrations
and ADMA levels in infarct area were detected. ADMA
in peripheral blood were significantly increased in
DDAH-1−/− rats compared to WT rats both under normal
(KO/SHAM: 105.72 ± 5.25 nmol/L vs. WT/SHAM:
42.59 ± 2.67 nmol/L, p < 0.001, n= 5) and ischemic con-
ditions (KO/SHAM: 153.17 ± 9.11 nmol/L vs. WT/SHAM:
98.15 ± 3.8 nmol/L, p < 0.001, n= 5), and DDAH-1−/− rats
with MCAO/R model were exhibited increasing ADMA

Fig. 2 Main distribution of
DDAH-1 in neurons and
endothelial cells. DDAH-1 was
mainly co-localized with
endothelial cells and neurons.
Representative images of
double-label
immunofluorescence staining for
DDAH-1 and CD31/Tubulin/
NeuN were shown. Data were
representative of 3 independent
experiments. Magnification
= ×200 and ×400, scale bar=
50 and 10 μm.
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Fig. 3 DDAH-1−/− rats showed aggravated ischemic damage after
MCAO/R. a Representative 24-h TTC staining of rat brain sections in
DDAH-1−/− and WT rats under normal and ischemic conditions. The
white-colored areas represented infarct region in these sections, and
red-colored areas represented normal region. b–d Statistic analysis of
NSS, infarct volume and its percentage. No significant difference was
found in infarct volume and neurological behavior between WT and

DDAH-1−/− rats under non-ischemic conditions (n= 5, p > 0.05).
There were significant increases of NSS (n= 15, p= 0.039), infarct
volume and percentage (n= 5, p < 0.001) in KO/M group. Data are
presented as mean ± SD. nsp > 0.05, *p < 0.05, ***p < 0.001. KO
knockout, WT wild-type, NSS neurological severity scores, MCAO/R
middle cerebral artery occlusion/reperfusion.
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Fig. 4 DDAH-1−/− rats showed severer apoptosis in brain after
MCAO/R. a Representative images of TUNEL assay in DDAH-1−/−

and WT rats under normal and ischemic conditions. Apoptosis cells
were shown as brown nucleus and normal cells was blue. b, c Statistic
analysis of the apoptotic numbers and rates. No significant difference
was found in apoptosis cells number and rate between DDAH-1−/−

and WT rats under normal conditions (n= 5, p > 0.05), while after
MCAO/R DDAH-1 KO rats exhibited a significantly increased num-
ber and rate (n= 5, p < 0.001). Data are presented as mean ± SD. nsp >
0.05, ***p < 0.001. KO knockout, WT wild-type, MCAO/R middle
cerebral artery occlusion/reperfusion.

DDAH-1, via regulation of ADMA levels, protects against ischemia-induced blood-brain barrier leakage 815



Fig. 5 DDAH-1−/− rats showed increased EBD extravasation after
MCAO/R with lower NO and higher ADMA levels. a Representa-
tive sections of EBD extravasation in DDAH-1−/− and WT rats under
normal and ischemic conditions. The blue areas represented the
extravasation of EBD. b Statistic analysis of EBD extravasation.
Under normal condition, there was no significant difference between
KO and WT rats (n= 5, p > 0.05). After MCAO/R model, KO rats
showed a significantly higher extravasation (n= 5, p < 0.001). c–e
Statistic analysis of brain NO, ADMA and plasma ADMA levels.
ADMA in peripheral blood and brain were significantly increased in
DDAH-1−/− rats compared to WT rats both under normal and

ischemic conditions (n= 5, p < 0.001). The ADMA levels in both KO
and WT rats significantly increased after MCAO/R model (n= 5, p <
0.001). The NO levels were significantly decreased in DDAH-1−/− rats
(n= 5, p < 0.01). The NO concentration in WT rats significantly
increased after MCAO/R, while no significant difference was shown
between KO/SHAM and KO/M group (n= 5, p > 0.05). Data are
presented as mean ± SD. nsp > 0.05, **p < 0.01, ***p < 0.001. KO
knockout, WT wild-type, EBD Evan’s blue dye, MCAO/R middle
cerebral artery occlusion/reperfusion, NO nitric oxide, ADMA asym-
metric dimethylarginine.
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levels in peripheral blood compared to DDAH-1−/− rats
with SHAM operation (p < 0.001, n= 5) (Fig. 5c).

The NO concentrations in infarct area were demonstrated
to significantly decrease in DDAH-1−/− rats (0.05 ±
0.002 μmol/g) compared to WT rats (0.07 ± 0.003 μmol/g)
under non-ischemic conditions (p= 0.0076, n= 5). After
MCAO/R model, WT rats showed significant increase in
NO concentration (0.09 ± 0.003 μmol/g, p < 0.001, n= 5).
NO content in DDAH-1−/− rats increased after MCAO/R,
but not significant (0.06 ± 0.002 μmol/g, p= 0.0562, n= 5)
(Fig. 5d). As expected, ADMA levels of infarct area in
DDAH-1−/− rats significantly increased compared to WT
rats both under non-ischemic (KO/SHAM: 184.23 ±
5.18 μmol/g vs. WT/SHAM: 129.49 ± 3.80 μmol/g, p <
0.001, n= 5) and ischemic conditions (KO/SHAM:
268.79 ± 4.44 μmol/g vs. WT/SHAM: 209.79 ± 6.39 μmol/
g, p < 0.001, n= 5). The MCAO/R model also led to a
significant increase for ADMA level in infarct area tissue
(p < 0.001, n= 5) (Fig. 5e).

L-Arginine supplementation to DDAH-1−/− rats
restored ischemic damages

As ARG is the substrate for NO production, we then
explored whether the supplement of ARG to DDAH-1−/−

rats would improve the ischemic outcomes. As expected,
ARG supplement significantly decreased NSS (ARG: 9.5 ±
1.15 vs. KO: 15.4 ± 1.03, p < 0.001, n= 15), infarct volume
(ARG: 90.86 ± 19.42 mm3 vs. KO: 358.7 ± 27.02 mm3, p <
0.001, n= 5) infarct percentage (ARG: 9.99 ± 1.54% vs.
KO: 25.58 ± 1.41%, p < 0.001, n= 5) and apoptotic cell
number (ARG: 1763 ± 143.2 vs. KO: 3046 ± 186.3, p <
0.001, n= 5) at 24 h, meanwhile ARG group had no sig-
nificant difference with WT group (NSS: 8.9 ± 0.88, p=
0.632, infarct volume: 92.8 ± 11.42 mm3, p= 0.998, infarct
percentage: 8.268 ± 0.79%, p= 0.127, apoptotic cell num-
ber: 1573 ± 126.5, p= 0.129) (Fig. 6).

For the BBB disruption, ARG supplementation (1.42 ±
0.12 μg/g) significantly decreased EBD extravasation in KO
rats (2.4 ± 0.12 μg/g) (p < 0.001, n= 5), while there was no
significant difference between ARG and WT group (1.31 ±
0.13 μg/g) (p= 0.308, n= 5) (Fig. 6c, h).

Long-term (3 and 7-days) ischemic outcomes were also
assessed in this study. For infarct volume, there were
significant increase in KO rats compared to WT rats both at 3rd
(102.3 ± 7.26mm3 (KO) vs. 65.85 ± 4.37mm3 (WT), p <
0.001, n= 5) and 7th day (71.4 ± 3.94mm3 (KO) vs. 37.44 ±
3.49mm3 (WT), p < 0.001, n= 5) (Fig. 7a, b, d). Consistently,
the percentage of infarct volume and NSS also showed sig-
nificant increase in KO rats both at 3rd (infarct percentage:
8.26 ± 0.52% (KO) vs. 5.43 ± 0.61% (WT), p < 0.001, n= 5;
NSS: 7.3 ± 0.48 (KO) vs. 3.8 ± 0.41 (WT), p < 0.001, n= 15)
and 7th day (infarct percentage: 5.48 ± 0.72% (KO) vs. 2.81 ±

0.62% (WT), p < 0.001, n= 5; NSS: 3.9 ± 0.73 (KO) vs. 1.2 ±
0.63 (WT), p < 0.001, n= 15) after MCAO/R (Fig. 7c, e).
ARG supplement significantly decreased the infarct volume (3-
day: 64.35 ± 4.828mm3, 7-day: 37.55 ± 2.691mm3, n= 5),
infarct percentage (3-day: 5.05 ± 0.143%, 7-day: 3.16 ±
0.396%, n= 5) and NSS (3-day: 3.4 ± 0.29, 7-day: 1.3 ± 0.43,
n= 15) both at 3rd and 7th day in DDAH-1−/− rats (p < 0.001),
while there was no significant difference between ARG and
WT group (p > 0.05) (Fig. 7).

Enhanced TJ proteins degradation in DDAH-1−/−

rats

To further explore the molecular mechanism, the expressions
and mRNA levels of TJ related proteins zonula occludens 1
(ZO-1), occludin and claudin-5 were measured using western
blot and RT-qPCR (Fig. 8). Interestingly, under normal
conditions the expression of ZO-1, occludin and claudin-5
significantly decreased in DDAH-1−/− rats (ZO-1: 0.719 ±
0.018, occludin: 0.911 ± 0.023, claudin-5: 0.713 ± 0.078)
compared to WT rats (ZO-1: 0.971 ± 0.047, occludin:
1.114 ± 0.087, claudin-5: 0.974 ± 0.059) (p < 0.001, n= 5).
After ARG supplementation, the expression of ZO-1, occlu-
din and claudin-5 significantly increased in DDAH-1−/− rats
(ZO-1: 0.871 ± 0.02, occludin: 1.042 ± 0.075, p < 0.001;
claudin-5: 0.873 ± 0.028, p= 0.0164, n= 5), and no sig-
nificant difference was shown in occludin and claudin-5
compared with WT rats (occludin: 1.046 ± 0.052, p= 0.769;
claudin-5: 0.977 ± 0.049, p= 0.092, n= 5). Under ischemic
conditions, both WT and KO rats showed decreased expres-
sion of TJ proteins, and the expression in KO rats (ZO-1:
0.239 ± 0.020, occludin: 0.3202 ± 0.015, claudin-5: 0.223 ±
0.011) was significantly lower than WT rats (ZO-1: 0.4624 ±
0.032, occludin: 0.592 ± 0.053, claudin-5: 0.451 ± 0.021)
(p < 0.001, n= 5). Then, we supplemented ARG to these rats
underwent MCAO/R and found the expression of TJ proteins
significantly increased in both WT (ZO-1: 0.669 ± 0.016,
occludin: 0.795 ± 0.014, claudin-5: 0.702 ± 0.022) and
DDAH-1−/− rats (ZO-1: 0.509 ± 0.016, occludin: 0.605 ±
0.022, claudin-5: 0.456 ± 0.059) (p < 0.001, n= 5). Also, the
supplement of ARG to DDAH-1−/− rats was exhibited similar
expressions with WT/M rats (ZO-1: p= 0.704, occludin: p=
0.713, claudin-5: p > 0.99, n= 5) (Fig. 8a–d).

However, the mRNA levels of TJ proteins (normalized to
WT/SHAM group) were not significantly different in these
groups (p > 0.05, n= 5) (Fig. 8e), suggesting that the
decrease of TJ proteins may result from an effect down-
stream of transcription such as protein degradation.

To sum up, the supplementation of L-arginine to DDAH-
1−/− rats partially reversed the neurological damages and
reductions of TJ protein expression, which suggests that
DDAH-1 might regulate the degradation of TJ protein and
protect from ischemia-induced BBB disruption.
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Fig. 6 Supplement of L-arginine to DDAH-1−/− rats alleviated
partial neurological damages. a Representative 24-h TTC staining
for DDAH-1−/− rats with ARG supplementation under normal and
ischemic conditions. b Representative images of TUNEL assay in
DDAH-1−/− rats with ARG supplementation under normal and
ischemic conditions. c Representative sections of EBD extravasation
in DDAH-1−/− rats with ARG supplementation under normal and
ischemic conditions. d–h Statistic analysis of NSS, infarct volume,

infarct percentage, apoptotic number and EBD extravasation. ARG
supplement significantly decreased NSS, infarct volume, infarct per-
centage, apoptotic number and EBD extravasation (p < 0.001), but
exhibited no significant difference with WT rats (p > 0.05). Data are
presented as mean ± SD. nsp > 0.05, ***p < 0.001. KO knockout, WT
wild-type, EBD Evan’s blue dye, MCAO/R middle cerebral artery
occlusion/reperfusion, ARG L-arginine.
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Discussion

Previous studies have demonstrated that ADMA is strongly
correlated with IS, as well as with many other vascular-
related diseases [11]. Over recent years, numerous DDAH-1
related data have emerged, highlighting its role in various
diseases, and especially in cardiovascular conditions.

Nonetheless, the function of DDAH-1 in IS and underlying
mechanisms still remain unknown. In the present study, we
demonstrated that DDAH-1 was mainly distributed in cer-
ebral cortex and basal nuclei and was largely expressed in
endothelial cells and neurons. It negatively regulated IS
pathogenesis, probably via NO signaling and decreasing
ADMA level also preventing tight junction degradation.

Fig. 7 Supplement of L-arginine to DDAH-1−/− rats relieved long-
term neurological damages. a, b Representative 3 and 7-day TTC
staining for DDAH-1 KO, WT group and ARG group. c–e Statistic
analysis of infarct volume and its percentage in 3 and 7 days. There
were significant increases of infarct volume, infarct percentage and

NSS in the KO group compared to the other groups both in 3 and
7 days (p < 0.001), but no significant difference between WT and ARG
group (p > 0.05). Data are presented as mean ± SD. nsp > 0.05, ***p <
0.001. KO knockout, WT wild-type, ARG L-arginine, NSS neurolo-
gical severity scores.
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DDAH-1 dysfunction has been implicated in several
cardiovascular conditions, such as hypertension, coronary
heart disease and congestive heart failure [33]. Treatment
based on DDAH-1 has been used in acute congestive heart
failure to decrease ADMA levels [25]. It has also shown the
ability to reduce portal pressure via ADMA-mediated reg-
ulation of NOS activity and it has shown connection with
intracerebral hemorrhage through NO signaling [4, 24]. A
clinical study has shown that DDAH-1 loss-of-function

polymorphism is associated with both increased risk of
thrombosis stroke and coronary heart disease [22]. We
recently demonstrated that DDAH-1 could regulate the
levels of ADMA and NO and enhances the ischemic tol-
erance in hypoxic preconditioning [34].

In the beginning of our study, we observed high dis-
tribution of DDAH-1 in cerebral cortex and basal nuclei, as
well as high expression in endothelial cells and neurons,
which indicated its possibility correlating to IS. MCAO/R

Fig. 8 DDAH-1−/− rats showed decreased expressions of tight
junction proteins. a Representative western blots of ZO-1, occludin,
and claudin-5. b–d Statistic analysis and quantification respectively.
Under normal condition, the expression of ZO-1, occludin and
claudin-5 significantly decreased in DDAH-1−/− rats compared to WT
rats (n= 5, p < 0.001). After ARG supplementation, the expression of
ZO-1, occludin and claudin-5 significantly increased (n= 5, p <
0.001). Under ischemic conditions, the expression of tight junction
proteins in both WT and KO rats decreased (n= 5, p < 0.001), and the
expression in KO rats was significantly lower than WT rats (n= 5, p <

0.001). Also, the ARG supplement increased the expression of tight
junction proteins both in KO and WT rats (n= 5, p < 0.001). e Statistic
analysis and quantification of mRNA levels respectively. The mRNA
levels of TJ proteins (normalized to SHAM group) showed no sig-
nificant difference in these groups (n= 5, p > 0.05). Data are presented
as mean ± SD. nsp > 0.05, *p < 0.05, ***p < 0.001. KO knockout, WT
wild-type, ARG L-arginine, MCAO/R middle cerebral artery occlu-
sion/reperfusion, DDAH-1 dimethylarginine dimethylamino hydro-
lase-1, ZO-1 zonula occludens 1.
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model was used to mimic IS pathogenesis in human. Neu-
rological score, TTC staining and TUNEL assay were
examined to evaluate the brain injury. Under non-ischemic
conditions, no detected brain damage was found in DDAH-
1−/− rats compared with WT rats. However, after MCAO/R
we found that DDAH-1−/− rats showed worse behavior,
larger infarct volume and higher cell apoptosis, thus sug-
gesting an aggravated damage compared to WT rats, which
indicated that DDAH-1 had a protective role in IS. ADMA
was reported to lower cerebral perfusion and increases
arterial stiffness both in animals and humans [35–37]. In our
study, DDAH-1 KO rats exhibited decreasing CBF and
increasing MABP compared to WT rats, both at baseline
and during MCAO/R period. As no brain injury including
BBB disruption was found in KO rats under normal con-
ditions, the lower CBF in DDAH-1−/− rats might not be the
primary cause for BBB leakage.

Low level of NO is responsible for vasoconstriction and
vascular closure thus leading to worse pathology in IS,
worse neurological function, larger infarct area and
enhanced apoptosis [5, 6, 38]. Endogenous level of NO in
the brain is increased following stroke and animal stroke
models using MCAO/R procedures [39]. High concentra-
tions of ADMA are also present in cardiovascular and
cerebrovascular events [40, 41]. In this study, increasing
NO level was found in brain after MCAO/R as a protective
effect, while lower NO level was shown in DDAH-1−/− rats
compared to WT rats. We also found higher levels of per-
ipheral blood and brain ADMA in DDAH-1−/− rats both
under non-ischemic and ischemic conditions, indicating
DDAH-1 could protect IS-induced pathology via regulating
ADMA and NO levels.

In previous studies, the supplement of NO from L-
arginine restored vascular function and improved clinical
symptoms in various diseases [42, 43]. DDAH-1−/− rats
were also exhibited improved pathology and partial
restoration of neurological damages following L-arginine
supplementation in our study. The restoration by NO further
confirmed the role of DDAH-1 in IS via NO signaling.

BBB has a dynamic structure that contributes to cerebral
homeostasis. It is composed of endothelial cells and their
linking TJ, pericytes, astrocytic end feet and extracellular
matrix components and is believed to be disrupted in IS
pathogenesis [44–47]. Herein, we examined BBB perme-
ability via EBD extravasation and TJ proteins expression
[48]. EBD which binds to serum albumin and IgG does not
cross into brain parenchyma from vascular tissue due to their
high molecular weight [49, 50]. TJ disruption is a major
cause underlying increased permeability of BBB after IS and
TJ is regulated physiologically and pathophysiologically by
TJ protein modification, translocation and degradation
[44, 51]. Seungho et al. found that ADMA treatment exa-
cerbated blood-brain barrier dysfunction and loss of TJ

proteins [52]. ADMA was also reported to have potent
adverse effects on the TJ protein occludin [53]. In our study,
DDAH-1−/− rats showed higher leakage of EBD in brain
parenchyma and lower expression of TJ proteins after
MCAO/R, which suggested enhanced BBB damage in
DDAH-1−/− rats; while the supplementation with L-arginine
partly restored that damage. Interestingly, we found that
even under non-ischemic conditions, DDAH-1 depletion
significantly decreased the expression of TJ protein. How-
ever, the mRNA levels of TJ proteins remained unchanged
in these groups. It indicated that DDAH-1 exerts its pro-
tective role in BBB, not only through promoting endothelial
cells homeostasis but may also via preventing TJ protein
degradation. DDAH-1 deficiency reduces NO production via
DDAH-ADMA-NOS axis in endothelial cells, leading to
endothelial dysfunction and death, and subsequent dysre-
gulation of ionic homeostasis, degradation of TJ proteins
which further impairs the BBB permeability [3].

We also performed preliminary experiment and an
informal interim assessment through the experiment, by
which could largely reduce animal use. This approach fol-
lows the guidelines of the National Centre for the Repla-
cement, Refinement and Reduction of Animals in Research
(London, UK).

In conclusion, our study demonstrated that DDAH-1
have a vital protective role in IS via regulating ADMA level
and possibly via preventing TJ proteins degradation. Sup-
plementation with L-arginine may help restore some of the
functions in DDAH-1−/− rats. In future studies our research
provides novel insight into DDAH-1 that can be used as a
novel therapeutic target for IS and a pharmacological target
for BBB permeability.
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