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中 文 摘 要 ： 顱內出血後經常伴隨著產生過量亞鐵，形成游離基，及誘發

存活蛋白如血氧基質酶(HO-1)的表現。然而，HO-1 在腦損傷

時扮演的角色仍有爭議。顱內出血後男性存活率較停經前婦

女為差。採用檸檬酸亞鐵注射於小鼠尾狀核模擬顱內出血動

物模式中，雄鼠尾狀核受損程度亦高於雌鼠。因此，我們採

用 HO-1(+/-)基因剔除小鼠來探討 HO-1 在檸檬酸亞鐵引起性

別差異性尾狀核損傷所扮演的角色。以 alpha II-spectrin 

裂解成 SBDP 145/150 當做損傷嚴重度的指標。並以 TUNEL 染

色及 BECN1 免疫染色呈陽性反應者來定義細胞自噬性細胞死

亡。結果顯示，檸檬酸亞鐵誘發的 HO-1 表現，損傷嚴重度，

及行為缺失，雄鼠皆高於雌鼠。而雌二醇可能是檸檬酸亞鐵

引起尾狀核 HO-1 表現及損傷具性別差異性之原因。在雄鼠

HO-1(+/-)組，檸檬酸亞鐵誘發的 DNA 斷裂，損傷嚴重度，及

行為缺失皆低於 HO-1(+/+)組。而且，雌二醇對於雄鼠尾狀

核免於檸檬酸亞鐵所導致腦損傷的保護作用 HO-1(+/-)組較

HO-1(+/+)組為明顯。比較雌鼠 HO-1(+/-)組與 HO-1(+/-)

組，無論是損傷嚴重度或雌二醇的神經保護作用，皆無顯著

差異。 以上結果顯示， HO-1 在檸檬酸亞鐵引起尾狀核損傷

扮演著性別差異性的角色，即雄鼠 HO-1 減少時檸檬酸亞鐵引

起的腦損傷嚴重度較為輕微。本研究結果開啟性別特異性治

療的前景，臨床上可針對顱內出血導致較嚴重急性鐵離子過

度釋放之男性病患，以減少 HO-1 之誘發性做為預防腦損傷嚴

重度之策略。 

中文關鍵詞： 性別差異性, 血氧基質酶-1, 檸檬酸亞鐵, 尾狀核 

英 文 摘 要 ： Intracerebral hemorrhage (ICH) is associated with 

overproduction of iron, free radical formation, and 

induction of survival protein such as heme oxygenase-

1 (HO-1) in brain tissue. However, the role of HO-1 

induction in participating various brain injury 

remains controversial. Men have worse survival than 

premenopausal women after ICH.1 In rodent ICH model 

using ferrous citrate 2 infusion into the caudate 

nucleus (CN), slao showed a higher degree of injury 

severity in CN of males than that in females. HO-1 

knockout mice were used to study the role of HO-1 in 

the sex-difference of FC-induced CN injury. The 

cleavage of alpha II-spectrin into SBDP 145/150 was 

used as an indicator of injury severity. Autophagic 

cell death was identified by TUNEL(+) BECN1 

immunoreactivity. The results showed that levels of 



FC-induced HO-1 expression, injury severity, and 

behavioral deficit were higher in males than those in 

females. Estradiol contributes to the sex dimorphism 

in FC-induced HO-1 expression and injury severity. In 

male group, the levels of FC-induced DNA 

fragmentation, injury severity, histological lesion 

and behavioral deficit in the CN of HO-1(+/-) were 

significantly lower than those in HO-1(+/+). 

Moreover, the neuroprotective effect of E2 against 

the FC-induced CN injury was enhanced in HO-1(+/-) 

compared with HO-1(+/+) in males, but not in females. 

These results suggest that HO-1 plays a sex dimorphic 

role in FC-induced brain injury. Only in males, the 

decrease of HO-1 exhibits a beneficial effect on the 

iron-induced striatal injury. These findings open up 

the prospect for a sex-specific prevention targeting 

HO-1 inhibition for male patients suffering from 

acute iron overload caused by ICH.  

  

  

 

英文關鍵詞： sex-dimorphism, heme oxygenase-1, ferrous citrate, 

caudate nucleus 
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   中文摘要 
 

顱內出血後經常伴隨著產生過量亞鐵，形

成游離基，及誘發存活蛋白如血氧基質酶

(HO-1)的表現。然而，HO-1 在腦損傷時扮演

的角色仍有爭議。顱內出血後男性存活率較停

經前婦女為差。採用檸檬酸亞鐵注射於小鼠尾

狀核模擬顱內出血動物模式中，雄鼠尾狀核受

損程度亦高於雌鼠。因此，我們採用 HO-1(+/-)
基因剔除小鼠來探討 HO-1 在檸檬酸亞鐵引

起性別差異性尾狀核損傷所扮演的角色。以

alpha II-spectrin 裂解成SBDP 145/150當做

損傷嚴重度的指標。並以 TUNEL 染色及

BECN1 免疫染色呈陽性反應者來定義細胞自

噬性細胞死亡。結果顯示，檸檬酸亞鐵誘發的

HO-1 表現，損傷嚴重度，及行為缺失，雄鼠

皆高於雌鼠。而雌二醇可能是檸檬酸亞鐵引起

尾狀核 HO-1 表現及損傷具性別差異性之原

因。在雄鼠 HO-1(+/-)組，檸檬酸亞鐵誘發的

DNA 斷裂，損傷嚴重度，及行為缺失皆低於

HO-1(+/+)組。而且，雌二醇對於雄鼠尾狀核

免於檸檬酸亞鐵所導致腦損傷的保護作用

HO-1(+/-)組較 HO-1(+/+)組為明顯。比較雌

鼠 HO-1(+/-)組與 HO-1(+/-)組，無論是損傷

嚴重度或雌二醇的神經保護作用，皆無顯著差

異。 以上結果顯示， HO-1 在檸檬酸亞鐵引

起尾狀核損傷扮演著性別差異性的角色，即雄

鼠 HO-1 減少時檸檬酸亞鐵引起的腦損傷嚴

重度較為輕微。本研究結果開啟性別特異性治

療的前景，臨床上可針對顱內出血導致較嚴重

急性鐵離子過度釋放之男性病患，以減少

HO-1 之誘發性做為預防腦損傷嚴重度之策

略。 
 
關鍵字: 性別差異性, 血氧基質酶-1, 檸檬酸

亞鐵, 尾狀核  
 
 
Abstract 

 
Intracerebral hemorrhage (ICH) is 

associated with overproduction of iron, free 
radical formation, and induction of survival 
protein such as heme oxygenase-1 (HO-1) 
in brain tissue. However, the role of HO-1 
induction in participating various brain injury 
remains controversial. Men have worse 
survival than premenopausal women after 
ICH.1 In rodent ICH model using ferrous 
citrate 2 infusion into the caudate nucleus 
(CN), slao showed a higher degree of injury 
severity in CN of males than that in females. 
HO-1 knockout mice were used to study the 
role of HO-1 in the sex-difference of 
FC-induced CN injury. The cleavage of 
alpha II-spectrin into SBDP 145/150 was 
used as an indicator of injury severity. 
Autophagic cell death was identified by 
TUNEL(+) BECN1 immunoreactivity. The 
results showed that levels of FC-induced 
HO-1 expression, injury severity, and 
behavioral deficit were higher in males than 
those in females. Estradiol contributes to 
the sex dimorphism in FC-induced HO-1 
expression and injury severity. In male 
group, the levels of FC-induced DNA 
fragmentation, injury severity, histological 
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lesion and behavioral deficit in the CN of 
HO-1(+/-) were significantly lower than 
those in HO-1(+/+). Moreover, the 
neuroprotective effect of E2 against the 
FC-induced CN injury was enhanced in 
HO-1(+/-) compared with HO-1(+/+) in 
males, but not in females. These results 
suggest that HO-1 plays a sex dimorphic 
role in FC-induced brain injury. Only in 
males, the decrease of HO-1 exhibits a 
beneficial effect on the iron-induced striatal 
injury. These findings open up the prospect 
for a sex-specific prevention targeting HO-1 
inhibition for male patients suffering from 
acute iron overload caused by ICH.  

  
Key words: sex-dimorphism, heme 
oxygenase-1, ferrous citrate, caudate 
nucleus 
  

 
二、緣由與目的 

Intracerebral hemorrhage (ICH) is the 

second most common subtype of stroke 

and accounts for approximately 10 % to 20 

% of all strokes.1 It has the highest mortality 

in all stroke types and has a higher rates of 

stroke incidence and mortality in men than 

in younger women.2  It suggests that a 

greater therapeutic effort should be 

emphasized in male patients suffered from 

neurodegeneration after hemorrhagic 

stroke. Previous studies have indicated that 

men and women response differently to 

stroke treatment.3-4 However, the 

recommendation for treatment after 

hemorrhagic stroke appears to be the same 

in men and women. Thus, understanding 

the sex dimorphism in host response to 

stroke insult may help to developing the 

gender specific preventive and therapeutic 

strategies for those who suffered from brain 

functional deficit due to hemorrhagic stroke. 

 

After hemorrhage, blood leaks into 

brain parenchyma and the heme derived 

ferrous iron exacerbates intracellular 

oxidative stress and cellular injury by free 

radical generation.5 At the mean time, 

oxidative stress induces the expression of 

endogenous survival proteins, such as 

HO-1.6 Usually, oxidative stress challenges 

the induction of HO-1 and subsequently 

increases the heme catabolism into 

biliverdin and bilirubin, which is a potent 

antioxidant.7 Accordingly, induction of HO-1 

may protect cells by argumenting the 

breakdown of prooxidant heme to the 

radical scavenging bilirubin.8 Whereas, in 

certain experimental conditions, the 

induction of HO-1 may actually promote 

rather than protect against cellular injury. A 

previous report indicated that HO-1 

induction was associated with a deleterious 

iron accumulation in activated microglia in a 

rodent stroke model.9 Induction of HO-1 

also had a deleterious effect in model of 

quinolinic acid-induced neurotoxicity, which 

is probably linked to a hyperproduction of 

ROS and iron accumulation, and enhanced 

tissue loss and microglia activation.10 

Therefore, the beneficial or harmful role of 

HO-1 in brain injury remains controversial 

and whether a sex dimorphism exists in 

HO-1 induction after hemorrhagic stroke 

remains unknown. The present study was 

designed to test the hypothesis that HO-1 

suppression protects CN from 

iron-induced injury in a sex dependent 

manner.  
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三、結果與討論 
 

 
 

Fig. 1. FC induced higher levels of HO-1 
expression and injury severity in CN of 
intact male mice than that of intact 
females. (A) Protein level of FC-induced 
HO-1. Three μL ferrous citrate (FC; 2.55 
μmol/L) was infused into the right caudate 
nucleus (CN). Two days after FC infusion, 
the brain tissue containing CN was sampled 
for Western blot analysis. β-actin was used 
as a sample loading control. (B) Protein 
levels of FC-induced cleavage of 
spectrin. The levels of spectrin breakdown 
products 145/150 (SBDP 145/150) in 
the CN of male and female mice with or 
without infusion of FC are shown as a ratio 
of SBDP 145/150 to  spectrin acting as an 
index of severity of injury. (C) The 
FC-induced lesion ratio. The hemispheric 
area of the CN was quantified according to 
the density of the hematoxylin and 
eosin-stained tissue section by Image-pro 
plus software. The lesion ratio was 
estimated by dividing the hemispheric 
volume of the CN on the ipsilateral side by 
that on the contralateral side. (D) The 
FC-induced behavioral deficit. Forelimb 
use asymmetry ratio depicting an index of 
behavioral deficit. Data are expressed as 
means ± SD (n=6), *P < 0.05, **P < 0.01 
compared with sex-matched control. 
##<0.01 compared with FC-infusion male 
group. 

 
  

 
 

Fig. 2.  E2 contributes to the sex difference 
of HO-1 induction and injury severity caused 
by FC-infusion. (A) Effects of castration and 
E2 implantation on the protein level of HO-1 
in male and female mice. Castration was 
performed 2 weeks before FC-infusion. Silastic 
tube containing E2 was implanted one day 
before FC-infusion. Three μL FC (2.55  μmol/L) 
was infused into the right CN. Two days after 
FC infusion, the brain tissue containing CN was 
sampled. (B) Effects of castration and E2 
implantation on the severity of FC-induced 
injury in the CN of male and female mice. ♂ 
with a slash indicated castrated male; ♀ with a 
slash indicates ovariectomized female.  The 
levels of HO-1 and the cleavage of alpha-II 
spectrin were analyzed by Western blot analysis 
using antibody for HO-1 and spectrin, 
respectively. Beta-actin was used as a sample 
loading control. The representative data of 
Western blot is shown in the upper panel of the 
lower quantitative result. Data are expressed as 
means ± SD (n=6), * p<0.05 compare to intact 
male; # p<0.05 compare to intact female; 
§<0.05 compare to ovariectomized female. 
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Fig. 3. Exogenous E2 suppresses the 

FC-induced HO-1 expression in 

castrated male mice at both mRNA and 

protein levels. (A) mRNA levels of 

FC-induced HO-1. (B) Protein levels of 

FC-induced HO-1. Castration was 

performed two weeks before subcutaneous 

implantation with a silastic tube containing 

17β- estradiol benzoate (E2) at 24 hours 

before the infusion of FC (3 μL, 2.55 

μmol/L). The tissues containing CN were 

sampled 2 days after infusion of FC for 

detecting the levels of HO-1 mRNA and 

protein. FC induced higher levels of mRNA 

and protein of HO-1 in males than that in 

females. E2 suppressed the FC-induced 

HO-1 expression particularly in males. Data 

are expressed as means± SD (N=6). 

**p<0.01 compared with saline-infusion; 

##p<0.01 compared with FC-infusion 

without E2-treated male group; §p<0.05 

compared with FC-infusion male group. 
 

  

 
  

Figure 4. The immunoreactivity and 

protein level of HO-1 in male and female 

mice with or without heterozygote 

knockout of HO-1 gene. (A) HO-1 

immunoreactivity. (B) Protein level of 

HO-1. Because HO-1 (-/-) mice are 

neonatal lethal, heterozygous HO-1(+/-) 

male and female mice were used in this 

study. Three μL FC (2.55  μmol/L) was 

infused into the right caudate nucleus. Two 

days after ferrous citrate infusion, the brain 

tissue containing caudate nucleus was 

sampled. HO-1 knockout decreased the 

HO-1 immunoreactivity and HO-1 protein 

levels in CN of both male and female mice.  

Data are expressed as means ± SD (n=6). 

**p<0.01 compared with sex-matched 

HO-1(+/+) FC-infusion group; #p<0.05, 

##p<0.01 compared with HO-1(+/+) 

FC-infusion male group. 
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 Figure 5. FC-induced CN injury in 

HO-1(+/-) male mice is lower than that in 

HO-1(+/+) male mice. (A) FC-induced 

DNA fragmentation in CN.  TUNEL 

detection kit was used to identify the DNA 

fragmentation and the percentage of 

TUNEL(+) cells was quantified after staining. 

In FC-infusion male groups, the percentage 

of TUNEL(+) cells in HO-1(+/-) groups was 

lower than that in HO-1(+/+). (B) Level of 

the FC-induced cleavage of α-II spectrin. 

(C) FC-induced histological lesion in CN. 

(D) FC-induced behavioral deficit. Data 

are expressed as means ± SD (n=6). 

**p<0.01 compared with sex-matched 

HO-1(+/+) FC-infusion group; #p<0.05, 

##p<0.01 compared with HO-1(+/+) 

FC-infusion male group. 
 

 
 

 

Fig. 6. Sex-dimorphic effect of HO-1 

knockout (heterozygote) on the 

neuroprotection by E2 against 

FC-induced CN injury. (A) FC-induced 

DNA fragmentation in CN. Castration was 

performed 2 weeks before FC-infusion. 

Silastic tube containing E2 was implanted 

one day before FC-infusion. Three μL FC 

(2.55 μmol/L) was infused into the right CN. 

Two days after FC-infusion, the brain tissue 

containing CN was sampled and sectioned 

in 5 μm thickness. TUNEL detection kit was 

used to identify the DNA fragmentation and 

the percentage of TUNEL(+) cells was 

quantified after staining. In E2-pretreated 

FC-infusion male, the percentage of 

TUNEL(+) cells in HO-1(+/-) male mice is 

lower than that in HO-1(+/+) males. (B) 

Level of the FC-induced cleavage of α-II 

spectrin. The detection of the cleavage of 

alpha-II spectrin breakdown products 

(SBDP 145/150) fragment was estimated 

as a biochemical marker for brain injury. In 

E2-pretreated FC-infusion male, the ratio of 

SBDP 145/150 to spectrin in HO-1(+/-) 

male mice is lower than that in HO-1(+/+) 

males. (C) FC-induced histological lesion 

in CN. The hemispheric area of the CN was 

quantified according to the density of the 

hematoxylin and eosin-stained tissue 

section by Image-pro plus software. The 

lesion ratio was estimated by dividing the 

hemispheric volume of the CN on the 

ipsilateral side by that on the contralateral 

side. In E2-pretreated FC-infusion male, the 

lesion ratio in CN of HO-1(+/-) male mice is 

lower than that in HO-1(+/+) males. (D) 

FC-induced behavioral deficit. Forelimb 

use asymmetry score depicting an index of 
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behavioral deficit. H In E2-pretreated 

FC-infusion male, FC-induced behavioral 

deficit in HO-1(+/-) male mice is lower than 

that in HO-1(+/+) males. Data are 

expressed as means ± SD (n=6). *p<0.05; 

**p<0.01 compared with E2-pretreated 

FC-infusion male group. 
  
 
結果與討論:     

The present study demonstrated that 

male showed higher levels of FC-induced 

HO-1 expression, injury severity, and 

histological lesion associated with 

behavioral deficit than females in the 

FC-infusion mouse model, which simulates 

ICH-induced striatal injury. Heterozygote 

HO-1 knockout diminished the FC-induced 

striatal injury in male but not in females. In 

addition, HO-1 knockout slightly simulates 

and enhances the neuroprotective effect of 

E2. In females, there is no significant effect 

of HO-1 knockout on FC-induced CN injury 

or the neuroprotective effect of E2 on 

FC-induced CN injury. These results 

suggest that high level of FC-induced HO-1 

in males may exaggerate the FC-induced 

CN injury, therefore, HO-1 suppression 

diminished the FC-induced striatal injury 

and favored the outcome of males. Our 

study for the first time explored the sex 

dimorphic effect of HO-1 suppression on 

the FC-induced striatal injury. These 

findings open up the prospect for a 

male-specific prevention targeting HO-1 

suppression for patients suffering from 

striatal iron overload. 

 

Higher levels of FC-induced HO-1 

expression and injury severity in CN of 

male mice than that in females 

The ho-1 gene is exquisitely sensitive 

to induction by a wide range of pro-oxidant 

and other stressors. Experiments have 

indicated that, after hemorrhage, clot lysis 

and iron play an important role in 

ICH-induced brain injury.15 Brain iron 

accumulation may induce neuronal damage 

even after it has become bound to ferritin 

because iron can be released in its ferrous 

form under the acidic conditions.16 Iron 

toxicity is largely based on Fenton 

chemistry where iron reacts with reactive 

oxygen intermediates to produce highly 

reactive free radical species such as the 

hydroxyl radical (OH-).17 In the present 

study, a significant higher level of 

FC-induced HO-1 expression in CN of intact 

male than that in intact females was 

observed (Fig. 1A). The endogenous 

female sex hormones may contribute to the 

sex difference in HO-1 induction by FC. To 

delineate whether estradiol participates in 

the sex difference in HO-1 induction by FC, 

the effects of exogenous E2 implantation on 

HO-1 induction in castrated male and 

female mice were compared. The result 

indicated that ovariectomy enhances, while 

E2 implantation inhibits the HO-1 induction 

by FC (Fig. 2A). Accordingly, the 

suppressive effect of E2 on HO-1 induction 

by FC may contribute to the sex differences 

in CN injury severity caused by FC-infusion. 

 

E2 may suppress HO-1 induction via an 

ERα-independent pathway 

HO-1 is markedly upregulated in the 

brain after ICH.18 The HO-1 gene 

expression is controlled by the 

transcriptional activator nuclear factor 

erythroid 2-related factor 2 (Nrf2) and the 
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transcriptional repressor breast cancer type 

1 susceptibility protein (BRCA1) associated 

C-terminal helicase1 (Bach-1).19-20  

After blood infusion in the rat model of ICH, 

Keap1 showed decreased expression 

starting at 8 h, whereas Nrf2 began to show 

a significant increase at 2 h with a peak at 

24 h.21 However, the effect/mechanism of 

E2 on HO-1 induction remains controversial. 

Previous report indicated that E2 treatment 

led to Nrf2 dissociation from Keap1 in the 

cytoplasm, and increased the protein level 

of Nrf2 in the nucleus, with a significant 

increase in HO-1 expression 

homocysteine-treated cells.22 Another study 

demonstrated that the protective effects of 

E2 in male rats were ERα-independent and 

might be associated with HO-1 inhibition.23 

In the present result, E2 significantly inhibits 

HO-1 induction by FC in the CN of male 

mice at both levels of mRNA and protein, 

while E2 inhibits the FC-induced HO-1 

expression at the level of protein but not at 

mRNA level in females (Fig. 3). Since the 

expression level of ERα mRNA and protein 

and the number of ERα immunoreactive 

cells in the CN were higher in female and 

male brain,24 the present result indicates an 

ERα-independent mechanism underlying 

the suppression of HO-1 expression by E2 

in the CN of male mice. Whereas, further 

investigation is needed to understand how 

E2 decreases the FC-induced HO-1 

expression at protein but not at mRNA level 

in female mice. 

  

Male-specific effect of HO-1 

heterozygote knockout (KO) on 

diminishing FC-induced injury 

HO-1 is an enzyme exhibiting both 

beneficial and harmful effects, depending 

on the magnitude and time of expression. 

Its beneficial effects have been related to a 

decrease in free heme concentrations and 

further production of anti-oxidant 

compounds (biliverdin and bilirubin)25, while 

a massive HO-1 activation may cause toxic 

compound accumulation (biliverdin and 

Fe2+).26 In hemorrhagic brain of mice, HO-1 

expression is mainly observed in 

microglia/macrophages and vascular 

endothelial cells around the hematoma 

region. Deletion of HO-1 gene results in 

diminution of hemorrhage-induced brain 

tissue injury.27 Notably, HO-1 deletion is 

also associated with a decreased number 

of activated microglia/macrophages after 

intracerebral hemorrhage, suggesting that 

HO-1 supports activated microglia survival 

that may exacerbate 

hemorrhage-associated brain injury.27-28 

HO-1 inhibition by SnPP attenuated edema 

in hemoglobin-induced model of ICH.29 

HO-1 inhibition by tin-mesoporphyrin IX 

(SnMP) provided significant protection 

against neuronal loss in rabbits model of 

autologous blood injection.30 

SnMP-treatment also reduced edema 

development following experimental ICH in 

pigs.31 However, studies using HO-1 

inhibition by metalloporphyrin can’t exclude 

it’s antioxidant effect.32 In the present result, 

interestingly, HO-1 suppression decreased 

the FC-induced CN injury in male but not in 

females implicating a harmful role of 

massive HO-1 induction in males. While the 

moderate level of HO-1 induction after 

FC-infusion in female may help the 

hormesis under redox microenvironment. 
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HO-1 partial KO enhances the protective 

effect of E2 on FC-induced CN injury in 

males 

Estrogen is both a natural 

neuroprotectant and a potential therapeutic 

agent for cerebrovascular disease. Several 

mechanisms may contribute to the 

beneficial effect of estrogen on brain injury. 

Previous report have shown that 

pretreatment with E2 attenuates brain 

edema after ICH in male mice.33 Moreover, 

administration of exogenous E2 in male, but 

not in female rats, significantly attenuated 

ICH-induced changes in HO-1 when given 2 

hours after hemorrhage.23This effect of E2 

in males was ER-α-independent and might 

be associated with HO-1 inhibition.23 In the 

present result, no significant effect of HO-1 

knockout on E2 neuroprotection was 

observed in female group (Fig. 6). While in 

male mice, HO-1 knockout per se slightly 

simulates the protective effect of E2 on 

FC-induced CN injury. Moreover, HO-1 

knockout further enhances the protective 

effect of E2 against FC-induced CN injury. 

Results of Western blot and 

immunohistochemical analysis indicated 

that ER-α expression was greater in the CN 

of females compared with that in males.24 

This result suggests that HO-1 suppression 

partially mediates neuroprotective effect of 

E2 and the protective mechanism of HO-1 

suppression may be ERα-independent and 

may be different from that of E2. 

  
 In conclusion, HO-1 plays a sex 

dimorphic role in FC-induced brain injury 
and HO-1 silencing has a sex-specific 
benefit for iron-induced striatal injury only in 
males they lack of endogenous protection 
conferred by estradiol. These findings open 
up the prospect for a male-specific injury 

prevention targeting HO-1 inhibition for 
patients suffering from acute iron overload 
caused by ICH. 
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ABSTRACT 

Pluronic® F127-modified water-dispersible poly(acrylic acid)-bound iron oxide nanoparticles 

(PF127-PAAIO) were prepared to prevent recognition from the reticuloendothelial system. A 

blood-brain-barrier penetrating peptide, angiopep-2 (ANG), was conjugated to the surface of 

PF127-PAAIO to produce multifunctional ANG-PF127-PAAIO. The diameter of 186.5 ± 6.8 nm, 

saturation magnetization of 76 emu/g Fe, and r2 relaxivity of 167.54 mM1s1 of ANG-PF127-PAAIO 

implies its potentiality as a magnetic resonance imaging (MRI) contrast agent. ANG-PF127-PAAIO 

shows negligible cell cytotoxicity and displays better cellular uptake than PF127-PAAIO into U87 cells 

for 30 min and 2 h incubation. The T2-weighted image enhancement of -88.1 ± 4.7 % of 

ANG-PF127-PAAIO is greater than that of -28.8 ± 6.6 % of PF127-PAAIO in U87 cells. Using an 

orthotopic mice tumor model of U87, ANG-PF127-PAAIO shows the higher sensitivity to depict brain 

tumor on MR images than PF127-PAAIO does.  

 

Keywords: Magnetic resonance imaging, Poly(acrylic acid)-bound iron oxide nanoparticles, Pluronic® 

F127, Blood-brain barrier, Angiopep-2   



3 

 

1. Introduction 

The brain is tightly segregated from the circulating blood by a unique layer of highly-specialized 

and differentiated endothelium barrier, blood-brain barrier (BBB). Many pharmaceuticals cannot be 

efficiently delivered to, or sustained within the brain; hence, they are ineffective in treating brain 

diseases. Agarwal et al. discussed six approaches that can be employed to improve BBB penetration 

and deliver therapeutics into the brain [1]. Nanotechnology can be used to bypass the BBB, to target 

specific cells and infiltrate tumor cells, providing pivotal strategies to solve delivery hurdles to the 

brain.  

The primary advantage of a nanoparticle (NP) carrier is it can cross the BBB and entrap the 

original characteristics of therapeutic drug molecules. In addition, the NP carrier may reduces drug 

leaching in the brain and decreases peripheral toxicity [2]. An approach to crossing the BBB can be 

manipulated using Pluronic polymers, which consist of poly(ethylene oxide)-poly(propylene 

oxide)-poly(ethylene oxide) blocks, PEO-PPO-PEO. The hydrophobic PPO segments comprise a 

hydrophobic core as a microenvironment for the incorporation of lipophilic drugs. The hydrophilic 

PEO corona prevents aggregation, protein adsorption, and recognition by the reticuloendothelial system 

(RES) [3]. Pluronic polymers have been studied to promote active membrane transport of numerous 

anticancer drugs because they overcome the multidrug resistance (MDR) effect. The complex 

mechanism of Pluronic effects on MDR cells is mainly attributed to inhibiting drug efflux 

transporters, such as P-glycoprotein (Pgp), multidrug resistance proteins (MRPs), and breast cancer 

resistance protein (BCRP) [3]. A product of doxorubicin (DOX) loaded in Pluronic polymers was 

launched in a clinical trial in 2004 [4]. Pluronic micelles have been studied to bypass the BBB for 

drugs delivery to the central nervous system (CNS) since 2003 [5].  

Site specific delivery to the brain has also been facilitated using superparamagnetic iron oxide 

nanoparticles (SPION). Application of the magnetic field was found to enhance the confinement of 
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SPION in the brain. Chertok et al. synthesized SPION for MRI-monitored magnetic targeting to brain 

tumors [6]. Using the rat model of orthotopic 9L-gliosarcoma in vivo, the authors showed a 5-fold 

increase in imaging analysis of the total glioma when exposed to SPION with the magnetic field over 

without (p= 0.005) and a 3.6-fold enhancement in the target selectivity index of SPION accumulation 

in glioma over the normal brain (p= 0.025). Jia et al. investigated the potential of SPION by employing 

a standard clinical magneto-encephalographic (MEG) system in conjunction with a superconducting 

quantum interference device (SQUID) [7]. The results indicated SPION generated evident signals and 

produced the strong magnetic field. Recently, nanoparticle systems consisting of organic or inorganic 

polymers-coated SPION and a small chlorotoxin (CTX) peptide on the surface have been developed for 

multifaceted applications [8-12]. All these studies explain the SPION nanoparticle system is a potential 

approach for targeted drug delivery against brain gliomas. 

In this study, a novel nanoparticle system, potentially applicable for the development of new 

theranostics with increased brain penetration, includes three compartments: a magnetic iron oxide core, 

a polymer, and a peptide. Our previously-made polyacrylic acid coated iron oxides (PAAIO) were used 

as a starting material which had a high superparamagnetic property for MRI [13]. An external magnet 

could be imposed to accelerate sedimentation of SPION at a brain tumor area through the transcytosis 

mechanism, to bypass the BBB as stated by Agarwal [1]. PF127, one of the Pluronic® polymers, was 

conjugated on PAAIO to produce PF127-PAAIO as a drug reservoir for therapeutic agents, which 

enhances BBB penetration via the inhibiting P-glycoprotein efflux pump mechanism [1]. In addition, a 

high capability for the BBB penetration peptide, Angiopep-2 (ANG), was conjugated on the surface of 

PF127-PAAIO to produce ANG-PF127-PAAIO via a simple chemical reaction. This brain targeting 

ligand facilitates the receptor mediated endocytosis mechanism [1].  

Brain targeting ligands are well documented, including antibodies, peptides, and small molecules 

[14]. Several receptors are present on the luminal endothelial plasma membranes, including transferrin 
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receptor, insulin receptor, and low-density lipoprotein receptor-related protein (LRP) [15]. 

ANG (TFFYGGSRGKRNNFKTEEY), derived from the Kunitz domain, is a ligand of low density 

LRP over-expressed in human glioma cells. It is one of the peptides, exhibiting higher transcytosis 

capacity and parenchymal accumulation than transferrin, lactoferrin, and avidin, and possessing a high 

BBB penetration capability [16]. A chemical attachment of different molecules to ANG to bypass the 

brain via transcytosis was developed [17, 18]. ANG1005 is a prodrug combining ANG with 3 

molecules of paclitaxel using cleavable ester bonds [18]. Preclinical studies show brain uptake of 

ANG1005 is ~100-fold greater than paclitaxel, and once in the brain, ANG1005 favorably targets 

tumor cells and enters by endocytosis using the same receptor mechanism.  

Here, a novel multifunctional ANG-PF127-PAAIO consisting of several beneficial factors to cross 

the BBB is developed. Physicochemical properties, cellular viability, cellular internalization, saturation 

magnetization and hysteresis, T2-weighted image, and cellular uptake mechanism in U87 cells were 

thoroughly characterized. An in vitro BBB model was constructed to test its penetration ability and an 

in vivo orthotopic mouse tumor model of U87 was developed to demonstrate the higher sensitive 

T2-weighted image observed in using ANG-PF127-PAAIO than using PF127-PAAIO. The authors 

demonstrate the combination of many beneficial mechanisms on the designed SPION should improve 

BBB penetration and enhance the payload accumulation in the brain. 
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2. Materials and methods 

2.1. Materials 

Iron(III) chloride anhydrous, and sodium hydroxide were purchased from TCI (Tokyo, Japan). 

Poly(acrylic acid) (PAA) was from Acros (Morris Plains, NJ). Fetal bovine serum (FBS) was from 

Biological Industries (Beit Haemek, Israel). Minimum Essential Medium (MEM) and trypsin-EDTA 

were from Invitrogen (Carlsbad, CA). 3-(4,5-Dimethyl- thiazol-2yl)-2,5-diphenyl tetrazolium bromide 

(MTT) was from MP Biomedicals (Eschwege, Germany). All other unstated chemicals were purchased 

from Sigma-Aldrich (St. Louis, MO), and used without further purification. 

 

2.2. Synthesis of PF127-succinic anhydride adduct (Succ-PF127) 

PF127-succinic anhydride (Succ-PF127) was prepared by placing PF127 (504 mg, 0.04 mmol) 

and succinic anhydride (6 mg, 0.06 mmol) in a one neck flask, which were dried for 30 min at 80oC 

under vacuum. The reaction temperature was increased to 130oC and the reaction was stirred for 6 h 

under argon. The crude product was dissolved in 20 mL dichloromethane, and the insoluble material 

was removed by filtration. The Succ-PF127 was precipitated in cold ether, filtered and dried. The 

polymer was further dialyzed using a dialysis tube (Spectra, Millipore, MWCO 1000) for 3 days 

against double deionized (DD) water. The final product was recovered via lyophilization (yield ~ 80%) 

and stored in a dry box until use. 

 

2.3. Synthesis of PAAIO, PF127-PAAIO and ANG-F127-PAAIO 

PAAIO was synthesized according to our previous publication [13]. PF127-PAAIO and 

ANG-PF127-PAAIO were synthesized via N-(3-dimethyl aminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDAC) mediated ester formation. Briefly, 15.6 mg of EDAC was added to 100 mL of 

PAAIO solution (1 mg/mL in DD water) and stirred for one day at room temperature and pH 7.0. Next, 
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100 mg of PF127 was added into the above solution and further reacted for another one day to yield 

PF127-PAAIO. Succ-PF127-PAAIO was similarly prepared for PF127-PAAIO instead of using 100 

mg of Succ-PF127. ANG-PF127-PAAIO was prepared by adding 7.6 mg of EDAC to 100 mL of 

Succ-PF127-PAAIO solution (1 mg/mL in DD water) and stirring at room temperature and pH 7.0 for 

6 h followed by adding 9.6 mg of ANG to the above solution and reacting overnight. The 

PF127-PAAIO and ANG-PF127-PAAIO reaction solutions were transferred to a dialysis tube (Spectra, 

Millipore, MWCO 25000) and dialyzed against DD water for 2 days. The final products were collected 

by freeze-drying. 

 

2.4. Preparing Rh123- magnetic nanoparticles (MNPs) 

PF127-PAAIO/ANG-PF127-PAAIO (100 mg) and EDAC (10 mg) were dissolved in 90 mL of DD 

water. The solution was stirred for one day. One mg of Rh123 in 10 mL of DD water was added to the 

solution, and stirred at room temperature for 6 h in the dark. The reaction solution was dialyzed against 

DD water for 2 days. The resulting products were collected by freeze-drying. 

 

2.5. Characterizations  

1H-NMR spectrum was recorded on a Gemini-200 spectrometer (Varian, Palo Alto, CA) using 

deuterium oxide (D2O) as a solvent. Fourier transform infrared (FTIR) spectra were obtained on a 

Perkin-Elmer-2000 spectrometer (Norwalk, CT). Dried samples were pressed with KBr powder into 

pellets. Sixty-four scans were signal-averaged in the range of 400-4000 cm-1 at a resolution of 4 cm-1. 

Particle sizes of MNPs were measured using a Zetasizer Nano ZS dynamic light scattering (Malvern, 

Worcestershire, UK). Light scattering measurements were done with a laser of wavelength 633 nm at a 

90° scattering angle. The sample concentration was 0.1 mg/mL and temperature was maintained at 

25oC. The particle diameter and morphology of MNPs were also visualized by TEM (Jeol JEM-1400, 

Tokyo, Japan). One drop of the sample solution was deposited on the grid and dried in air at room 
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temperature. The CNH contents of MNPS were determined using an elemental analyzer (Elementar 

Vario EL Ⅲ, Germany). The magnetic properties were measured with a magnetic properties 

measurement system (MPMS) from Quantum Design (MPMS-XL7), which utilizes a SQUID 

magnetometer at fields ranging from 15 to -15K Oe at 25oC. The iron concentrations were determined 

using an atomic absorption spectrometer (AAS) positioned at 248 nm (5100 PC, Perkin Elmer). 

Transversal relaxivities (r2) were generated using a magnetic resonance (MR) spectroscope (Bruker 

Biospec 70/30 MRI) equipped with a 7 T MR scanner. Different concentrations of MNPs (5 - 30 mg/L) 

were prepared in DD water. The transversal relaxation times were measured using a standard fast spin 

echo with the following parameters: TR: 3000 ms; TE: 15-150 ms; FOV: 60×60 mm2; matrix: 192×192; 

slice thickness: 1 mm. The T2-weighed images were acquired using a fast gradient echo pulse sequence 

(TR/TE/flip angle 3000 ms/75 ms/30o). 

 

2.6. Cell culture, cytotoxicity, and cellular uptake 

U87 cells (human glioblastoma cell line) were cultivated and maintained in minimum essential 

medium (MEM), supplemented with 10% FBS and 100 g/mL penicillin-streptomycin, at 37 °C under 

5% CO2. 

 

2.6.1. Cytotoxicity 

U87 cells were seeded in 96-well culture plates (5103/well). The cytotoxicities were evaluated by 

determining cell viability after 24 h of incubation with various concentrations of MNPs (5-1000 

g/mL). The viable cells was determined by estimating their mitochondrial reductase activity using the 

tetrazolium-based colorimetric method [19]. The number of active cells was estimated by measuring 

the absorbance at 540 nm. 
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2.6.2. Cellular uptake  

U87 cells were seeded in 6-well culture plates (2105/well). Rh123-MNPs were added at a 

concentration of 200 g /mL and incubated separately for 30 min and 2 h. The culture medium was 

removed and washed three times with 1 mL of PBS containing 2% FBS. The cells were detached by 

1X trypsin and centrifuged at 1500 rpm for 5 min. The media was removed and resuspended in 1 mL of 

PBS. Cell accounts of 1×104 were immediately analyzed using an EPICS XL flow cytometer (Beckman 

Coulter, Fullerton, CA).  

The cells were also preincubated with different chemical inhibitors, chlorpromazine (10 g/mL), 

wortmannin (50 nM), genistein (200 nM), and Mβ-cyclodextrin (1 mM) for 30 min to study the 

internalization mechanism of the MNPs. The medium containing the inhibitors was changed to fresh 

MEM, and the cells containing 200 g /mL Rh123-MNPs were treated and incubated for another 2 h. 

Next, the cells were trypsinized, centrifuged, and resuspended in 1 mL of PBS and 1×104 cell counts 

were immediately analyzed. 

The cellular uptake of MNPs was also quantified using AAS, where 2×104 cell counts from each 

sample were analyzed for iron content. The centrifuged cell pellets were dissolved in 37% HCl at 70oC 

and let sit for 1 h. The AAS samples were diluted to a volume of 3 mL with DD water for analysis. The 

iron contents of samples were calculated based on a calibration curve of FeCl3. 

 

2.6.3. Confocal 

  U87 cells (2×105/well) were seeded into a 12-well culture plate in MEM containing one glass 

coverslip/well and incubated for 24 h at 37 °C. The medium was removed and 1 mL of 100 μg/mL 

MEM containing Rh123-MNPs was added into each well, followed by incubation at 37 °C for various 

time periods. The coverslips with cells were treated with 1 mL of 3.7% formaldehyde in 0.1 mL PBS. 

The cells were treated with 1 mL/well of Triton X-100 and incubated for 10 min. After three PBS 
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washings, the cells were incubated with 0.5 mL/well of DAPI for 10 min at 37 °C. An Olympus Fv 500 

confocal laser scanning microscope (CLSM, Tokyo, Japan) was used for cell imaging. The emission 

wavelength was set at 565 nm. 

 

2.7. In vitro MRI 

The MR spectroscope (Bruker Biospec 70/30 MRI) equipped with the 7 T MR scanner was also 

used to measure T2-weighted signal intensities using iron concentrations ranging of 0-30 μg/mL in 

MEM medium. U87 cells (5×105/well) were seeded into a 6-well culture plate 1 d before adding the 

various concentrations of MNPs. The addition of the samples was followed by incubation for 3 h at 

37 °C. The medium was dispensed and the cells were washed three times with 0.1 M PBS containing 

2% FBS. The T2-weighed images were acquired using a fast gradient echo pulse sequence (TR/TE/flip 

angle 3000 ms/75 ms/30o). 

The enhancement of MR images of the cells after incubated with MNPs in vitro is defined by the 

following equation [20], 

  

2.8. Permeability across cocultured HBMEC/HA system 

The permeability across BBB was tested with human brain-microvascular endothelial cell 

(HBMEC, Biocompare; South San Francisco, CA)/human astrocyte (HA, Sciencell; Corte Del Cedro 

Carlsbad, CA) system according the previous publication [21]. Poly(ethylene terephthalate) (PET) 

membrane with the cultured HBMEC/HA was fixed between donor and receiver chambers. HBMECs 

faced the donor chamber. The two chambers were maintained at 37 oC by circulating water in the 

external jacket. The donor chamber was filled with 14 mL of fresh culture medium containing 

Rh123-MNPs with a concentration of 0.25 mg/mL at 150 rpm. The receiver chamber was filled with 

14 mL of fresh culture medium at 150 rpm. Fifty μL of the fluid in the receiver chamber were sampled 
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at different time periods. The samples were analyzed using a microplate fluorescent reader (Synergy 

HT; BioTek, Winooski, VT) using excitation at 480 nm and emission at 525 nm. The receiver chamber 

was immediately compensated with 50 μL of fresh culture medium. The permeability coefficient of 

Rh123-MNPs across HBMECs, PHBMECs, was calculated by 

 

  

where Pe, Pm, J, ΔC, and Vr are respectively to the permeability across PET membrane with HBMECs, 

the permeability across PET membrane, the mass flux from donor into receiver, the concentration 

difference between donor and receiver, and the volume of receiver. 

 

2.9. In vivo MRI 

After anesthetized by injected Zoletil, we stereotactically injected U87 cells (1×105 cells in 3 μL 

volume) into the brains of nude mice as reported by Yan et al. [22] with a rate of 1μL/min at 

stereotactic coordinates 0.5 mm forward and 1.5 mm right of the bregmau, and 2.5 mm deep of 

intraparenchymal. The intracranial tumors were ready for imaging experiments after the inoculation for 

three weeks. For all animals, MR images were taken prior to and at selected time points after injection 

of PF127-PAAIO and ANG-PF127-PAAIO. Mice were anesthetized by inhalation of 1.5% isoflurane 

in 1:2 O2/N2. The MNPs of 10 mg Fe/kg were injected intravenously through the tail vein. The MR 

imaging was performed using 3.0 T MR imager (Sigma, GE Medical systems; Milwaukee,WI) and 

using an animal coil (3.8-cm Quadrature Volume Coil). All samples were measured by a T2-weighted 

spin-echo sequence (TR/TE = 2000/60) for imaging MR imaging. 
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2.10. Statistical Methods  

Means, SD, and SE of the data were calculated. Differences between the experimental groups and 

the control groups were tested using Student’s-Newman-Keuls’ test, and P < 0.05 was considered 

significant. 
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3. Results  

The 1H-NMR spectrum of Succ-PF127 in DMSO-d6 shows a broad peak at 3.5 ppm (methylene 

units of PEO) and a characteristic methyl peak of PPO at 1.12 ppm (Figure S1). Succinic anhydride 

peaks at 2.63 ppm and its intensity to that of the methyl groups in PPO were measured and used to 

calculate a degree of succinic anhydride substitution onto PF127, i.e. ~108 mol%, indicating 

approximately one end of the hydroxyl groups in PF127 was replaced with succinic anhydride. 

A water-soluble PAAIO was synthesized via one-pot reaction according to our previous 

publication [13]. The conjugation reaction between the hydroxyl groups of Succ-PF127 and the 

carboxylic groups of PAAIO was carried out at equal molar ratios using EDAC as a coupling agent. 

The further conjugation between the amino groups of ANG and the carboxylic groups of 

Succ-PF127-PAAIO was also carried out using EDAC as a conjugation agent in aqueous solution 

(Scheme 1). A characteristic ester bond stretching at 1722 cm-1 in Succ-PF127-PAAIO (Figure S2) 

implies the successful synthesis of Succ-PF127-PAAIO. The characteristic peaks for carboxylate 

COO- on PAAIO appear at 1567 and 1406 cm-1, attributable to asymmetric and symmetric C-O 

stretching, respectively. A broad peak at 3408 cm-1 suggests chemisorption of PAA onto iron oxide 

surfaces. The absorbance peak of Fe-O on PAAIO appearing at 619 cm-1 shifts to 589 cm-1 in 

PF127-PAAIO and ANG-PF127-PAAIO. Since the FTIR measurement is insufficient to distinguish 

ANG signals of ANG-PF127-PAAIO from those of succ-PF127-PAAIO, thus, elemental analysis (EA) 

was used to measure the N content and quantitatively estimate the ANG content in 

ANG-PF127-PAAIO (Table 1). The nitrogen content of 0.46 % was obtained in ANG-PF127-PAAIO, 

but neither in PAAIO or PF127-PAAIO. The ANG content in ANG-PF127-PAAIO is ~2.72 wt%. 

The average hydrodynamic diameters of PAAIO, PF127-PAAIO and ANG-PF127-PAAIO are 

46.50 ± 1.4 (PDI = 0.27), 127.6 ± 29.1 (PDI = 0.26) and 186.5 ± 6.8 nm (PDI = 0.32), respectively. The 

modification of PF127 and ANG-PF127 on the surface of PAAIO increases the hydrodynamic diameter. 
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The zeta-potentials increase from -54.30 ± 0.28 mV for PAAIO to -15.90 ± 2.73 mV for PF127-PAAIO 

and -24.30 ± 3.46 mV for ANG-PF127-PAAIO. 

The TEM images of PF127-PAAIO and ANG-PF127-PAAIO (Figure 1) show the iron oxide 

nanoparticles were homogeneously dispersed. The iron contents of PAAIO, PF127-PAAIO and 

ANG-PF127-PAAIO determined by AAS are 38.6 ± 0.9, 18.4 ± 1.0, and 16.0 ± 0.8 wt%, 

respectively. The PF127 content in PF127-PAAIO is 52.33 wt% and the ANG-PF127 content in 

ANG-PF127-PAAIO is 59.55 wt%.  

Following polymer decoration, the retained magnetic property of MNPs is an important factor for 

clinical application as targeted contrast agents for MRI. Therefore, the saturation magnetization value 

(σs) and the transversal relaxivities (r2) of MNPs were determined. The σs values of MNPs were 

determined using SQUID, and normalized to the iron mass measured by AAS. The σs values are 86, 80, 

and 76 emu/g Fe for PAAIO, PF127-PAAIO, and ANG-PF127-PAAIO, respectively (Figure 2(A)). 

The signal contrast enhancement of the T2-weighted MR images of PAAIO, PF127-PAAIO and 

ANG-PF127-PAAIO in the iron concentration range of 5 - 30 mg/L in DD water is shown in Figure 

2(B). Transversal relaxation rates (1/T2) were plotted as a function of iron concentration, and the r2 

values obtained from a slope with the best linear regression are 178.70, 173.12 and 167.54 mM1s1 for 

PAAIO, PF127-PAAIO and ANG-PF127-PAAIO, respectively.  

To examine the acute cytotoxicity, U87 cells were incubated with MNPs in concentrations of 5 - 

500 μg/mL for 24 h. The cell viability, determined by MTT assay, shows U87 cells exposed to PAAIO, 

PF127-PAAIO and ANG-PF127-PAAIO were non-toxic at all test concentrations. The cell viabilities 

of U87 cells exposed to three nanoparticles are still >90% even at a high concentration of 500 g/mL 

(Figure S3). 

The cellular uptake of MNPs into U87 cells with and without ANG was tested. Figure 3(A&B) 

shows a distinguishable right shift in Rh123-ANG-PF127-PAAIO but not in Rh12-PF127-PAAIO, as 
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compared with the control group at both 30 min and 2 h incubation time. The cellular uptake in U87 

cells increases with increasing incubation time from 30 min to 2 h and the MNPs with an angiopep-2 

moiety show the higher internalization in U87 cells. To reconfirm ANG-PF127-PAAIO has better 

localization in U87 cells than PF127-PAAIO; the iron content in the cells was directly stained with 

Prussian blue. The internalized Fe3+ ions of MNPs became bright blue pigments when reacting with the 

ferrocyanide ions.  There is no discernible blue color either in PF127-PAAIO-treated U87 cells after 30 

mins or 2 h incubation (Figure 3(C&D)). In contrast, after the cells had been treated with 

ANG-PF127-PAAIO (Figure 3(E&F)), the blue color was found at 30 mins and became more 

noticeable at 2 h. The cellular uptake of the nanoparticles in U87 cells was also quantified by 

measuring the iron content per cell using AAS (Figure 3(G)). The iron contents in U87 cells are 5.2 and 

8.1 μg Fe/mg protein for PF127-PAAIO and ANG-PF127-PAAIO after 30 min of incubation, and 6.0 

and 10.2 μg Fe/mg protein after 2 h of incubation. Comparing confocal images with 

Rh123-PF127-PAAIO, Rh123-ANG-PF127-PAAIO shows higher red fluorescence intensity (Figure 4). 

The red fluorescence was seen in the nucleus as U87 cells had been exposed to 

Rh123-ANG-PF127-PAAIO for 2 h, implying ANG-PF127-PAAIO could be used as a drug delivery 

carrier for a hydrophobic anticancer agent for future study. To check whether U87 cells overexpress 

low density LRP, an Alexa Fluor-linked LRP antibody was used to test its binding ability. Indeed, it 

was found the strong green fluorescence appears in the cell surfaces, indicating U87 cells truly 

overexpress low density LRP. (Figure S4). 

Several different metabolic inhibitors were used to check internalization pathways of the 

nanoparticles entering U87 cells. The U87 cells were exposed to various inhibitors before they were 

treated with Rh123-MNPs. Three major mechanisms were tested using their corresponding chemical 

inhibitors: chlorpromazine (CPZ) for clathrin-mediated endocytosis, genistein and 

methyl-β-cyclodextrin (Mβ-CD) for caveolae-mediated endocytosis, and wortmannin for 

macropinocytosis. The cytotoxicities of the inhibitors were tested and the inhibitors were found to be 
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nontoxic to U87 cells at the concentrations used (data not shown). The flow cytometric diagrams 

clearly shift left when the cells were pretreated with CPZ, and remain intact when the cells were 

pretreated with genistein, Mβ-CD, and wortmannin before adding the Rh123-MNPs into U87 cells 

(Figure S5).  

Figure 5(A) shows the amount of Rh123-MNPs permeated across the PET membrane with 

HBMEC/HA system in vitro over a time period of 8 h. The permeation amount is 7.6 and 4.9 g/mL 

for Rh123-ANG-PF127-PAAIO and Rh123-PF127-PAAIO at 8 h, respectively. Figure 5(B) shows the 

permeability coefficient (PHBMEC) of ANG-PF127-PAAIO across the membrane is 4.4×10-6 cm/s and 

2.3×10-6 cm/s of PF127-PAAIO. PHBMEC increases with an ANG modification. 

The potential of MNPs as a targeted MR contrast agent to cancer cells was determined from the 

T2-weighted MR phantom images. The enhancement of PF127-PAAIO is trivial (0.46%), while 

ANG-PF127-PAAIO is significant (-88.14%) at a Fe concentration of 30 μg/mL (Figure 6A). 

Consistent with the result in cellular uptake studies, the T2-weighted MR phantom images of 

ANG-PF127-PAAIO shows a profoundly increased negative contrast enhancement.  

Tumor-bearing mice were prepared by injecting U87 cells into the brain of mice, and then MR 

imaging of the mice was performed at 6 h after the intravenous injection of ANG-PF127-PAAIO and 

PF127-PAAIO in PBS buffer solution (10 mg Fe/kg). The injected tumors were seen at hyperintense 

areas in the T2-weighted MR images as indicated by arrows (Figure 6(B&C)). Six hours post injection 

of ANG-PF127-PAAIO, a noticeable darkening appears in the tumor area in the T2-weighted MR 

image (Figure 6C), indicative of the accumulation of detectable amounts of ANG-PF127-PAAIO 

within the tumor. However, no visible enhancement was observed post injection of PF127-PAAIO 

(Figure 6B). 
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4. Discussion 

The increase in polymer contents and particle diameter following modification of PAAIO with 

PF127 and ANG-PF127 confirmed the successful synthesis of PF127-PAAIO and ANG-PF127-PAAIO. 

Besides, the increase in zeta-potential value from -54.30 ± 0.28 mV for PAAIO to -15.90 ± 2.73 mV 

for PF127-PAAIO implied the successful conjugation of PF127 and PAAIO. The carboxylic acid 

groups on the surface of PAAIO formed ester bonds with the hydroxyl groups of PF127, resulting in 

decreased negative charge density. The zeta potential of ANG-PF127-PAAIO decreased to -24.30 ± 

3.46 mV after PF127-PAAIO had been linked with ANG. This agrees with the literature, where the 

modification of ANG on a cationic PEG-dendrimer decreased the surface charge from 16.7 mV to 11.6 

mV [22]. In addition, the particle size is a factor determining the performance of ANG-PF127-PAAIO 

for in vivo delivery. The particle sizes are preferred to be >10 nm to escape renal clearance and < 200 

nm to prevent sequestration from the RES of the spleen and liver [23]. The hydrodynamic diameter of 

ANG-PF127-PAAIO nanoparticles was 186 ± 6.8 nm, which fell in the size border to prevent 

sequestration by the RES [24, 25]. 

To check the MRI contrast enhancement ability of our synthesized MNPs, both σs and r2 values 

were measured. The decrease in σs value after PAAIO was coated with PF127 or ANG-PF127 was 

insignificant. The polymer-coated MNPs were still superparamagnetic with negligible hysteresis at 

room temperature. In addition, the coating of ANG-PF127 or PF127 on PAAIO slightly affected the 

performance of r2 values. This result agreed with the PEGylated surface of poly(ethylene imine)-Fe2O3 

nanoparticles, which also induced a slight change in r2 value [26, 27]. The large r2 values of 

PF127-PAAIO (173.12 mM1s1) and ANG-PF127-PAAIO (167.54 mM1s1) implied they could be a 

good MRI contrast agent, as compared with most of the conventional MNP products, AMI-25 (100 

mM-1s-1) and AMI-227 (53 mM-1s-1) [28].  
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The Prussian blue and AAS results were consistent with the finding in flow cytometric studies, 

where ANG-PF127-PAAIO had higher cellular uptake ability than PF127-PAAIO in U87 cells did. 

This may be attributable to ANG recognition of the low density LRP.  

Brain microvascular endothelial cells (BMECs) are the main cellular component of the BBB [29]. 

When BMECs are prepared on a porous membrane, the monolayer cell resembles the feature of the 

BBB in vivo. A BBB model by HBMECs/HAs via a transwell culture with an insert of PET membrane 

was established to analyze the potential targeting efficacy. ANG-PF127- PAAIO could be transported 

across HBMECs/HAs membrane than PF127-PAAIO did. A better BBB permeation effect with a ANG 

conjugation was reported in ANG-conjugated poly(ethylene glycol)-co-poly(ε-caprolactone) 

nanoparticles (ANG-PEG-NP), which also showed the better cellular uptake using brain capillary 

endothelial cells (BCECs) [30]. In a mouse model, a high accumulation of ANG-PEG-NP was 

observed in the cortical layer, lateral ventricle, third ventricles and hippocampus. The paclitaxel (PTX) 

encapsulated ANG-PEG-NP showed high ability to transport across the BBB, no acute toxicity to the 

hematological system, and high inhibitory effects on U87 MG glioma cells [30, 31]. In addition, the 

ANG-modified 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene 

glycol)-2000] (ANG-PE-PEG) micelles effectively delivered Amphotericin B (AmB) into the central 

nerve system (CNS) and maintained higher drug concentration than those without ANG in the brain 

parenchyma [32]. All these promising results were attributed to recognition of the ANG molecule by 

the low density LRP. Thus, ANG-PF127-PAAIO could potentially deliver hydrophobic drugs to the 

brain via the same mechanism.  

Four chemical pinocytosis pathway inhibitors were tested. Genistein is a specific tyrosine kinase 

inhibitor that locally disrupts the actin cytoskeleton and prevents recruitment of dynamin II, 

indispensable for both caveolae-mediated endocytosis and Rho-mediated endocytosis [33, 34]. 

Wortmannin is a phosphatidyl inositol-3-phosphate inhibitor that inhibits the macropinocytosis 

pathway [35]. Mβ-CD is known to disrupt the lipid raft structure and inhibit lipid raft clustering in 
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response to cytokine stimulation by binding to and sequestering cholesterol from the plasma membrane 

[36]. CPZ, a cationic amphiphilic drug, inhibits clathrin-mediated endocytosis by obstructing the 

assembly of the clathrin adaptor protein at the cell surface [37]. Compared with the control, the cellular 

uptake of Rh123-MNPs manifestly decreased when the cells were preincubated with CPZ, indicating 

clathrin-mediated endocytosis is a primary pathway for internalizing the nanoparticles into the cells. 

Clathrin inhibition induced an observable decrease in the cellular uptake of Rh123-MNPs. This differs 

from the report on ANG-PEG-NP, where the caveole-mediated pathway was used [30]. Nevertheless, 

using the dual-mediated internalization pathway has a high impact on the cellular uptake of 

nanoparticles [30, 32].   

The MRI abilities of the nanoparticles were determined in vitro and in vivo. The angiopep-2 

receptor-mediated endocytosis resulted in a distinguishable darkening of MR images in U87 cells. 

Because of the high accumulation of ANG-PF127-PAAIO within the tumor as compared with that of 

PF127-PAAIO in vivo, a better negative contrast effect in an orthotopic nude mouse model was 

obtained. The decrease in signal was sufficient to help a radiologist detect the tumor in the brain. A 

similar in vivo MRI ability was reported in lactoferrin-conjugated SPION (Lf-SPION) as a specific 

MRI contrast agent for detecting brain glioma [38]. Lactoferrin is also a ligand helping in the 

transcytosis across the BBB through recognizing the low density LRP [39]. Lf-SPION had greater 

accumulation in glioma and improved high contrast between the tumor and surrounding normal brain 

tissue over a period of 48 h. Since the σs and r2 values of ANG-PF127-PAAIO were higher than those 

of Lf-SPIONs (51 emu/g Fe and 75.6 mM-1S-1, respectively), the authors believe ANG-PF127-PAAIO 

could also be a potent MRI contrast agent for detecting brain glioma.  

 

5. Conclusion  
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The brain tumor targeting ANG-PF127-PAAIO was successfully synthesized. 

ANG-PF127-PAAIO retained high levels of superparamagnetic characteristics and MRI ability. 

ANG-PF127-PAAIO having a BBB penetrating peptide showed a better cellular internalization than 

PF127-PAAIO in the LRP-overexpressed U87 cells. This result was confirmed by CLSM, flow 

cytometry, AAS, in vitro BBB penetration, and T2 image enhancement studies. ANG-PF127-PAAIO 

exhibited a strong dual-targeting property, because ANG mediated the transport of 

ANG-PF127-PAAIO across the BBB through the LRP as the first targeting, followed by endocytosis of 

ANG-PF127-PAAIO via recognition of the clathrin-mediated receptor on the U87 surfaces as the 

second targeting. ANG-PF127-PAAIO contains the superparamagnetic Fe3O4, the micellar PF127, and 

a BBB targeting ANG, thus, it has potential to be used as a diagnostic imaging agent as well as a 

chemotherapeutic agent specifically targeting brain diseases. 
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Table 1. The carbon (C), nitrogen (N) and hydrogen (H) content of PAAIO, PF127-PAAIO and 

ANG-PF127-PAAIO determined by elemental analyzer (EA) (n= 3). 

 N% C% H% 
PAAIO N.D. 19.21±0.23 4.13±0.25 
PF127-PAAIO N.D. 40.65±0.21 6.93±0.03 
ANG-PF127-PAAIO 0.46±0.02 40.30±0.42 6.91±0.01 
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Figure Captions 

Figure 1. Transmission electron microscope (TEM) images of (A) PAAIO; (B) PF127-PAAIO; (C) 

ANG-PF127-PAAIO. 

Figure 2. (A) The magnetization curve as a function of field and (B) T2-weighted magnetic resonance 

(MR) phantom images for PAAIO, PF127-PAAIO and ANG-PF127-PAAIO. 

Figure 3. Flow cytometric diagrams of Rh123-PF127-PAAIO and Rh123-ANG-PF127-PAAIO in U87 

cells after (A) 30 min and (B) 2 h of incubation; prussian blue-stained U87 cell after incubation with   

(C, D) PF127-PAAIO and (E, F) ANG-PF127-PAAIO for (C, E) 30 min and (D, F) 2 h at 37 °C; and 

(G) the iron content in U87 cells measured by AAS. 

Figure 4. CLSM images of U87 cells exposed to (A, B) Rh123-PF127-PAAIO and (C, D) 

Rh123-ANG-PF127-PAAIO for (A, C) 30 min and (B, D) 2 h at 37 °C. 

Figure 5. (A) Permeability concentration and (B) permeability coefficient of PF127-PAAIO and 

ANG-PF127-PAAIO across HBMEC 

Figure 6. (A) T2-weighted MR phantom images of U87 cells after incubation with the various 

concentrations of PF127-PAAIO and ANG-PF127-PAAIO, the MRI brain images of mice with tumor 

and after 6 h postinjection of 10 mg Fe/Kg of (B) PF127-PAAIO and (C) ANG-PF127-PAAIO via tail 

vein. The area with the arrow indicates the allograft tumor region.  
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Abstract

Previous studies indicate that the inducible nitric oxide synthase 2 (NOS2) of the brain vascular tissue in experimental
subarachnoid hemorrhage (SAH) rats is a critical factor for inducing cerebral vasospasm. However, the underlying molecular
mechanisms remain to be elucidated. Here, we applied ferrous citrate (FC) complexes to the primary cultured mouse
cerebral endothelial cell (CEC) to mimic the SAH conditions and to address the issue how SAH-induced NOS2 up-regulation.
Using immunocytochemical staining technique, we demonstrated that NOS2 was expressed in the cultured CEC. Treatment
of the CEC with FC induced increases of the intracellular level of ROS, nuclear factor kappa-light-chain-enhancer of activated
B cells (NFkB) nuclear translocation as well as NFkB binding onto the NOS promoter, and the levels of NOS2 mRNA and
protein. These effects were abolished by pre-treatment of the cell with N-Acetyl-Cysteine (NAC), a reactive oxygen species
(ROS) scavenger. In the present study, two previously predicted NFkB binding sites were confirmed in the NOS2 promoter
within the range of 21529 bp to 21516 bp and 21224 bp to 21210 bp. Interestingly, both NFkB binding sites are
involved in the FC-activated NOS2 transcriptional activity; the binding site located at 21529 bp to 21516 bp played
a greater role than the other binding site located at 21224 bp to 21210 bp in the mouse CEC. These findings highlight the
molecular mechanism underlying FC-induced up-regulation of NOS2 in the mouse CEC.
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Introduction

Hemorrhage stroke, which includes intracerebral hemorrhage

and SAH, is associated with high risk of mortality and morbidity.

Although the hemorrhage stroke is treated, patients still face the

threat of cerebral complications such as rebleeding, recurrent

stroke, liquefaction, vasospasm, and hydrocephalus [1].

The pathogenesis of cerebral complications after hemorrhage

stroke is complicated and still not fully understood. However,

accumulating evidence has suggested that impaired iron metab-

olism is an initial cause of neurodegeneration, and several

common neurodegenerative disorders have been proposed to be

associated with dysregulation in CNS iron homeostasis [2–4] and

small molecular weight iron complexes [5]. Iron functions as an

important cofactor in cellular energy production and contributes

to the activity of many proteins and mitochondrial enzymes in

most living tissues [6]. Normally, iron is bound and inactivated by

transport proteins (e.g. transferrin) and intracellular storage

proteins (e.g. ferritin). However, the unbound iron can be found

in the brain under some pathological circumstances such as

intracerebral hemorrhage. The heme from red blood cells is

cleaved into biliverdin by heme oxygenase in astrocytes and

microglia, thereby releasing iron [7,8]. The iron released from

heme is highly toxic to neurons. Moreover, most of the non-heme

iron in the brain is bound to ferritin as ferric ion, and can be

released only after being reduced to the ferrous state. Reduction

and release of iron from ferritin can be accomplished by

superoxide, acidic pH, ascorbate and catecholamines [9,10],

which are rich in the extracellular fluid of the brain, especially

during hypoxia/ischemia conditions. It has been shown that

hypoxia/ischemia conditions cause neuronal cell death and the

affected area is accompanied by increased brain levels of iron and

ferritin in the cerebral cortex and the hippocampus [11–13]. It has

been hypothesized that iron in the ferrous state causes vasospasm.

As iron is unbound in the presence of oxygen, it catalyzes the

generation of toxic hydroxyl radicals, which could contribute to

SAH pathology [7]. The notion that iron plays an important role

in the development of SAH was supported by intracerebroven-

tricular injection with ferrous ammonium citrate causing increases

of the level of toxic lipid peroxidation products, such as 4-

hydroxynonenal (HNE), in the field CA3 of the hippocampus in

a rat model [14], and intravenous administration with 2,29-

dipyridyl, an iron chelator, prevents delayed vasospasm in

a primate model of SAH [15]. Furthermore, desferal chelates

iron complex and prevents the iron-catalyzed oxidative stress and

brain injury in vivo [16].
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Nitric oxide synthase (NOS) consist of different subtypes

depending on the tissue type including neuronal (NOS1), inducible

or macrophage (NOS2), and endothelial (NOS3) enzyme [17].

NOS1, previously known as non-inducible nNOS, can be induced

by ROS generated by serum deprivation or preconditioning stress

leading to induction of the redox protein thioredoxin, manganese

superoxide dismutase (MnSOD), or Bcl-2 for cytoprotection and

survival. NOS2 is inducible and previously named as iNOS.

Moreover, NOS3 can also be induced in endothelial cells and lead

to vasodilation exerting a protective effect in the early stages of

ischemia. ROS can regulate all three subtypes of NOS expression

[3,18–20].

Previous in vivo studies inferred that an increase of NOS2

expression might play a critical role in the occurrence and

progression of the SAH-induced vasospasm [21,22]. However, the

molecular mechanisms underlying SAH-induced NOS2 up-

regulation is still unclear. In the present study, we applied FC

complexes to the mouse primary cultured CEC to mimic the SAH

conditions and to address the issue how SAH-induced NOS2 up-

regulation.

Materials and Methods

Chemicals
N-acetylcysteine (NAC) was purchased from Sigma-Aldrich (St.

Louis, MO, USA). Bay 11-7082, a selective IkappaB kinase (IKK)

inhibitor was obtained from Cayman Chemical (Ann Arbor, MI).

PDTC, an NFkB inhibitor, was purchased from Sigma-Aldrich.

Chemicals used in this study were dissolved in dimethyl sulfoxide

(DMSO) or water according to the manufacturer’s protocol.

Cell Culture
The CEC was prepared as previously described [23] and all

procedures were performed according to the Taipei medical

university animal care and use rules (licenses No. LAC-97-0160)

and an Association for Assessment and Accreditation of Labora-

tory Animal Care approved protocol. The surgery was performed

under isoflurane anesthesia to minimize suffering. Briefly, the

Balb/c mouse was sacrificed by decapitation, meninges and white

matter were removed, and cortices were minced and gently

dissociated in Hank’s balanced salt solution (GIBCO, Grand

Island, NY). The resulting microvessel fraction was then sequen-

tially digested with collagenase/dispase at a concentration of

1 mg/mL (Sigma-Aldrich, St. Louis, MO) for 6 h at room

Figure 1. FC increases ROS generation in the CEC. (A) FC (1–100 mM) concentration-dependently increased ROS generation in the CEC. (B) The
ROS generation was observed at 5 min after FC (100 mM) treatment. (C) FC (100 mM)-induced increases of ROS generation in CEC were prevented by
pretreatment of the cell with a ROS scavenger, NAC (5 mM). ROS levels were assayed using 5 mM DCF as described in Materials and Methods. DCF
fluorescence images and DIC images were taken using Leica TCS SP5 fluorescent microscope imaging system (Wetzlar, Germany) and the levels of
ROS were quantified by flow cytometric analysis. Values represent the means6s.e.mean. (n = 4). *P , 0.05 different from control. #P , 0.05 different
from FC-treated group. DIC, differential interference contrast; DCF, dichlorodihydrofluorescein diacetate [CM-H2DCF-DA].
doi:10.1371/journal.pone.0046239.g001

ROS in FC-Induced Upregulation of NOS2
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temperature. After centrifugation, the pellet containing the CEC

was washed with Dulbecco’s modification of Eagle’s medium

(DMEM, GIBCO), maintained in DMEM supplemented with 10

% fetal bovine serum (FBS) in a humidified incubator (37uC, 5%
CO2). CEC showed positive immunoreactivity for Von Willebrand

factor (vWF), a marker for endothelial cells. Cells from passages 10

to 25 were used.

FC Treatment
The FC complex was prepared as previously described [14,24].

Ferrous ammonium sulfate and citric acid (Sigma-Aldrich) were

dissolved in sterile distilled water and the pH was adjusted to 7.4

with NaOH. A concentration of 100 mM FC was freshly prepared

prior to each treatment by mixing 1:1 volume of 200 mM ferrous

ammonium sulfate and 200 mM citric acid.

Measurement of ROS
For measurement of intracellular ROS levels, cells were

incubated with 5 mM 5- (and-6)-chloromethyl-2,7-dichlorodihy-

drofluorescein diacetate acetyl ester [CM-H2DCFDA (here re-

ferred to as DCF) (Invitrogen, Carlsbad, CA)] for 10 min, and

then washed with phosphate-buffered saline (PBS). The fluores-

cence and differential interference contrast images were taken

using Leica TCS SP5 fluorescent microscope imaging system

(Wetzlar, Germany) and analyzed by flow cytometry according to

the manufacturer’s instructions (Becton Dickinson, San Jose, CA).

Figure 2. Effects of FC on NOS2 expression in the CEC. (A) The levels of NOS2 mRNA in the CEC were significantly increased at 8 h after FC
treatment. A peak of NOS2 mRNA level was observed at 8–16 h after FC treatment, and then began to decline. The levels of NOS2 mRNA were
determined using quantitative real time-PCR, adjusted with G3PDH mRNA, and expressed as ratio over control. (B) FC (100 mM) treatment increased
the levels of NOS2 protein in the CEC. FC (100 mM) time-dependently increased the level of NOS2 protein. Top panel: representative results of NOS2
and G3PDH protein levels determined by Western blot analysis. Bottom panel: quantitative results of NOS2 protein levels, which were adjusted with
G3PDH protein level and expressed as fold-induction of its own control. Values represent the means6s.e.mean. (n = 3). *P , 0.05 different from
corresponding control. (C) The FC-induced increases of the level of NOS2 protein were in a concentration-dependent manner. Top panel:
representative results of the levels of NOS2 and G3PDH protein determined by Western blot analysis. Bottom panel: quantitative results of NOS2
protein levels, which were adjusted with G3PDH protein level and expressed as fold of control. Values represent the means6s.e.mean. (n = 3). *P ,
0.05 different from corresponding control. (D) FC-induced NOS2 expression is mainly located in the CEC. Micrographs show NOS2 (green) and vWF
(red) immunoreactivity detected by dual immunofluorescent staining as described in Materials and Methods. NOS2, inducible nitric oxide synthase 2;
G3PDH, glyceraldehyde3-phosphate dehydrogenase, vWF, von Willebrand Factor.
doi:10.1371/journal.pone.0046239.g002

ROS in FC-Induced Upregulation of NOS2
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RNA Isolation and Real-time Quantitative PCR
Total RNA was isolated from the CEC using Trizol (Invitrogen)

according to the manufacturer’s protocol. The NOS2 subunit-

specific primers were synthesized as described previously [25]. A

LightCycler thermocycler (Roche Molecular Biochemicals, Man-

nheim, Germany) was used for the real-time PCR. The NOS2

Figure 3. Involvement of NFkB (p65) in regulating the NOS2 promoter activity in the FC-treated CEC. (A) FC (100 mM) induced NFkB
translocation from the cytosolic fraction into the nuclear fraction in the CEC. After treatment with FC for 4 h, the CEC was fixed and then labeled with
an anti-NFkB antibody, followed by an FITC-conjugated secondary antibody. The nuclei were visualized with propidium iodide (50 mg/mL) staining as
described in Materials and Methods. (B) FC (100 mM) increased nuclear translocation of NFkB in the CEC. Top panel: representative results of NFkB,
PARP and G3PDH protein levels determined by Western blot analysis. Bottom panel: quantitative results of NFkB protein levels, which were adjusted
with PARP protein level and expressed as fold of control. Values represent the means6s.e.mean. (n = 4). *P , 0.05 different from corresponding
control. (C) FC (100 mM) induced an increase of NFkB binding onto the NOS2 promoter. The levels of NFkB binding onto the NOS2 promoter were
assessed by using ChIP assay (top panel) and quantitative real-time PCR (bottom panel). Values represent the means6s.e.mean. (n = 4). *P , 0.05
different from control. P.I., propidium iodide.
doi:10.1371/journal.pone.0046239.g003

ROS in FC-Induced Upregulation of NOS2
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mRNA fluorescence intensity was measured and normalized with

the level of glyceraldehydes-3-phosphate dehydrogenase (G3PDH)

using the built-in Roche LightCycler Software Version 4.

Reverse Transcriptase-polymerase Chain Reaction (RT-
PCR) Analysis
The RT-PCR assays for NOS2 gene expression were performed

as described previously [26]. The cell was treated with the FC

complex for 18 h, and then processed for total RNAs isolation

using Trizol reagent according to manufacturer’s protocol

(Invitrogen). The cDNA was amplified from 1 mg of total RNA

using a SuperScript one-step RT-PCR with platinum Taq system

(Life Technologies, Karlsruhe, Germany). PCR was conducted for

35 cycles in thermal controller. Primers used for amplification

were as follows: NOS2 59-TGCTGTTCTCAGCCCAACAA-39,

and reverse: 59-GAACTCAATGGCAT GAGGCA-39. The poly-

merase chain reaction primers for G3PDH were forward primer:

59-GCATGGCCTTCCGTGTTCCTA-39, and reverse primer:

59-CCTTCAGTGGGCCCTCAGATG-39. The amplification

profile involved denaturation at 94uC for 1 min, primer annealing

at 58uC for 30 sec, extension at 72uC for 1 min, and repeated for

35 cycles.

Western Blot Analysis
Western blot analysis was performed as described previously

[27]. Briefly, cell lysates were prepared, electrotransferred,

immunoblotted with antibodies, and then visualized by incubating

with the enhanced chemiluminescence system (Amersham, Buck-

inghamshire, England). Monoclonal mouse NFkB and total

nuclear factor of kappa light polypeptide gene enhancer in B-

cells inhibitor, alpha (IkBa) antibodies, as well as polyclonal rabbit
Poly ADP-ribose polymerase (PARP) and vWF antibodies were

purchased from Santa Cruz, (CA, USA). Monoclonal mouse

NOS2 and phospho-IkBa (p-IkBa) antibodies were purchased

from BD Bioscience (Clontech) and Cell Signaling Technology

(Beverly, USA), respectively. The level of G3PDH (Abcam,

Cambridge, MA) was detected and used as the control for equal

protein loading. The intensity of each band was quantified by

densitometry analysis using Image Pro Plus 4.5 software program

Figure 4. NFkB-binding sites are required for the FC-induced NOS2 promoter transactivation. 59-serial deletions of the mouse NOS2 1.6-
kb promoter were generated by PCR as described in ‘‘Materials and Methods’’ by using the primers indicated in (A). (B) The CEC was transiently
transfected with various constructs for 24 h, and then treated with vehicle or FC (100 mM) for 16 h. Subsequently, the cell was processed for the
luciferase activity assay. Quantitative results of the NOS2 promoter activity were shown and expressed as fold induction of the CEC transfected with
PGL3 (control). Values represent the means6s.e.mean. (n = 4). *P , 0.05, different from cells transfected with PGL3; #P , 0.05, different from cells
transfected with 21211 to 21600. C, Control.
doi:10.1371/journal.pone.0046239.g004

ROS in FC-Induced Upregulation of NOS2
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(Media Cybernetics, Silver Spring, MD) and pixel densities were

normalized to that of the loading control in Western blot analysis.

Immunocytochemical Staining
The CEC was seeded on glass coverslips, treated with vehicle or

FC (100 mM) for 4 h, washed three times with PBS, and then fixed

with 4% formaldehyde in PBS for 15 min. Cells were placed in

blocking solution (PBS containing 15% FBS, 2% bovine serum

albumin (BSA), and 0.1% saponin) for 45 min at room temper-

ature, and then incubated with anti-NFkB Fluorescein isothiocya-

nate (FITC)-conjugated monoclonal antibody at a 1:100 dilution

for 1 h at room temperature in blocking solution. To visualize

nuclei, DNA was stained with propidium iodide (50 mg/mL in

PBS and 0.1% BSA) for 5 min. After washing three times with

PBS, cells were viewed under a laser confocal spectral microscope

imaging system (Leica, TCS SP5, Bannockburn, IL, USA).

Chromatin Immunoprecipitation Analysis (ChIP)
ChIP assays were performed as described previously [28]. The

anti-NFkB antibody (Santra Cruz) was used for immunoprecip-

itation reactions. Primers specific for the detection of transcription

factor binding regions from 2460 bp to 2250 bp of the NOS2

gene were designed. The sense primer was 59–GGATACACCA-

Figure 5. FC induces NFkB activation through increases of the levels of ROS and phosphorylated IkBa. (A) Pretreatment of the CEC with
a ROS scavenger, NAC (5 mM), for 1 h prevented the FC-induced increases of the levels of NOS2 protein. Top panel: representative results of NOS2
and G3PDH protein levels determined by Western blot analysis. Bottom panel: quantitative results of NOS2 protein levels, which were adjusted with
G3PDH protein level and expressed as fold of control. Values represent the means6s.e.mean. (n = 3). *P , 0.05 different from corresponding control;
#P , 0.05 different from the FC-treated CEC. (B) The FC (100 mM)-induced an increase of the NFkB (p65) DNA binding onto the NOS2 promoter was
completely abolished by pretreatment of the cell with NAC (5 mM). The NOS2 DNA binding activity was assessed by using ChIP assay and detected
by semiquantitative PCR (top panel) and quantitative real-time PCR (bottom panel). Values represent the means6s.e.mean. (n = 3). *P, 0.05 different
from corresponding control; #P , 0.05 different from the FC-treated CEC. (C) FC-induced an increase of the NOS2 promoter activity was abolished by
pretreatment of the cell with NAC. Values represent the means6s.e.mean. (n = 3). *P , 0.05, different from control. (D) Pretreatment of the CEC with
NAC (5 mM) for 1 h prevented the FC-induced increases of the levels of phosphorylated IkBa (p-IkBa) protein. Top panel: representative results of the
levels of p-IkBa and total IkBa (t-IkBa) protein determined by Western blot analysis. Bottom panel: quantitative results of p-IkBa protein levels, which
were adjusted with t-IkBa protein level and expressed as fold of control. Values represent the means6s.e.mean. (n = 3). *P , 0.05 different from
corresponding control; #P ,0.05 different from the FC-treated CEC. (E) FC increased phosphorylation of the protein IkBa and NFkB binding on the
NOS2 promoter, and these effects were blocked by a ROS scavenger (NAC), an IKK inhibitor (Bay 11-7082), or NFkB translocation inhibitors (PTDC).
The levels of NOS2 protein were quantified by Western blot analysis. The NFkB DNA binding activity was assessed by using ChIP assay and
quantitative real-time PCR (bottom panel). Values represent the means6s.e.mean. (n = 3). *P , 0.05, different from corresponding control; #P , 0.05,
different from FC-treated without ROS scavenger (NAC).
doi:10.1371/journal.pone.0046239.g005
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CAGAGTGATG-39, and the anti-sense primer was 59-CATAT-

CAGCTTCAGTCCAGC-39.

Construction of the NOS2 Gene Promoter Plasmid
The 1600-bp fragment of the mouse NOS2 promoter was

amplified by genomic PCR using genomic DNA from the CEC as

the template. The primers of 59-CCACAGAGTGATGTAAT-

CAAG-39 and 59 GTCTGAGACTTTGCACTTCTG-39 were

used. This PCR fragment was ligated into a basic luciferase

reporter gene in the pGL3 vector (Promega, Madison, WI, USA)

with Mlu1 and XhoI restriction sites, and designated as PGL3

NOS2. The pRL-TK vector encodes the Renilla luciferase gene,

which was used as an internal control to normalize for pGL3

firefly luciferase expression. The sequence was confirmed by ABI

3730XL analysis system (Applied Biosystems Inc., Foster City,

CA).

Cell Transfection and Dual Luciferase Reporter Assay
For transient transfection, LipofectamineTM 2000 transfection

reagent (Invitrogen) was used according to the manufacturer’s

protocol. Briefly, Lipofectamine and plasmid DNA (PGL3 NOS2

3.5 mg and 50 ng of pRL-TK) was added to each well containing

cells and Opti-MEMR I Medium, and then incubated in

a humidified incubator at 37uC for 4 h. The medium was

replaced and the cell was then incubated for an additional 24 h.

After incubation, the cell was treated with FC (100 mM) for 16 h,

lysed in passive lysis buffer (Promega), and then mixed with

luciferase assay substrate (Dual-Glo luciferase reporter system;

Promega). The Firefly and Renilla luciferase activities were

measured with a 96-well luminometer and analyzed by skanItTM

software2.4.1. (Thermo Fisher Scientific, Rocford, IL).

Statistics
All data were expressed as the mean value 6 s.e.mean.

Comparisons were subjected to one way analysis of variance

(ANOVA) followed by Fisher’s least significant difference test.

Significance was accepted at P , 0.05.

Results

FC Increases ROS Levels in the CEC
It has been indicated that iron can potentiate ROS production

and exacerbate oxidative stress [29,30]. To study the effect of iron

on the production of ROS, the mouse CEC was treated with

various concentrations of FC, small molecular weight iron

complex, and the levels of ROS were measured by DCF. FC

(1–100 mM) concentration-dependently increased the ROS level

in the CEC (Fig. 1A). The FC-induced an increase of the ROS

level was observed as early as 5 min after treatment (Fig. 1B).

Pretreatment of the CEC with a ROS scavenger, NAC (5 mM),

prevented the FC-induced increases of ROS (Fig. 1C).

FC Increases the Levels of NOS2 mRNA and Protein in the
CEC
Previously, we demonstrated that SAH caused an increase of

NOS2 production in the rat basilar artery [21]. In addition, ROS

has been suggested to play an important role in regulating multiple

proinflammatory genes, such as NOS1 [31] and NOS2 [3].

Accordingly, we examined whether FC complex could induce

NOS2 expression in the subcultured CEC. The level of NOS2

mRNA was significantly increased in the CEC at 8 h after FC

treatment, and then began to decline at 18 h (Fig. 2A). FC

(100 mM) treatment also time-dependently increased the level of

NOS2 protein in the CEC (Fig. 2B). The FC-induced increases of

the level of the NOS2 protein were in a concentration-dependent

manner (Fig. 2C). To confirm that the expression of NOS2 protein

was localized in endothelial cells but not from the culture

contaminated with other cell types, immunocytochemical staining

was performed. As illustrated in Figure 2D, NOS2 immunoreac-

tivity was co-localized with Von Willebrand Factor, a marker for

endothelial cells, suggesting that the NOS2 protein detected in the

present study was mainly produced by the CEC. The expression of

NOS3 mRNA and protein was not significantly altered (un-

published observation).

FC Increases NFkB Nuclear Translocation and NFkB
Binding onto the NOS2 Promoter
NFkB is a key transcription factor involved in the regulation of

NOS2 expression [32]. The present study examined whether FC

small molecular iron complexes could induce nuclear translocation

of NFkB. In the control culture, NFkB was mainly located in the

cytoplasm of the CEC. Following FC (100 mM) treatment, NFkB
was translocated from the cytoplasm into the nucleus as evidenced

by colocalization of the NFkB immunoreactivity and propidium

iodide (PI) staining (Figs. 3A and 3B). FC-induced nuclear

translocation of NFkB (p65) began at 30 min after treatment

and lasted for 8 h (data not shown). ChIP assays revealed that the

nuclear NFkB was bound to the NOS2 promoter in the CEC

(Fig. 3C), suggesting that there was a transcription activation effect

of FC complex on the mechanisms for NOS2 gene expression in

the subcultured CEC.

Figure 6. Proposed signaling pathway associated with FC-
induced up-regulation of NOS2 in the CEC. FC increased ROS
generation, which in turn caused IkBa phosphorylation, subsequently
increased NFkB (p65) nuclear translocation and binding onto the NOS2
promoter, and finally increased the levels of NOS2 mRNA and protein.
doi:10.1371/journal.pone.0046239.g006

ROS in FC-Induced Upregulation of NOS2
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Effect of FC on NFkB-binding Sites in the Promoter
Region of the NOS2 Gene
To map the regulatory regions of the mouse NOS2 promoter,

the present study employed the serial deletion strategy by

constructing recombinant plasmids containing different 59-dele-

tions of the mouse NOS2 promoter linked to a luciferase reporter

gene. The full length of the mouse NOS2 59 flanking region

(1.6 kb) was cloned by PCR using mouse genomic DNA as

a template (Fig. 4A). Serial deletions of the mouse NOS2 promoter

(0.25 kb, 0.48 kb, 0.9 kb, and 1.25 kb) were generated by using

the cloned mouse NOS2 promoter as a template and the primers

were shown in Figure 4A. As shown in Figure 4B, the NOS2

promoter luciferase activity was 1.7 fold increased in the CEC

transfected with the full length of the promoter (21 bp to

21600 bp) and activated by FC (100 mM) as compared with those

transfected with control vector. Deletions from 59 end of the

promoter to 21250 bp, 2900 bp, 2480 bp and 2250 bp

(Fig. 4B) yield no luciferase activity, indicating that the promoter

21211 bp to 21600 bp region might be necessary for the

promoter activity through NFkB activation. To determine which

NFkB binding sites is crucial for the NOS2 gene activation after

treated with FC (100 mM), three more constructs (fragment A:

21201 bp to 21280 bp, fragment B: 21211 bp to 21600 bp,

and fragment C: 21231 bp to 21600 bp) of NOS2 based on

previously predicted two NFkB binding sites on the NOS2

promoter were prepared. As shown in Figure 4 B, luciferase

activities of fragment A with one of the functional NFkB binding

site (21224 bp to 21210 bp) was approximately 95% of the full

length activity. Fragment B contained the secondary functional

NFkB binding site (21529 bp to 21516 bp) was 1.2 times greater

than the full length activity. Fragment C contained both NFkB
binding sites evoked 2.6 times activity. Thus, these data suggest

that both regions of the NFkB binding sequences are necessary for

the maximal NOS2 promoter activity after treated with FC.

FC Increases NOS2 Expression through ROS Production
The putative effect of ROS on NOS2 expression was studied.

To investigate whether antioxidant blocks the FC-induced up-

regulation of NOS2, the CEC was pretreated with 5 mM of NAC

for 30 min followed by 100 mM FC, and incubated for 24 h. At

the end of incubation, cells were harvested for assay. Pretreatment

of the cell with NAC prevented the FC-induced increases of

transcription of the NOS2 protein (Fig. 5A), NFkB binding onto

the NOS2 promoter (Fig. 5B), and the NOS2 promoter activity

(Fig. 5C). We also examined whether FC-induced NFkB nuclear

translocation in the CEC through ROS-mediated IkBa phos-

phorylation. As shown in Figure 5D, pretreatment of the CEC

with NAC prevented the FC-induced phosphorylation of IkB. In
addition, pretreatment of the CEC with Bay 11-7082 (a selective

IKK inhibitor) or PDTC (an NFkB inhibitor) abolished the FC-

induced increases of the binding of NFkB protein onto the NOS2

promoter (Fig. 5E), suggesting that FC-induced NFkB nuclear

translocation was mediated by IkB phospohrylation.

Discussion

Intracerebral injection of lysed blood, hemoglobin, and FC

causes neurodegeneration due to redox cycling of iron complex,

increases in hydroxyl radical, lipid peroxidation, oxidative stress,

and brain injury [33]. Low dosages of FC (less than 20 nmole)

produce dopaminergic toxicity in the midbrain substantial nigra

that can be prevented by S-Nitrosoglutathione (GSNO) and NO

[34]. In clinical observation, vasospasm is often triggered by lysed

blood after SAH, a ruptured brain aneurysm, and bleeding in

cerebral spinal fluid of ventricular space. Moreover, 2,29-dipyridyl,

a ferrous iron chelator, prevents delayed vasospasm in a primate

model of SAH [15]. Consistently, a review article indicated that

ferrous ion might be involved in vasospasm development [35].

In the mouse CEC, FC (0.1 mM) generated ROS, produced

little cytotoxicity (unpublished observations), but up-regulated the

expression of NOS2 (Figs. 2A, B and C). The induction of NOS2

was triggered by ROS because it was blocked by NAC pre-

treatment. In previous studies, antioxidants and GSNO/NO

prevent the ROS-evoked oxidative stress via the induction of

NOS1 expression and related new protein synthesis such as

MnSOD, Bcl-2, and thioredoxin [34]. ROS can activate voltage

sensitive calcium channel and increase intracellular calcium that

could lead to vasospasm [36,37]; all of which can be blocked by

nimodipine, a calcium channel blocker.

NOS2 has been implicated as an important mediator of

inflammatory responses during ischemia and reperfusion in

rodents [38–43]. Rodent NOS2 can be induced by ROS

generated by bacterial lipopolysaccharides, interferon-gamma

[44,45] or FC (Fig. 5A). However, the functions of up-regulation

of NOS2 in the mouse CEC remain to be studied. The regulation

of NOS2 expression is quite complex as it involves a variety

mechanisms within a wide range of cell types and species

difference. It is known that the human NOS2 promoter is

different from that in the mouse by more than 50% [46],

suggesting that the functions of NOS2 may have species

differences. In AKN1 human liver cells, the induction of NOS2

by cytokine stimulation is mediated by NFkB binding onto the

NOS2 promoter ranging from 24,700 bp to 216,000 bp [47]. In

the mouse CEC, however, NFkB up-regulated the NOS2

promoter at two functional binding sites near 21500 bp and

21200 bp (Fig. 4). Transfection of the CEC with the construct

containing both functional NFkB binding sites (21211 bp to

21600 bp) induced a significantly higher NOS2 activity as

compared with the construct containing only one NFkB binding

site (21201 bp to 1280 bp or 21231 bp to 21600 bp) or a full

length of the promoter region (21 bp to 21600 bp), suggesting

that the downstream of the first potential NFkB binding site might

contain a binding site for negative regulatory protein. This notion

was supported by the result that transfection of the CEC with the

construct containing the 21 bp to 21250 bp region, which

covered one of the potential NFkB binding site (21210 bp to

21224 bp), did not induce any significant change of the NOS2

promoter activity. Therefore, NFkB activation of the NOS2

promoter in human is different from that of mouse. To clarify this

issue of ROS-activated NFkB for the induction of NOS2,

additional future studies need to be performed. The present

finding of two functional NFkB binding sites for activation of the

mouse NOS2 promoter is in agreement with two proposed NFkB
binding sites on the mouse NOS2 promoter based on the

Transcriptional search database system (http://www.cbrc.jp/

research/db/ TFSEARCH. html).

Nuclear translocation of NFkB (Fig. 3) was mediated by

phosphorylation of IkBa, which released NFkB from the complex

of IkB-NFkB leading to the translocation of NFkB from the

cytoplasm pool to the nucleus and binding onto the promoter for

NOS2 transcription. Pre-treatment of the CEC with NAC, a ROS

scavenger, prevented the FC-induced increases of IkBa phospoh-

rylation (Fig. 5D), NFkB binding onto the NOS2 promoter

(Fig. 5E), the NOS2 promoter activity (Fig. 5C), and the level of

NOS2 protein (Fig. 4A). Taken together, these data suggest that an

increase of ROS might contribute to FC-induced up-regulation of

NOS2 through activation and binding of NFkB onto the NOS2

promoter of the mouse CEC. These results are consistent with

ROS in FC-Induced Upregulation of NOS2
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early reports [44,48]. However, the issue of how IKK is activated

after FC treatment has not been addressed in this study. A

previous study on cultured vascular smooth muscle cells has

suggested that statins diminish NFkB activation elicited by

oxidative stress through the inhibition of IKK-1/-2, p38

mitogen-activated protein kinase (MAPK), and p42/44 MAPK

activation [49]. The molecular mechanism underlying ROS-

induced IKK activation in the FC-treated CEC is still not clear

and deserves further investigation. Since NOS2 could play central

roles in inflammation mediated by microglia and macrophages in

the central nervous system, it will be interested to know whether

the similar pathways are involved in NOS2 induction in other

inflammatory cells after ischemia or FC treatment. Although

increases of interferon-c-inducible macrophage nitric oxide

generation through the NFkB-dependent pathway [50] and

involvement of ROS in activation of NFkB in neutrophils [51]

have been demonstrated, the direct evidence for molecular

signaling pathways involved in ischemia- or FC-induced NOS2

induction in microglia or macrophages has not been found.

Whether this signaling pathway involved in the FC-induced NOS2

induction is unique to cerebral endothelial cells still needs further

investigation. In conclusion, this study provides evidence that ROS

produced by FC small molecular weight iron complex caused no

apparent cytotoxicity in the mouse CEC, while activated

phosphorylation of IkB and nuclear translocation of NFkB
resulted in activation of the NOS2 promoter and related protein

transcription (Fig. 6). The most interesting findings are the

identification of two functional NFkB binding sites for the

activation of the mouse NOS2 promoter.
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