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Background. Albumin has been regarded as a potent antioxidant with free radical scavenging activities. Oxidative stress and
neuronal apoptosis are responsible for its highly damaging effects on brain injury after intracerebral hemorrhage (ICH). Here,
the present study investigated the neuroprotective effect of albumin against early brain injury after ICH and the potential
underlying mechanisms. Methods. Adult male Sprague-Dawley rats were subjected to intrastriatal injection of autologous blood
to induce ICH. Human serum albumin was given by intravenous injection 1h after ICH. U0126, an inhibitor of extracellular
signal-regulated kinase (ERK1/2), and ML385, an inhibitor of nuclear factor-E2-related factor 2 (Nrf2), were intraperitoneally
administered 1h before ICH induction. Short- and long-term neurobehavioral tests, western blotting, immunofluorescence
staining, oxidative stress evaluations, and apoptosis measurements were performed. Results. Endogenous expression of albumin
(peaked at 5 days) and heme oxygenase 1 (HO-1, peaked at 24h) was increased after ICH compared with the sham group.
Albumin and HO-1 were colocalized with neurons. Compared with vehicle, albumin treatment significantly improved short-
and long-term neurobehavioral deficits and reduced oxidative stress and neuronal death at 72h after ICH. Moreover, albumin
treatment significantly promoted the phosphorylation of ERK1/2; increased the expression of Nrf2, HO-1, and Bcl-2; and
downregulated the expression of Romol and Bax. U0126 and ML385 abolished the treatment effects of albumin on behavior
and protein levels after ICH. Conclusions. Albumin attenuated oxidative stress-related neuronal death may in part via the
ERK/Nrf2/HO-1 signaling pathway after ICH in rats. Our study suggests that albumin may be a novel therapeutic method to
ameliorate brain injury after ICH.

1. Introduction

Intracerebral hemorrhage (ICH) constitutes approximately
10% to 20% of all stroke types [1-3] and remains a serious
public health problem with high morbidity and mortality
[4, 5]. Currently, effective treatment for ICH is lacking due
to its multiple injury mechanisms [6-8]. Oxidative stress
(OS) and neuronal apoptosis are considered key devastating
processes in the pathogenesis of brain injury following ICH
[9-11]. Therefore, attenuating OS and neuronal apoptosis

may be potential therapeutic targets to improve the prognosis
of patients with ICH.

Albumin is a unique pleiotropic protein with a single
585-amino acid polypeptide chain [12]. Albumin is a multi-
functional protein that participates in the regulation of col-
loid osmotic pressure, transportation of endogenous ligands
and drugs, and regulation of microvascular permeability
[13-15]. Furthermore, albumin has been regarded as a potent
antioxidant with free radical scavenging activities and a
unique biochemical structure [16, 17]. Previous studies
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demonstrated that human serum albumin treatment had
neuroprotective effects on focal and global cerebral ischemia
[18, 19], subarachnoid hemorrhage [20, 21], and ICH [22].
Our previous quantitative proteomics study showed that
albumin increased after ICH [23], but the specific mecha-
nism remains unclear.

Extracellular signal-regulated kinase (ERK) 1/2, a proto-
typic subfamily of MAPKs, is considered the top biological
factor that participates in oxidative and ER stress [23]. Albu-
min therapy activates the downstream protein ERK1/2 sig-
naling [24, 25]. Previous studies showed that nuclear factor
erythroid-related factor 2 (Nrf2) is activated by phosphory-
late-ERK1/2 (p-ERK1/2) [26], and Nrf2 then enters the
nucleus to promote the transcription of the antioxidant-
responsive element-regulated gene heme oxygenase-1 (HO-
1), which plays a protective role in cellular defense against
OS after ICH [27-29]. However, the antioxidation effect of
albumin and the potential underlying mechanism after ICH
have not been investigated.

The present study was aimed to explore the neuroprotec-
tive effect of albumin after ICH. Albumin treatment can sup-
press OS injury and neuronal apoptosis at least in part via the
ERK/Nrf2/HO-1 signaling pathway, thereby improving short-
and long-term neurological outcomes after ICH in rats.

2. Materials and Methods

2.1. Animals. The study was approved by the Animal Care
Guidelines of the Animal Experimental Committee of
Huashan Hospital Fudan University. Male Sprague-Dawley
rats weighing 250-300 g were housed under a 12 h light/dark
cycle and had free access to water and food in a humidity-
and temperature-controlled environment. Rats were ran-
domly assigned into the experimental and control groups
following the random number table.

2.2. Experimental Design. A total of four separate experi-
ments were performed, and experimental groups were estab-
lished (Figure 1). Neurobehavioral functional evaluation and
histological images were conducted in a blinded manner.

2.3. Experiment 1. To study the endogenous expression of
albumin and HO-1 after ICH by western blot, 36 mice were
randomly assigned to 6 groups (n=6/group): sham and
ICH after 12h, 24h, 72h, 5d, and 7 d. Additionally, 4 mice
were equally distributed to the 72h post-ICH and sham
groups (n=2/group) to conduct double immunofluores-
cence (IF) staining to assess the localization of albumin and
HO-1 on neurons.

2.4. Experiment 2. To determine the neuroprotective effects
of albumin, 30 rats were randomly divided into 5 groups
for neurobehavioral evaluation (n = 6/group): sham, ICH+-
vehicle (saline), ICH+albumin (0.625 g/kg), ICH+albumin
(1.25 g/kg), and ICH+albumin (2.5 g/kg). Albumin was given
by intravenous injection (IV) at 1h following ICH. Corner
turn, modified Garcia, and forelimb placement tests were
used to assess neurobehavioral functions at 24h and 72h
post-ICH. Based on neurological test results, an additional
30 rats were randomly divided into the sham, vehicle, and
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albumin (1.25g/kg) groups (n=10/group). Fluoro-Jade C
(FJC) staining, terminal deoxynucleotidyl transferase dUTP
(TUNEL) staining, immunofluorescence staining, and malon-
dialdehyde (MDA) and superoxide dismutase (SOD) mea-
surements were used to evaluate the effects of albumin on
OS and neuronal apoptosis at 72 h post-ICH. Albumin at the
best dose (1.25 g/kg) was administered in experiments 3 and 4.

2.5. Experiment 3. To conduct a long-term outcome evalua-
tion, 24 rats were randomly assigned into 3 groups (n=38
/group): sham, ICH+vehicle, and ICH+albumin (1.25 g/kg).
Albumin was given 1h post-ICH by IV and then every 24h
for three sequential days. Long-term neurobehavioral tests
and the Morris water maze were performed.

2.6. Experiment 4. To investigate the neuroprotective mecha-
nism of the ERK/Nrf2/HO-1 pathway, 72 rats were divided
into 6 groups (n =12/group): sham, ICH+vehicle (saline),
ICH+albumin (1.25 g/kg), ICH+albumin (1.25 g/kg)+DMSO,
ICH+albumin (1.25 g/kg)+U0126, and ICH+albumin (1.25g/
kg)+ML385. The ERK1/2 inhibitor U0126 and Nrf2 inhibitor
ML385 were administered intraperitoneally (i.p.) at 1 h before
ICH. Neurobehavioral tests and western blotting were per-
formed at 72h post-ICH.

2.7. ICH Models. ICH was induced by the double-injection
method described for rats [30]. Rats were anesthetized with
a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg).
Then, the rate was fixed on a stereotactic frame (David Kopf
Instruments) in a prone position. A 1.0-mm burr hole was
introduced using a drill in the skull (1.5mm anterior to
bregma, 3 mm lateral to midline, 6 mm below the surface of
the skull). A total of 100 uL of fresh autologous blood was
taken from the rodent’s femoral artery. Thirty microliters of
blood was delivered at a rate of 3 yL/min with a microinjec-
tion pump (KDS-100, kDa Scientific). After a waiting period
of 7min, 70 uL of blood was delivered to the right striatum at
5 uL/min. Then, the injection cannula was slowly withdrawn
10 min after the second injection. Sham rats underwent sim-
ilar surgical procedures with only the cannula no blood
injection.

2.8. Drug Administration. Human serum albumin (25% solu-
tion, Baxter Healthcare Corp) was administered via the IV
route at 1 h after ICH induction as previously reported [19].
U0126 (sc-222395, Santa Cruz Biotechnology, USA) [31]
and ML385 (30 mg/kg) (6887, Tocris, USA) [32] diluted in
5% dimethyl sulfoxide (DMSO) were intraperitoneally
administered 1 h before ICH induction.

2.9. Short-Term Neurological Performance. Acute neurologi-
cal deficits at 24h and 72h after ICH were assessed in a
blinded fashion by an investigator. The corner turn, forelimb
placement, and modified Garcia tests were performed as pre-
viously described [33]. For the corner turn test, a score was
calculated as the number of left turns/10 trials (total) x 100%.
For the forelimb placement test, the left forelimb placement
was calculated as the number of left forelimb placements/
(total forelimb placements) x 100%. The modified Garcia
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Experiment 1: Time course and cellular localization of albumin and HO-1 after ICH.
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FIGURE 1: Experimental design and animal groups. ICH: intracerebral hemorrhage; WB: western blot; IF: immunofluorescence; TUNEL:
terminal deoxynucleotidyl transferase dUTP nick end labeling; FJC: fluoro-Jade C staining; 8-OHdG: 8-hydroxy-2-deoxyguanosine; MDA:
malondialdehyde; SOD: superoxide dismutase; DMSO: dimethyl sulfoxide; i.v.: intravenous injection; i.p.: intraperitoneal injection. *Extra
2 rats were used for IF (albumin and HO-1 with neurons) at 72 h after ICH. ** Assumed the optimal dose group.

test included 7 scoring systems with a score ranging from 0
to 21.

2.10. Long-Term Neurobehavioral Performance. The rotarod
and foot-fault tests were performed at days 7, 14, and 21
post-ICH, and the water maze tests were performed at days
22-27 after ICH as previously described [34]. For the water
maze testing, the swim distance and escape latency were
recorded from testing days 1 to 5 by a video tracking system.
The probe test was also recorded by video tracking on testing
day 6.

2.11. Western Blotting Analysis. Western blotting was per-
formed as previously described [5]. In brief, rats were anes-
thetized with isoflurane at the established time points after
ICH and transcardially perfused with cold PBS. The right
brain hemisphere was homogenized in RIPA lysis buffer
(sc-24948, Santa Cruz Biotechnology, USA) and further cen-
trifuged at 14000 rpm for 30 min. Equal amounts of protein
(4 pL, 30 ug) were loaded onto a 10% SDS-PAGE gel. After
separation, the proteins were transferred to a nitrocellulose
membrane, which was further blocked for 2 h with a blocking
solution. The membranes were incubated with the following
primary antibodies overnight at 4°C: anti-albumin (1:500,
ab207327, Abcam, USA), anti-p-ERK (1:1000, Santa Cruz
Biotechnology, USA), anti-ERK (1:1000, sc-514302, Santa
Cruz Biotechnology, USA), anti-Nrf2 (1:1000, GTX103322,
Gene Tex), anti-HO-1 (1:1000, ab68477, Abcam, MA,

USA), anti-Romol (1:1000, Aviva Systems Biology, San
Diego, CA), anti-Bcl2 (1:1000, ab59348, Abcam, MA,
USA), and anti-Bax (1:1000, Littleton, CO). The membranes
were incubated with an anti-$-actin antibody (1:5000, sc-
47778, Santa Cruz Biotechnology, TX, USA).) The results
were normalized using -actin as a loading control. The rel-
ative density of the blot bands was quantified by densitome-
try using the Image]J software.

2.12. Histological Analysis. Rats were anesthetized with iso-
flurane and transcardially perfused with PBS followed by
100mL of 4% paraformaldehyde (PFA) as previously
described [35]. The brains were rapidly removed and fixed
in formalin for 24h and then dehydrated with 30% sucrose
for 3 days. Coronal brain sections (10 ym) were cut using a
cryostat (CM3050S, Leica Biosystems, USA) and prepared
for double immunofluorescence [36], FJC staining [37],
TUNEL staining [37], and 8-hydroxy-2'-deoxyguanosine
(8-OHAQ) staining [35]. The slides were observed by a fluo-
rescence microscope (DMi8, Leica Microsystems, USA).

2.13. Immunofluorescence Staining. Double immunofluores-
cence staining was conducted at 72h after ICH. The slides
were incubated at 4°C overnight with the following primary
antibodies: anti-albumin (1:100, ab207327, Abcam, USA),
anti-HO-1 (1:100, ab68477, Abcam, MA, USA), and anti-
NeuN (1:150, ab104224, Abcam, Cambridge, MA, USA).
The sections were incubated with fluorescence-conjugated



secondary antibodies (1:200, Jackson ImmunoResearch,
USA) at room temperature for 1-2h before DAPI staining
was performed, and sections were visualized and photo-
graphed with a microscope.

2.14. Fluoro-Jade C Staining. FJC staining was performed to
evaluate the number of degenerating neurons with a modi-
fied FJC Ready-to-Dilute Staining Kit (Biosensis, Thebarton,
South Australia) at 72 h after ICH. According to the manu-
facturer’s instructions and after being washed with PBS, the
sections were incubated with the FJC working solution for
20 min and then observed with a fluorescence microscope.
The number of FJC-positive neurons was counted in the peri-
hematomal area on three random brain sections per rat over
a microscopic field of 400x magnification. The average num-
ber of FJC-positive neurons was calculated with the Image]
software.

2.15. TUNEL Staining. To quantify neuronal apoptosis
events, double staining with terminal deoxynucleotidyl trans-
terase dUTP nick end labeling (TUNEL) and the neuron
marker NeuN was conducted with an In Situ Cell Death
Detection Kit with Fluorescein (Roche, Germany) at 72h
after ICH according to the manufacturer’s instructions. The
number of TUNEL-positive neurons was counted in the peri-
hematomal area. Three random brain sections per slice were
used for the mean under a microscopic field of 400x magni-
fication by an independent observer. Data were calculated
as the ratio of TUNEL-positive neurons (%) to total neurons.

2.16. 8-OHdG Immunohistochemistry. Assessments of brain
OS DNA damage and mitochondrial superoxide levels were
performed as previously described [35]. In brief, freshly fro-
zen 10-pum-thick brain sections were prepared on normal
poly-L-lysine-coated slides. The slides were immersed in
antigen retrieval solution (pH 6.0) and heated for 15 min in
a microwave to unmask antigens. Then, 3% H,O, was added
to block endogenous peroxidase for 10 min. The slices were
further incubated with an 8-OHdG antibody (1:200,
ab62623, Abcam, USA) at room temperature. Three ran-
domly selected slices were observed with a microscopic field
of 400x magnification. The fluorescence intensity was calcu-
lated by the Image] software.

2.17. Assessment of Intracellular MDA and SOD Levels. To
assess intracellular malondialdehyde (MDA) and superoxide
dismutase (SOD) activity, perihematomal tissues from each
group were collected and homogenized at 72 h post-ICH as
previously reported [37, 38]. Commercial MDA Kkits from
Sigma-Aldrich (St. Louis, MO) and an SOD assay kit (Cay-
man Chemical Company, Ann Arbor, MI, USA) were used
in accordance with the manufacturer’s instructions. In brief,
after cultivation at 95°C for 60 min and cooling in an ice bath
for 10 min, 200 L of the mixed samples was collected into a
96-well plate for analysis with a microplate reader (Bio-Rad,
Hercules, CA). Data are presented as micromoles per milli-
gram of protein (ymol/mg protein).

2.18. Statistical Analysis. All data are presented as the mean
+ standard deviation (mean + SD). WB data were analyzed
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by one-way ANOVA followed by Tukey’s post hoc test to
compare among multiple groups. Two-way repeated mea-
sures ANOVA and Tukey’s post hoc test were used to analyze
behavioral data. p values < 0.05 were defined as statistically
significant. Statistical analysis was graphed and analyzed by
the GraphPad Prism 7 software (La Jolla, CA, USA).

3. Results

3.1. Animal Use and Mortality. In total, 196 male Sprague-
Dawley rats (weighing 250-300g) from Shrek Company
(Shanghai, China) were used for the study. No rats died dur-
ing the experimental period.

3.2. Expression of Endogenous Albumin and HO-1 Increased
after ICH. Endogenous albumin and HO-1 protein levels
were measured by western blot. The expression of albumin
increased as early as 12h after ICH, peaking at 5 days,
compared with that in the sham group (p<0.05,
Figures 2(a) and 2(b)). HO-1 significantly increased from
24h to 5 days post-ICH compared with the sham group
(p<0.05, Figures 2(a) and 2(c)). Immunofluorescence
staining demonstrated that both albumin and HO-1 were
colocalized on neurons in the perihematomal region at
72h after ICH (Figures 2(d)-2(f)).

3.3. Albumin Improved Short-Term Neurological Deficits at
24h and 72 h after ICH. The neurobehavioral score was sig-
nificantly reduced at 24h and 72h post-ICH in all ICH
groups compared to the sham group (p < 0.05, Figure 3(a)).
Administration of albumin (1.25g/kg) significantly amelio-
rated neurological function at 24h and 72h after ICH com-
pared with that in the ICH+vehicle group (p<0.05,
Figure 3(a)). The medium albumin dose (1.25g/kg) was
selected for further research based on the neurobehavioral
results.

3.4. Albumin Reduced Neuronal Apoptosis and Neuronal
Degeneration at 72 h after ICH. To determine whether albu-
min exerts an inhibitory effect on neuronal apoptosis and
degeneration, FJC staining and TUNEL staining were per-
formed in the ipsilateral perihematomal area at 72h after
ICH. The numbers of FJC and TUNEL-positive neurons
were significantly increased in the ICH+vehicle group com-
pared with the sham group at 72h after ICH (p <0.05,
Figures 3(b)-3(f)). Albumin treatment significantly decreased
neuronal apoptosis compared with the ICH+vehicle group at
72h after ICH (p < 0.05, Figures 3(b)-3(f)).

3.5. Albumin Reduced Ipsilateral Hemisphere OS Damage at
72 h Post-ICH. To investigate the effect of albumin on OS
damage post-ICH, we examined the immunofluorescence
staining of 8-OHdG (a marker of OS to DNA) and the levels
of MDA and SOD in brain tissues on the ipsilateral hemi-
sphere at 72 h after ICH. The fluorescence intensities of 8-
OHAG were increased in the ICH+vehicle group compared
with the sham group at 72h after ICH (p<0.05,
Figures 4(a)-4(c)). Compared with the ICH+vehicle group,
the albumin treatment group exhibited significantly decreased
8-OHJAG fluorescence intensity (p < 0.05, Figures 4(a)-4(c)).
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Relative density of HO-1/Actin

FIGURE 2: Time course of albumin and HO-1 expression as well as cellular localization of neurons after ICH. (a) Representative WB bands and
(b, ¢) quantitative analysis of albumin and HO-1 expression after ICH; *p < 0.05 vs. sham, mean + SD, one-way ANOVA, Tukeyws test, n=6
/group. (d) Brain sample with schematic illustration showing one area in the perihematomal region and the small white square within the
coronal section of the brain indicates the location of where the immunofluorescence staining images were taken. (e, f) Representative
microphotographs of coimmunofluorescence staining of albumin (green) with neurons (NeuN, red), as well as HO-1 (green) with neurons
(NeuN, red) in the ipsilateral perihematomal region at 72h after ICH (n = 2/group), nuclei were stained with DAPI (blue), scale bar =
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Representative micrographs of TUNEL-positive neurons within the ipsilateral perihematomal region at 72h after ICH. (d) Brain sample
with schematic illustration showing one areas in the perihematomal region and the small white square in the coronal section of the brain
indicates the area used for counting FJC and TUNEL-positive neurons. (e, f) Quantitative analyses of TUNEL and FJC-positive cells in the
perihematomal area at 72 h after ICH (1 = 4/group); scale bar = 50 um, nuclei were stained with DAPI (blue). *p < 0.05 vs. sham, ®p < 0.05
vs. ICH+vehicle, mean + SD, one-way ANOVA, Tukey’s test, TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling; FJC:

Fluoro-Jade C staining.

Similar results were also observed regarding MDA and SOD
measurements. After ICH induction, the levels of SOD were
markedly lower in the ICH+vehicle group than in the sham
group (p < 0.05, Figure 4(d)), whereas the MDA levels were
more pronounced in the ICH+vehicle group than in the sham
group at 72h after ICH (p < 0.05, Figure 4(d)). Furthermore,
upon administration of albumin, SOD levels increased while
MDA levels decreased when compared with the levels in the
ICH+vehicle group (p < 0.05; Figure 4(d)).

3.6. Albumin Improved Long-Term Neurological Deficits at
28 d after ICH. The Morris water maze test revealed that after
ICH surgery, memory of space and the ability to learn were

more damaged in the ICH+vehicle group than in the sham
group during testing days 3 to 5, leading to a prolonged
escape latency and much longer swim distance as well as less
time spent in the probe quadrant (p < 0.05; Figures 5(a)-
5(d)). Compared with the ICH+vehicle group, the albumin
treatment group had significantly improved performance
with a shorter escape latency and swimming distance as well
as more time spent in the probe quadrant on days 3 to 5
(p < 0.05; Figures 5(a)-5(d)). In addition, the rotarod test at
days 7, 14, and 21 after ICH showed that ICH+vehicle rats
exhibited remarkedly persistent neurological dysfunctions
compared with those in the sham group, and ICH+vehicle
rats displayed a shorter falling latency than those in the sham
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sample with schematic illustration showing one areas in the perihematomal region and the small white square in the coronal section of the
brain indicates the area used for counting 8-OHdG-positive cells. (c) Quantitative analysis of 8-OHdG (green) immunofluorescence
staining in the ipsilateral perihematomal region at 72h after ICH (n = 4/group). (d) Superoxide dismutase (SOD) and malondialdehyde
(MDA) levels (n=6/group). *p <0.05 vs. sham, ©p < 0.05 vs. ICH+vehicle, mean + SD, one-way ANOVA, Tukey’s test. 8-OHAG: 8-
hydroxy-2-deoxyguanosine; SOD: superoxide dismutase; MDA: malondialdehyde.

group (p < 0.05; Figures 5(e) and 5(f)). Rats in the albumin
treatment group showed significant improvement in both
tests (p < 0.05; Figures 5(e) and 5(f)).

3.7. Albumin Attenuated OS and Neuronal Apoptosis via the
ERK/Nrf2/HO-1 Signaling Pathway at 72 h after ICH. U0126
and ML385 reversed the neuroprotective effects of albumin
on neurobehavioral outcomes after ICH (Figure 6(a)). West-
ern blots were conducted to assess albumin downstream sig-
naling molecules and markers of OS and neuronal apoptosis
at 72h after ICH. The expression of p-ERK, Nrf2, HO-1,
and Bcl-2 was significantly increased, but that of Romol and
Bax was decreased in the ICH+albumin group compared with

the ICH+vehicle group (p <0.05, Figures 6(b)-6(h)). The
inhibition of ERK1/2 by U0126 with albumin administration
significantly decreased the levels of downstream proteins,
including p-ERK, Nrf2, HO-1, and Bcl-2, in the ICH+albu-
min+U0126 group compared with the ICH+albumin and
ICH+albumin+DMSO groups (p < 0.05; Figures 6(b)-6(e)
and 6(h)). Consistently, significant increases in Romol and
Bax expression were observed in the ICH+albumin+U0126
group compared to the ICH+albumin and ICH+albu-
min+DMSO groups (p < 0.05; Figures 6(f) and 6(g)).

In addition, the increased expression of p-ERK after ICH
was not changed by the administration of albumin and
ML385 (Figures 6(b) and 6(c)). Nrf2 knockdown by ML385
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pretreatment significantly decreased the expression of Nrf2,
HO-1, and Bcl-2 but increased the protein levels of Romol
and Bax at 72h after ICH in the ICH-+albumin+ML385
group compared with the ICH+albumin and ICH+albu-
min+DMSO groups (p < 0.05; Figures 6(b) and 6(d)-6(h)).

4. Discussion

In the present study, we assessed the effects of albumin on OS
and neuronal apoptosis after ICH in a rat model and investi-
gated the mechanism underlying the effects of albumin after

ICH. For the first time, we indicated that the endogenous
protein levels of albumin and HO-1 were increased after
ICH in rats and peaked at 5 days and 24 h, respectively, after
ICH. Albumin and HO-1 were colocalized on neurons at 72 h
after ICH. In addition, medium-dose albumin therapy signif-
icantly ameliorated the short- and long-term neurological
deficits and alleviated OS damage and neuronal apoptosis after
ICH. Mechanistically, albumin administration increased the
protein levels of p-ERK1/2, Nrf2, HO-1, and Bcl-2 and
decreased the protein levels of Romol and Bax within the ipsi-
lateral perihematomal area at 72h after ICH. Inhibitor of
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ERK1/2 or Nrf2 reversed the beneficial effects of albumin on
neurological deficits, OS, and neuronal apoptosis. These find-
ings indicate that albumin administration possibly attenuates
OS and neuronal apoptosis of brain injury, thereby improving
in neurobehavioral deficits after ICH in rats. This neuropro-
tection was attributed at least in part to the ERK/Nrf2/HO-1
signaling pathway.

OS plays a substantial role in the pathogenesis of neuro-
logical diseases [11, 35, 39]. Unlike ischemic stroke and other
neurological diseases, a central event of ICH involving OS is
the abundant free heme release from red cells into the extra-
cellular space and the metabolism of heme providing catalyt-
ically active iron to neighboring tissues, which leads to
secondary neuronal damage and apoptosis [10]. Therefore,
suppression of OS and neuronal apoptosis is a potential ther-
apeutic tactic for ICH.

Serum albumin is a multifunctional plasma protein that
is involved in many physiologic processes and has diverse
biological effects [40]. Previous studies have shown that albu-
min can be regarded as an indicator of nutritional status and
a strong predictor of mortality for various acute and chronic
illnesses [41-43]. In addition, albumin has a neuroprotective
role in neurological diseases, including Alzheimer’s disease,
cerebral ischemia, and subarachnoid hemorrhage, due to its
ability to inhibit polymerization and enhance the clearance
of amyloid f3, regulate hemodynamic properties, and exhibit
antithrombotic and anti-inflammatory activities [44]. Lud-
mila B and his colleagues found that after acute intracortical
hematoma, albumin therapy improved neurological function
and blood-brain barrier integrity in the acute phase, but they
did not elucidate the mechanism of the neuroprotective effect
of albumin [22].
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In the present study, we broadened the albumin applica-
tion to the setting of ICH. Albumin has been shown to
exhibit antioxidative stress and antiapoptotic effects after
ICH as well as direct neuroprotective actions on neuronal
cells. First, a marked increase in endogenous albumin levels
was observed in the ipsilateral brain hemisphere after ICH.
Furthermore, double immunofluorescence staining indicated
that albumin was localized in neurons. The following factors
could explain the increase in albumin in the brain post-ICH:
(a) after ICH, the blood-brain barrier is destroyed, and albu-
min oozes from the blood vessels into the brain tissue; and
(b) brain cells such as microglia may synthesize and secrete
albumin, as reported in a Human Brain Proteome Project
study [45]. Although albumin is considered an extracellular
molecule, we found that it is localized in neurons, which is
in accordance with the notion that albumin uptake can occur
in many cell types, including neurons, by endocytosis [46].

Second, previous studies have shown that albumin pro-
tects against OS and apoptosis in many conditions [47, 48].
In the present study, albumin had a protective effect against
OS and apoptosis after ICH. Neuroprotection of albumin
after ICH is regulated via multiple mechanisms, including
increased serum oncotic pressure to improve brain tissue
perfusion, alleviate brain edema, maintain normal endothe-
lial integrity, and exert antioxidant effects [22, 49]. More
importantly, albumin therapy might have other beneficial
effects distinctive to ICH itself. The particular thiol structure
of albumin makes up almost 80% of extracellular thiols, mak-
ing albumin a major extracellular protein target for OS. Albu-
min in the extracellular space shows a high affinity for free
heme that is released from hemorrhaged or dying red cells
to provide a lipid antioxidant effect. Furthermore, albumin
also inhibits OS injury by neutralizing free Cu2" and iron,
which are released from catalysis reactions [50].

Although albumin has a variety of neuroprotective effects
on ICH-induced injury, however, the potential molecular
mechanisms involved with the activation of ERK by albumin
have not been fully investigated. Our previous quantitative
proteomics study [23] showed that the ERK1 and ERK2 cas-
cades were the top two biological processes after ICH and
that the albumin and ERK1/2 signaling pathways were the
top protein-protein interaction networks. Recently, some
studies showed that there was an important link between
albumin and the mitogen-activated protein kinase (MAPK)
extracellular signal-regulated kinase, ERK1/ERK2 in kidney
disease, and ERK1/2 signaling pathway was the downstream
signal activated by albumin therapy [24, 51]. Reich et al.
found that albumin-activated ERK via EGF receptor in
human renal epithelial cells and the generation of ROS after
albumin exposure was an important proximate event in the
albumin-induced cell signaling [52]. In the present study,
albumin application significantly increased the protein levels
of p-ERK1/2, and inhibition of ERK1/2 abolished the protec-
tive effects of albumin on neurological deficits, OS, and neu-
ronal apoptosis. Therefore, the present findings support the
hypothesis that ROS produced after ICH might be the possi-
ble reason for albumin-induced activation of the ERK signal-
ing pathway. Our data only provided a link between albumin
and the ERK signaling pathway, but further investigation is
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needed to elucidate the precise mechanism of albumin
activating the ERK signaling pathway after ICH. Nrf2 is
considered the downstream factor of ERK1/2 activation
[53]. Activated Nrf2 orchestrates multiple responses to OS
and controls the transcription of antioxidant-responsive
element-regulated genes, including HO-1 and SOD, which
help to protect cells against OS and apoptosis. Activated
Nrf2 also reduced peroxide formation by enhancing antioxi-
dative activity and hematoma resolution after ICH [54]. In
our study, albumin application significantly increased the
protein levels of Nrf2 and HO-1 in the ipsilateral basal gan-
glion at 72 h after ICH. Inhibition of Nrf2 abolished the pro-
tective effects of albumin on neurological deficits, OS, and
neuronal apoptosis. Taken together, these results suggest that
albumin administration attenuates OS and neuronal apopto-
sis after ICH at least in part through the ERK/Nrf2/HO-1 sig-
naling pathway, thereby improving in neurobehavioral
deficits after ICH in rats.

There are several limitations in the present study. First,
we did not test each protein at the gene level or the expression
of albumin in the serum after ICH. Second, previous studies
showed that albumin was also expressed in endothelial and
astrocyte cells; therefore, we cannot exclude the possibility that
the blood-brain barrier protection and anti-inflammatory
effects of albumin played a role after ICH. Third, Nrf2 helps
upregulate CD163 and CD36 expression in microglia; thus,
we cannot exclude the possibility that the protective effect of
albumin in promoting hematoma clearance is due to the con-
tributions of other Nrf2 signaling pathways.

5. Conclusions

In conclusion, albumin application attenuated oxidative
stress-related neuronal death after ICH in rats, thereby
improving neurological deficits, and these effects were related
at least in part to activation of the ERK/Nrf2/HO-1 signaling
pathway. Our study suggests that albumin may serve as a
promising strategy for the treatment of ICH.

Data Availability

The data support the findings of this study and are available
from the corresponding author upon reasonable request.

Conflicts of Interest

The authors have no competing interests to declare.

Authors’ Contributions

Shuixiang Deng and Shengpeng Liu contributed equally to
this manuscript.

Acknowledgments

We are very grateful to the State Key Laboratory of Medical
Neurobiology and MOE Frontiers Center for Brain Science,
Institutes of Brain Science, Fudan University, for providing
the technical platform for this study and the design guid-
ance of Professor Yanqin Gao. This study was supported



Oxidative Medicine and Cellular Longevity

by grants from the National Key R&D Program of China
(2018YFC1312600, 2018YFC1312604 to Y. G.), the National
Natural Foundation of China (81772674 to Y.G.), the Science
and Technology Commission of Shanghai Municipal
(18140901100 to Y.G. and 19140900205 to M.T.), and the
Shanghai Municipal Health Commission, Health Sector Clin-
ical Research Special Youth Project (20184Y0064 to S.D.).

References

[1] J. C. Hemphill, S. M. Greenberg, C. S. Anderson et al., “Guide-
lines for the Management of Spontaneous Intracerebral Hem-
orrhage,” Stroke, vol. 46, no. 7, pp. 2032-2060, 2015.

[2] A. I Qureshi, S. Tuhrim, J. P. Broderick, H. H. Batjer,
H. Hondo, and D. F. Hanley, “Spontaneous intracerebral hem-
orrhage,” The New England Journal of Medicine, vol. 344,
no. 19, pp. 1450-1460, 2001.

[3] C. Cordonnier, A. Demchuk, W. Ziai, and C. S. Anderson,
“Intracerebral haemorrhage: current approaches to acute man-
agement,” The Lancet, vol. 392, no. 10154, pp. 1257-1268,
2018.

[4] L. Bian, J. Zhang, M. Wang, R. F. Keep, G. Xi, and Y. Hua,
“Intracerebral hemorrhage-induced brain injury in rats: the
role of extracellular peroxiredoxin 2,” Translational Stroke
Research, vol. 11, no. 2, pp. 288-295, 2020.

[5] C. Tao, R. F. Keep, G. Xi, and Y. Hua, “CD47 blocking anti-
body accelerates hematoma clearance after Intracerebral hem-
orrhage in aged rats,” Translational Stroke Research, vol. 11,
no. 3, pp. 541-551, 2020.

[6] N.Xiao, T. L. Liu, H. Li et al., “Low serum uric acid levels pro-
mote hypertensive intracerebral hemorrhage by disrupting the
smooth muscle cell-elastin contractile unit and upregulating
the Erk1/2-MMP axis,” Translational Stroke Research,
vol. 11, no. 5, pp. 1077-1094, 2020.

[7] P. Zhang, T. Wang, D. Zhang et al., “Exploration of MST1-
mediated secondary brain injury induced by intracerebral
hemorrhage in rats via hippo signaling pathway,” Transla-
tional Stroke Research, vol. 10, no. 6, pp. 729-743, 2019.

[8] S. Zhang, Z. W. Hu, H. Y. Luo et al, “AAV/BBB-mediated
gene transfer of CHIP attenuates brain injury following exper-
imental intracerebral hemorrhage,” Translational Stroke
Research, vol. 11, no. 2, pp. 296-309, 2020.

[9] Y. Egashira, Y. Hua, R. F. Keep, and G. Xi, “Intercellular cross-
talk in intracerebral hemorrhage,” Brain Research, vol. 1623,
pp. 97-109, 2015.

[10] X. Duan, Z. Wen, H. Shen, M. Shen, and G. Chen, “Intracere-
bral Hemorrhage, Oxidative Stress, and Antioxidant Therapy,”
Oxidative Medicine and Cellular Longevity, vol. 2016, Article
ID 1203285, 17 pages, 2016.

[11] X. Hu, C. Tao, Q. Gan, J. Zheng, H. Li, and C. You, “Oxidative
Stress in Intracerebral Hemorrhage: Sources, Mechanisms,
and Therapeutic Targets,” Oxidative Medicine and Cellular
Longevity, vol. 2016, Article ID 3215391, 12 pages, 2016.

[12] M. Anraku, R. Shintomo, K. Taguchi et al., “Amino acids of
importance for the antioxidant activity of human serum albu-
min as revealed by recombinant mutants and genetic variants,”
Life Sciences, vol. 134, pp. 36-41, 2015.

[13] A.Jahanban-Esfahlan, A. Ostadrahimi, R. Jahanban-Esfahlan,
L. Roufegarinejad, M. Tabibiazar, and R. Amarowicz, “Recent
developments in the detection of bovine serum albumin,”

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

13

International Journal of Biological Macromolecules, vol. 138,
pp. 602-617, 2019.

C. R. Park, J. H. Jo, M. G. Song et al., “Secreted protein acidic
and rich in cysteine mediates active targeting of human serum
albumin in U87MG xenograft mouse models,” Theranostics,
vol. 9, no. 24, pp. 7447-7457, 2019.

L. T. Rael, R. Bar-Or, K. L. Banton et al., “The presence of S-
sulfonated transthyretin in commercial human serum albumin
solutions: Potential contribution to neuropathy,” Clinica Chi-
mica Acta, vol. 499, pp. 70-74, 2019.

M. E. Sitar, S. Aydin, and U. Cakatay, “Human serum albumin
and its relation with oxidative stress,” Clinical Laboratory,
vol. 59, no. 9-10, pp. 945-952, 2013.

M. Pinsky, U. Roy, S. Moshe, Z. Weissman, and D. Kornitzer,
“Human Serum Albumin Facilitates Heme-Iron Utilization by
Fungi,” mBio, vol. 11, no. 2, 2020.

Y. Tang, J. Shen, F. Zhang, F.-Y. Yang, and M. Liu, “Human
serum albumin attenuates global cerebral ischemia/reperfu-
sion-induced brain injury in a Wnt/f-Catenin/ROS
signaling-dependent manner in rats,” Biomedicine & Pharma-
cotherapy, vol. 115, p. 108871, 2019.

L. Belayev, Y. Liu, W. Zhao, R. Busto, and M. D. Ginsberg,
“Human albumin therapy of acute ischemic stroke: marked
neuroprotective efficacy at moderate doses and with a broad
therapeutic window,” Stroke, vol. 32, no. 2, pp. 553-560, 2001.
J. I. Suarez, R. H. Martin, E. Calvillo, E. M. Bershad, and C. P.
Venkatasubba Rao, “Effect of human albumin on TCD vaso-
spasm, DCI, and cerebral infarction in subarachnoid hemor-
rhage: the ALISAH study,” Acta Neurochirurgica Supplement,
vol. 120, pp. 287-290, 2015.

Y. Xie, H. Guo, L. Wang et al., “Human albumin attenuates
excessive innate immunity via inhibition of microglial Min-
cle/Syk signaling in subarachnoid hemorrhage,” Brain, Behav-
ior, and Immunity, vol. 60, pp. 346-360, 2017.

L. Belayev, I. Saul, R. Busto et al., “Albumin treatment reduces
neurological deficit and protects blood-brain barrier integrity
after acute intracortical hematoma in the rat,” Stroke, vol. 36,
no. 2, pp. 326-331, 2005.

S. Deng, S. Feng, W. Wang, F. Zhao, and Y. Gong, “Biomarker
and drug target discovery using quantitative proteomics post-
intracerebral hemorrhage stroke in the rat brain,” Journal of
molecular neuroscience : MN, vol. 66, no. 4, pp. 639-648, 2018.

X. Zhao, X. Chen, A. Chima et al., “Albumin induces CD44
expression in glomerular parietal epithelial cells by activating
extracellular signal-regulated kinase 1/2 pathway,” Journal of
Cellular Physiology, vol. 234, no. 5, pp. 7224-7235, 2019.

X. Fan, R. Subramaniam, M. F. Weiss, and V. M. Monnier,
“Methylglyoxal-bovine serum albumin stimulates tumor
necrosis factor alpha secretion in RAW 264.7 cells through
activation of mitogen-activating protein kinase, nuclear factor
x¥B and intracellular reactive oxygen species formation,”
Archives of Biochemistry and Biophysics, vol. 409, no. 2,
pp. 274-286, 2003.

S. Y. Wong, M. G. K. Tan, P. T. H. Wong, D. R. Herr, and
M. K. P. Lai, “Andrographolide induces Nrf2 and heme oxy-
genase 1 in astrocytes by activating p38 MAPK and ERK,”
Journal of Neuroinflammation, vol. 13, no. 1, p. 251, 2016.

J. J. Boyle, M. Johns, J. Lo et al., “Heme induces heme oxygen-
ase 1 via Nrf2: role in the homeostatic macrophage response to
intraplaque hemorrhage,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 31, no. 11, pp. 2685-2691, 2011.



14

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

J. H. Shin, K. M. Kim, J. U. Jeong et al, “Nrf2-Heme
Oxygenase-1 Attenuates High-Glucose-Induced Epithelial-
to- Mesenchymal Transition of Renal Tubule Cells by Inhibit-
ing ROS-Mediated PI3K/Akt/GSK-3f Signaling,” Journal of
Diabetes Research, vol. 2019, Article ID 2510105, 8 pages,
2019.

S. D. Chen, X. Y. Wang, M. F. Nisar, M. Lin, and J. L. Zhong,
“Heme Oxygenases: Cellular Multifunctional and Protective
Molecules against UV- Induced Oxidative Stress,” Oxidative
Medicine and Cellular Longevity, vol. 2019, Article ID
5416728, 17 pages, 2019.

M. A. Rynkowski, G. H. Kim, R. J. Komotar et al., “A mouse
model of intracerebral hemorrhage using autologous blood
infusion,” Nature Protocols, vol. 3, no. 1, pp. 122-128, 2008.

A. Wang, H. Zhang, Z. Liang et al., “U0126 attenuates ische-
mia/reperfusion-induced apoptosis and autophagy in myocar-
dium through MEK/ERK/EGR-1 pathway,” European Journal
of Pharmacology, vol. 788, pp. 280-285, 2016.

P. Xian, Y. Hei, R. Wang et al,, “Mesenchymal stem cell-
derived exosomes as a nanotherapeutic agent for amelioration
of inflammation-induced astrocyte alterations in mice,” Ther-
anostics, vol. 9, no. 20, pp. 5956-5975, 2019.

N. Sun, Y. Shen, W. Han et al., “Selective sphingosine-1-
phosphate receptor 1 modulation attenuates experimental
intracerebral hemorrhage,” Stroke, vol. 47, no. 7, pp. 1899-
1906, 2016.

J. Yan, G. Zuo, P. Sherchan et al., “CCR1 activation promotes
neuroinflammation through CCRI1/TPR1/ERK1/2 signaling
pathway after intracerebral hemorrhage in mice,” Neurothera-
peutics : the journal of the American Society for Experimental
NeuroTherapeutics, vol. 17, no. 3, pp. 1170-1183, 2020.

G. Zuo, T. Zhang, L. Huang et al., “Activation of TGR5 with
INT-777 attenuates oxidative stress and neuronal apoptosis
via cAMP/PKCe/ALDH2 pathway after subarachnoid hemor-
rhage in rats,” Free Radical Biology & Medicine, vol. 143,
pp. 441-453, 2019.

J. Peng, J. Pang, L. Huang et al., “LRP1 activation attenuates
white matter injury by modulating microglial polarization
through Shcl/PI3K/Akt pathway after subarachnoid hemor-
rhage in rats,” Redox Biology, vol. 21, p. 101121, 2019.

T. Zhang, P. Wu, E. Budbazar et al., “Mitophagy reduces oxi-
dative stress via Keapl (Kelch-like epichlorohydrin-
associated protein 1)/Nrf2 (nuclear factor-E2-related factor
2)/PHB2 (prohibitin 2) pathway after subarachnoid hemor-
rhage in rats,” Stroke, vol. 50, no. 4, pp. 978-988, 2019.

X. Qu, N. Wang, W. Chen, M. Qi, Y. Xue, and W. Cheng,
“RNF34 overexpression exacerbates neurological deficits and
brain injury in a mouse model of intracerebral hemorrhage
by potentiating mitochondrial dysfunction-mediated oxidative
stress,” Scientific Reports, vol. 9, no. 1, p. 16296, 2019.

P. K. Kamat, A. Kalani, S. Rai et al., “Mechanism of oxidative
stress and synapse dysfunction in the pathogenesis of Alzhei-
mer’s disease: understanding the therapeutics strategies,”
Molecular Neurobiology, vol. 53, no. 1, pp. 648-661, 2016.

T.H. O. M. A. S. E. EMERSON, “Unique features of albumin,”
Critical Care Medicine, vol. 17, no. 7, pp. 690-694, 1989.

M. Yin, L. Si, W. Qin et al., “Predictive value of serum albumin
level for the prognosis of severe sepsis without exogenous
human albumin administration: a prospective cohort study,”
Journal of Intensive Care Medicine, vol. 33, no. 12, pp. 687-
694, 2018.

(42]

(43]

(44]

[45]

(46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

[54]

Oxidative Medicine and Cellular Longevity

R. Spinella, R. Sawhney, and R. Jalan, “Albumin in chronic liver
disease: structure, functions and therapeutic implications,”
Hepatology International, vol. 10, no. 1, pp. 124-132, 2016.

A. Morotti, S. Marini, U. K. Lena et al., “Significance of admis-
sion hypoalbuminemia in acute intracerebral hemorrhage,”
Journal of Neurology, vol. 264, no. 5, pp. 905-911, 2017.

K. D. Prajapati, S. S. Sharma, and N. Roy, “Current perspec-
tives on potential role of albumin in neuroprotection,” Reviews
in the Neurosciences, vol. 22, no. 3, pp. 355-363, 2011.

S.M. Ahn, K. Byun, K. Cho et al., “Human microglial cells syn-
thesize albumin in brain,” PLoS One, vol. 3, no. 7, 2008.

M. Maeda, F. Akai, and T. Yanagihara, “Neuronal integrity
and astrocytic reaction in cold injury: an immunohistochemi-
cal investigation,” Acta Neuropathologica, vol. 94, no. 2,
pp. 116-123, 1997.

G. L. Gongalves, J. M. Costa-Pessoa, K. Thieme, B. B. Lins, and
M. Oliveira-Souza, “Intracellular albumin overload elicits
endoplasmic reticulum stress and PKC-delta/p38 MAPK path-
way activation to induce podocyte apoptosis,” Scientific
Reports, vol. 8, no. 1, p. 18012, 2018.

A. Tabernero, B. Granda, A. Medina, L. I. Sdnchez-Abarca,
E. Lavado, and J. M. Medina, “Albumin promotes neuronal
survival by increasing the synthesis and release of glutamate,”
Journal of Neurochemistry, vol. 81, no. 4, pp. 881-891, 2002.

E. T. Gum, R. A. Swanson, C. Alano et al., “Human serum
albumin and its N-terminal tetrapeptide (DAHK) block
oxidant-induced neuronal death,” Stroke, vol. 35, no. 2,
pp. 590-595, 2004.

A. Loban, R. Kime, and H. Powers, “Iron-binding antioxidant
potential of plasma albumin,” Clinical Science, vol. 93, no. 5,
pp. 445-451, 1997.

K. Takaya, D. Koya, M. Isono et al., “Involvement of ERK
pathway in albumin-induced MCP-1 expression in mouse
proximal tubular cells,” American journal of physiology Renal
physiology, vol. 284, no. 5, pp. F1037-F1045, 2003.

H. Reich, D. Tritchler, A. M. Herzenberg et al., “Albumin acti-
vates ERK via EGF receptor in human renal epithelial cells,”
Journal of the American Society of Nephrology : JASN, vol. 16,
no. 5, pp. 1266-1278, 2005.

X. Bai, X. Gou, P. Cai et al., “Sesamin enhances Nrf2-mediated
protective defense against oxidative stress and inflammation in
colitis via AKT and ERK activation,” Oxidative Medicine and
Cellular Longevity, vol. 2019, Article ID 2432416, 20 pages,
2019.

X. Zhao, G. Sun, S. M. Ting et al., “Cleaning up after ICH: the
role of Nrf2 in modulating microglia function and hematoma

clearance,” Journal of Neurochemistry, vol. 133, no. 1,
pp. 144-152, 2015.



	Albumin Reduces Oxidative Stress and Neuronal Apoptosis via the ERK/Nrf2/HO-1 Pathway after Intracerebral Hemorrhage in Rats
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Experimental Design
	2.3. Experiment 1
	2.4. Experiment 2
	2.5. Experiment 3
	2.6. Experiment 4
	2.7. ICH Models
	2.8. Drug Administration
	2.9. Short-Term Neurological Performance
	2.10. Long-Term Neurobehavioral Performance
	2.11. Western Blotting Analysis
	2.12. Histological Analysis
	2.13. Immunofluorescence Staining
	2.14. Fluoro-Jade C Staining
	2.15. TUNEL Staining
	2.16. 8-OHdG Immunohistochemistry
	2.17. Assessment of Intracellular MDA and SOD Levels
	2.18. Statistical Analysis

	3. Results
	3.1. Animal Use and Mortality
	3.2. Expression of Endogenous Albumin and HO-1 Increased after ICH
	3.3. Albumin Improved Short-Term Neurological Deficits at 24&thinsp;h and 72&thinsp;h after ICH
	3.4. Albumin Reduced Neuronal Apoptosis and Neuronal Degeneration at 72&thinsp;h after ICH
	3.5. Albumin Reduced Ipsilateral Hemisphere OS Damage at 72&thinsp;h Post-ICH
	3.6. Albumin Improved Long-Term Neurological Deficits at 28&thinsp;d after ICH
	3.7. Albumin Attenuated OS and Neuronal Apoptosis via the ERK/Nrf2/HO-1 Signaling Pathway at 72&thinsp;h after ICH

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

