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Abstract
Intracerebral hemorrhage (ICH) is a catastrophic stroke with high mortality, and the mechanism underlying ICH is largely
unknown. Previous studies have shown that high serum uric acid (SUA) levels are an independent risk factor for hypertension,
cardiovascular disease (CVD), and ischemic stroke. However, our metabolomics data showed that SUA levels were lower in
recurrent intracerebral hemorrhage (R-ICH) patients than in ICH patients, indicating that lower SUAmight contribute to ICH. In
this study, we confirmed the association between low SUA levels and the risk for recurrence of ICH and for cardiac-cerebral
vascular mortality in hypertensive patients. To determine the mechanism by which low SUA effects ICH pathogenesis, we
developed the first low SUA mouse model and conducted transcriptome profiling of the cerebrovasculature of ICH mice. When
combining these assessments with pathological morphology, we found that low SUA levels led to ICH in mice with angiotensin
II (Ang II)–induced hypertension and aggravated the pathological progression of ICH. In vitro, our results showed that p-Erk1/2-
MMP axis were involved in the low UA-induce degradation of elastin, and that physiological concentrations of UA and p-Erk1/
2-specific inhibitor exerted a protective role. This is the first report describing to the disruption of the smooth muscle cell (SMC)-
elastin contractile units in ICH. Most importantly, we revealed that the upregulation of the p-Erk1/2-MMP axis, which promotes
the degradation of elastin, plays a vital role in mediating low SUA levels to exacerbate cerebrovascular rupture during the ICH
process.
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Introduction

Intracerebral hemorrhage (ICH) is a catastrophic type of
stroke with high mortality and morbidity and a substantial risk
of recurrence in adults [1]. Hypertension is the most important
risk factor for hemorrhagic stroke [2, 3]; however,

hypertensive people do not always develop ICH. According
to a 12-year follow-up study, 0.5% of hypertensive patients
developed ICH, and antihypertensive treatment may help re-
duce the risk of cerebral hemorrhage, although some patients
with this treatment still develop ICH [4]. Taken together, these
data suggest that there may be other risk factors that combined
with hypertension result in ICH.

Uric acid (UA), the final product of purine degradation, has
emerged as a biomarker for a predisposition toward metabolic
syndrome, hypertension, diabetes, and cardiovascular and re-
nal disorders [5–7]. Several studies have shown that there is an
association between high serum uric acid (SUA) levels and the
risk of hypertension, cardiovascular disease (CVD), and is-
chemic stroke [8, 9]. Our metabolomics data showed that
SUA levels were lower in recurrent ICH (R-ICH) patients than
in ICH patients. We also found that the hypertensive ICH
group had significantly lower SUA levels; there were no sig-
nificant differences between the thrombosis and lacunar
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groups. These data suggest that low SUA levels may be a risk
factor for ICH.

In addition, although ICH is a devastating disease, its mo-
lecular mechanisms and pathology remain poorly understood.
Donald D and colleagues described the first mouse model of
spontaneous hemorrhagic stroke (8months old), in which ICH
was induced by angiotensin II (Ang II) and Nω-nitro-L-argi-
nine methyl ester (L-NAME), and explored the ICH mecha-
nisms in mice with acute and chronic hypertension [10–12].
Their data suggested that oxidative stress and MMPs contrib-
ute to spontaneous ICH. However, using the same mouse
model to induce hypertension in young mice (16 weeks),
Anja et al. observed altered cerebrovascular structures but
only sporadic microbleeding and no severe ICH [13]. In a
recent study, miconazole was shown to protect blood vessels
from matrix metalloproteinase-9 (MMP-9)-dependent rupture
and hemorrhage in zebrafish [14].

Currently, there is no consensus regarding the linkage be-
tween low SUA and ICH. In addition, to the best of our
knowledge, no systematic studies have evaluated the molecu-
lar basis of ICH. Therefore, the present study was performed
to investigate the association between low SUA levels and the
risk of ICH. Furthermore, we intend to characterize the cellu-
lar and molecular mechanisms involved in the development of
ICH in individuals with low SUA levels to shed light on the
role of SUA in the diagnosis and therapies for ICH.

Materials and Methods

Sample Population

Patient information in this study was extracted from medical
records residing in our team’s comprehensive database. We
enrolled control subjects and patients with one of the follow-
ing three subtypes of stroke: cerebral thrombosis (thrombo-
sis), lacunar infarction (lacunar), and hypertensive ICH. The
criteria for diagnosis and recruitment were based on neurolog-
ical examination after computed tomography (CT), magnetic
resonance imaging (MRI), or both, as described previously
[15]. The end points were recurrence of ICH and death from
cardiac-cerebral vascular disease. The details are described in
the Supplementary Materials.

Metabolomics Study

We enrolled patients with hypertensive intracerebral hemor-
rhage (ICH, n = 53) and age- and sex-matched patients with
recurrent intracerebral hemorrhage (R-ICH, n = 62), who were
obtained from the cohort mentioned above. Patients or their
caregivers provided informed consent.

We detected plasma metabolites by ultra-performance liq-
uid chromatography coupled with electrospray ionization/

quadrupole-time-of-flight mass spectrometry (UHPLC-Q/
TOF-MS) and analyzed the data with multivariate statistics
to compare outcomes among the groups.

Clinical Outcomes

We recruited 1669 control subjects and 1469 patients and
compared SUA levels among the three subtypes of stroke
and healthy controls. Among the 1469 cases, 667 were diag-
nosed with thrombosis, 451 were diagnosed with lacunae, and
351 were diagnosed with ICH.

To examine the associations between SUA levels and either
hypertensive R-ICH or cardiac-cerebral vascular mortality, the
study participants were stratified by SUA levels, and ICH
patients over 60 years old were categorized into 2 groups: a
low UA group (≤ 236 μmol/L) and a high UA group (>
236 μmol/L). Kaplan-Meier plots were created to estimate
the effects of UA levels on the risk of hypertensive R-ICH
and cardiac-cerebral vascular disease mortality after a median
4.5 years of follow-up. The results were compared by the log-
rank test.

Low Serum Uric Acid Mouse Model

Commercially available 8-month-old male C57BL/6 mice
were purchased from the National Resource Center of
Model Mice (Nanjing, China). All animals were housed in a
conventional housing facility under a standard 12:12-h light-
dark cycle.

After adaptive feeding for 1 week, the mice were randomly
divided into 4 experimental groups: control (n = 5), allopuri-
nol (n = 5), benzbromarone (n = 5), and allopurinol and
benzbromarone (A + B, n = 5). To produce the lowUAmodel,
allopurinol (20 mg/kg per day; Shimao Tianjie, China) and/or
benzbromarone (20 mg/kg per day; Excella GmbH, Germany)
were dissolved in sterile saline and administered by oral ga-
vage. Thirty days later, the mice were anesthetized, and blood
samples were collected. We measured SUA levels in accor-
dance with the manufacturer instructions (Abcam, USA).

Spontaneous Intracerebral Hemorrhage Model

Spontaneous ICH models were induced as described previ-
ously [11]. Mice were randomly divided into 5 experimental
groups: vehicle (Veh, n = 30), Ang II (A, n = 30), Ang II and
L-NAME (AL, n = 30), Ang II and low UA (A + LU, n = 30),
and Ang II and L-NAME and low UA (AL + LU, n = 30).
Mice in the Veh and A groups were infused with Ang II
(1000 ng/kg per min; Sigma-Aldrich, USA) or an equivalent
volume of saline, respectively, via an osmotic pump (Durect
Corporation, USA). In the AL group, mice were concomitant-
ly administered Ang II as described above and L-NAME
(100 mg/kg per day; Sigma-Aldrich, USA) in drinking water.
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In the two lowUA groups (A + LU and AL + LU), allopurinol
(20 mg/kg per day) and benzbromarone (20 mg/kg per day)
were administered for 30 days, and then the two groups were
administered Ang II and/or L-NAME as described above
along with continuous allopurinol and benzbromarone
administration.

After an initial training period of 7 days, systolic blood
pressure (SBP) was measured in conscious mice using tail-
cuff plethysmography (LE 5002; Panlab, Cornella, Spain) as
described previously [13]. We examined clinical stoke signs
by neurologic examinations at least three times per day as
described previously [11] and evaluated the incidence of
ICH (n = 20). At the end of the 28-day treatment period, the
animals were anesthetized, and blood samples were collected.
The SUA levels were measured in accordance with the man-
ufacturer instructions.

Intracerebral Hemorrhage Assessment by MRI

MRI was performed on a dedicated 7.0-T MRVarian horizon-
tal bore MRI system (Agilent, USA). Briefly, mice were anes-
thetized with 2% isoflurane in an O2 mixture (1 L/min). The
image protocol comprised T2-weighted imaging with a fast
spine echo (FSE) sequence. The parameters used for image
acquisition in the micewere as follows: repetition time (TR) =
3500 ms; echo time (TE) = 72.0 ms; thickness = 0.5 mm; ac-
quisition matrix = 256 × 256; and scan time = 16 min. The
qualitative evaluation of hemorrhage was performed semi-
quantitatively as follows: an investigator blinded to the treat-
ment observed the numbers of hemorrhage points from serially
captured MRI photographs. The total number of hemorrhage
points in each mouse was calculated in the AL and AL-LU
groups (n = 4 per group).

RNA Sequencing (RNA-seq)

At the end of the 28-day treatment period, the animals were
anesthetized. After removing meningeal vessels, we homoge-
nized the brain tissues with a Dounce homogenizer and iso-
lated cerebral vessels as described previously [16, 17]. Then,
total RNA was isolated from the cerebrovascular segment
using an RNeasy Mini Kit (Qiagen, Germany) according to
the manufacturer recommendations. TruSeq Stranded Total
RNAwith a Ribo-Zero Human Kit (Illumina, USA) was used
to obtain sequencing libraries. Ninety million 2 × 100-bp
paired end reads were sequenced on an Illumina HiSeq 2500
Sequencing system for each library (n = 5 in the Veh, A and
AL groups; n = 4 in the A + LU and AL + LU groups).
Analysis of differential transcript expression was performed
with the Cuffdiff program. The details of this analysis are
described in the Supplementary Materials.

Bioinformatics Analysis

To dissect the relationships among the groups under the given
conditions based on the molecular profiles, we applied multi-
dimensional scaling (MDS) analysis to the distance matrix
and placed all the samples into a 2-dimensional Euclidian
space using R software (https://www.r-project.org/).
Ingenuity Pathway Analysis (Ingenuity Systems, USA) was
applied to obtain additional insights based on a manually
curated database.

Histology and Immunofluorescence

Mice were euthanized with an overdose of 3% chloral hydrate
(i.p.). The brains were harvested, fixed in 4% paraformalde-
hyde (PFA) overnight at 4 °C, paraffin-embedded, and then
dehydrated using a graded ethanol series and vitrification by
xylene. Serial horizontal sections (4 μm) were sliced with a
microtome (Leica Biosystems). Hematoxylin-eosin (HE)
staining was applied to observe hemorrhages. Images were
captured on a Leica DMI-4000B digital microscope.

For immunofluorescent staining, horizontal brain sections
(4 μm) were incubated with the following primary antibodies:
anti-alpha smooth muscle actin (α-SMA, Abcam, 1:300),
anti-elastin (Abcam, 1:50), and anti-phospho-p44/42 MAPK
(p-Erk1/2, CST, 1:100). After several washes, the sections
were incubated with secondary antibodies (Alexa Fluor-
conjugated goat ant i -mouse or ant i - rabbi t ; Li fe
Technologies) at room temperature for 1 h. The sections were
then mounted in aqueous DAPI-containing medium (Abcam).
Immunostaining images were captured under a confocal mi-
croscope (Leica) with microscope image-acquisition software.

Qualitative evaluation of elastin filament integrity was per-
formed by an observer blinded to the treatment conditions on
digital images by semiquantitative grading (n = 5) as previous-
ly reported [18, 19]. We analyzed the cerebral vessels mainly
from corpus striatum. The diameters of the cerebral vessels
analyzed in our study were from 10 to 50 μm, which in ac-
cordance with the levels of LSAs, especially when observed
by immunofluorescence [20].

In Situ MMP Activation Detection
and Immunofluorescence

To assess in situ gelatinolytic activity, frozen coronal sections
(20 μm) were incubated with DQ gelatin conjugate at 37 °C
for 2 h with a commercially available kit (EnzCheck
Gelatinase Assay Kit; Invitrogen). Then, the sections were
washed and labeled with the following primary antibodies:
anti-α-SMA (Abcam, 1:300). Confocal images were captured
using a confocal microscope (Leica) with microscope image-
acquisition software. MMP expression was presented as the
percentage of the MMP-positive area covering the α-SMA-
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positive area in the vessels. Quantitative measurements of the
coverage were conducted with AngioTool software, and rep-
resentative images of each group were collected in 5 mice.

Cell Culture and Experiment

UA Treatment

Primary human brain vascular smooth muscle cells
(HBSMCs) were purchased from Shanghai Saily Biological
Technology Co., Ltd. According to the manufacturer recom-
mendations, HBSMCs were cultured at 37 °C under 5% CO2

in DMEM/F-12 medium with 10% fetal bovine serum (FBS)
and used for up to five passages. Low concentrations of UA
(0.6 mg/dL; Sigma) were freshly prepared, which dissolved in
warmedmedium and filtered through a 0.22-μm syringe filter.
After the cells were starved for 12 h, the HBSMCs were
pretreated with low concentrations of UA (0. 6 mg/dL) for
up to 24 h. Subsequently, the HBSMCs were exposed to (1)
physiological concentrations of UA (6 mg/dL), (2) low con-
centrations of UA (0. 6 mg/dL), and (3) a low concentration
UA (0. 6 mg/dL) plus specific inhibitors of Erk1/2 phosphor-
ylation (PD98059, 10 μM; Sigma) in Western blot, in situ
MMP activation detection, and elastin expression arrays.
Experiment flow chart was shown in Fig. S4a.

Western Blot Analysis

Cells were lysed in ice-cold RIPA buffer containing phospha-
tase inhibitor and protease inhibitor cocktail (Roche). Protein
content was quantified by a BCA protein assay kit (Thermo
Fisher Scientific). Samples (20 μg) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membranes
(Promega) and blocked with 5% nonfat dry milk in Tris-
buffered saline containing 0.05% Tween 20. Membranes were
incubated overnight with primary antibodies respectively: an-
ti-p-Erk1/2 (1:1000, CST), and anti-Total-Erk1/2 (T-Erk1/2,
1:1000, CST). The specific bands were visualized using sec-
ondary anti-rabbit antibody (1:5000, Abcam), and enhanced
chemiluminescence detection kit (Thermo Fisher Scientific).
The intensity of protein bands was measured with ImageJ
software.

In Situ MMP Activation Detection and Elastin Expression Array

To detect in situ MMP activation and elastin expression,
HBSMCs were seeded at a density of 5000 cells per well into
a 96-well CellCarrier™ microtiter plate (PerkinElmer). After
the cells were starved, then were pretreated with a low level of
UA and exposed to different treatments in phenol red-free
medium; they were then fixed in 4% PFA, permeabilized with
0.2% Triton X-100, and incubated with DQ gelatin conjugate

at 37 °C for 2 h using a commercial kit (EnzCheck Gelatinase
Assay Kit; Invitrogen). Subsequently, the cells were labeled
with the following primary antibodies: anti-α-SMA (Abcam,
1:300) and elastin (Abcam, 1:120), followed by an
AlexaFluor®568 and 647 secondary antibody (1:300, Life
Technologies). Nuclei were stained using a 10 μM Hoechst
33342 dye solution (Invitrogen). The plates were then imaged
on an Operetta® High Content Screening system
(PerkinElmer) in widefield fluorescence mode using a × 40
high water objective. Five random fields per well and 4 repli-
cate wells were imaged and analyzed. The approach for image
analysis in the Harmony® software was based on counting
nuclei (Hoechst channel), followed by a per cell fluorescence
intensity analysis (MMP channel and Elastin channel,
respectively).

Statistical Analysis

Data are expressed as the mean ± SDs. Comparisons between
two groups were analyzed by Student’s t test, whereas com-
parisons among 3 or more groups were conducted byANOVA
with Bonferroni multiple comparisons. All data were analyzed
using GraphPad Prism 7.0 software and SPSS 19.0 software.
A P value < 0.05 was considered statistically significant.

Results

Low SUA Increased the Risk for R-ICH
and Cardiac-Cerebral Vascular Mortality

A total of 3138 subjects were enrolled in this study, including
1669 control subjects and 1469 stroke patients (667 in the
thrombosis group, 451 in the lacunar group, and 351 in the
hypertensive ICH group), who were selected for chi-square
analysis SUA level differences. The SUA levels in the differ-
ent stroke subtypes are shown in Table 1. Compared with the
control group, the hypertensive ICH group had significantly
lower SUA levels (P < 0.01), but the thrombosis and lacunar
groups showed no significant differences.

Table 1 The serum UA level in different subtypes of stroke

Group Subjects (n) Uric acid (μmol/L) P value*

Controls 1669 269.10 (± 72.45) 1.0

Stroke 1469 263.74 (± 86.79) 0.06

Thrombosis 667 266.24 (± 85.10) 0.45

Lacunar 451 272.06 (± 82.63) 0.45

Hypertensive ICH 351 248.30 ± 93.23) 9.60 × 10–5Δ

*Student’s t test vs controls. ΔP < 0.01 vs control
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We applied untargeted metabolomics to analyze the differ-
ences in plasma metabolites between ICH and R-ICH. The
metabolic profiles clearly distinguished ICH patients and R-
ICH patients, and orthogonal projection to latent structure-
discriminant analysis (OPLS-DA) showed that there were dif-
ferences in the profile of small molecular metabolite profiles
between the two groups (Fig. 1a). SUA levels were signifi-
cantly lower in the R-ICH group than in the ICH group,
(P < 0.05) (Fig. 1b).

Over a median follow-up of 4.5 years in ICH patients over
60 years old, our data indicate that low SUA levels (≤
236 μmol/L) were associated with a higher risk of R-ICH
(P = 0.011, HR = 3.23, 95% CI 1.20 to 8.71; Fig. 1c). We also
found that low SUA levels (≤ 236 μmol/L) carried a higher
risk for mortality by cardiac-cerebral vascular disease (P =
0.008, HR = 3.25, 95% CI 1.37 to 7.7; Fig. 1d). Taken togeth-
er, the results of our population-based study support the notion
that there is an association between low SUA levels and an

a

c d

b

Fig. 1 Population results from human subjects. a Score scatterplot of
metabolites in the ICH and R-ICH groups by orthogonal projections to
latent structures discriminant analysis (OPLS-DA). b Metabolomics
results showed that UA was significantly lower in the R-ICH group

than in the ICH group. Kaplan-Meier analysis illustrating c survival of
R-ICH and d cardiac-cerebral vascular mortality in subjects stratified into
two groups according to UA level after a median of 4.5-year follow-up.
*p < 0.05
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increased risk of R-ICH and cardiac-cerebral vascular mortal-
ity in ICH patients over 60 years old.
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Fig. 2 Low uric acid model in hypertensive mice. a, b Experiment flow chart. c, e SBP in the different groups as measured by the tail-cuff method
(n = 10). d, f Serum UA concentration in the different groups (n = 8). **p < 0.01; ns, not significant
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Fig. 3 Low uric acid promoted ICH in hypertensive mice. a, d T2-
weighted images of brain from the different groups were obtained by 7-
T MRI. Red arrows highlighting increased signal intensity indicate
hemorrhage in the brain. b, e Representative images of HE staining in
the different groups. Black arrows indicate hemorrhage (scale bars,
50 mm). c, f The brain morphology of each group. Yellow arrows

indicate hemorrhage. g MRI scanning showed more hemorrhagic foci
in the AL+LU group than in the AL group (n = 4, p < 0.05). h, i
Kaplan-Meier plot of the signs of stroke (n = 20). In g *p < 0.05; in h
and i Δp < 0.05 vs the A group, #p < 0.05 and ##p < 0.01 vs the Veh
group; *p < 0.05 vs the AL group
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Fig. 4 Low uric acid accelerated the disruption of SMC-elastin
contractile units in hypertensive mice. a, c Representative images of
brain sections showing cerebral vessel staining of each group; DAPI in
blue, a-SMA in red, and elastin in gray. b, d Insets show an SMC-elastin
contractile unit at high magnification. e Cerebral vascular elastin

degradation was graded on a scale of 1 to 4. Examples of grading are
shown, and the method is detailed in the Materials and Methods. f, g The
level of elastin degradation (grades 1–4) in the different groups.
*p < 0.05, **p < 0.01; ns, not significant. (Scales bar are shown in the
image)
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Low SUA Led to the Development of ICH
and Accelerated ICH Progression in HypertensiveMice

Because there was no low UA model, we first established a
low UA mouse model using allopurinol (which inhibits UA
production) and benzbromarone (which promotes UA excre-
tion). Compared with the control group, in the group admin-
istered these drugs for 30 days, SUA levels were significantly
lower (Fig. S1a). HE staining showed that the cerebrovascular
structures were intact, and there were no differences between
the control group and either the allopurinol or benzbromarone
groups. No hemorrhage was observed in any of the LU groups
(Fig. S1b).

To explore the association between low SUA levels and
ICH, we implemented our LU model in hypertensive mice
(Fig. 2a, b). Administration of UA-lowering drugs decreased
SUA levels in the A + LU and AL + LU groups (Fig. 2d, f) but
had no significant effect on SBP (Fig. 2c, e). Previous studies
have reported that the A group showed no ICH phenotype,
and we observed the same results. However, in our study, six
of the 20 mice in the A + LU group developed signs of hem-
orrhagic stroke after Ang II infusion. The incidence of ICH
was significantly higher in the A + LU group than in the A
group (30% vs 0%, P < 0.05; Fig. 3h). Hemorrhage was ob-
served in mice in the A + LU group that showed signs of
stroke (Fig. 3a–c).

Furthermore, our data showed that in the low SUA groups,
ICH progression was significantly faster in the AL + LU
group (Fig. 3e, f) than in the AL group. Compared with the
Veh group, the AL group (i.e., spontaneous ICH mice) had a
significantly higher incidence of ICH (0% vs 65%, P < 0.01).
The incidence of ICHwas significantly higher in the AL + LU
group than in the AL group (95% vs 65%, P < 0.05, Fig. 3i).

When MRI scans were conducted to detect hemorrhagic
lesions in the brains of ICHmice, there were more hemorrhag-
ic foci in the AL + LU group than in the AL group (Fig. 3d, g).

On the one hand, our findings corroborated evidence indi-
cating that low SUA levels contribute to ICH in mice with
Ang II–induced hypertension. On the other hand, our results
support the notion that a low SUA level is associated with ICH
deterioration and an increase in ICH incidence in mice with
Ang II– and L-NAME-induced hypertension.

Low SUA Accelerated the Disruption of SMC-Elastin
Contractile Units in Hypertensive Mice

The smooth muscle cell (SMC)-elastin contractile unit is the
functional and structural unit of the aorta, and the primary
pathological changes observed in the rupture of a thoracic
aortic aneurysm (TAA) is the disruption of the SMC-elastin
contractile unit. As shown in Fig. 4, ICH mice exhibited dis-
ruption of SMC-elastin contractile units (Fig. 4a, c) and elastin
fragmentation, while in the A and Veh groups, the zigzag

shape of elastin appeared intact, without fragmentation or
breakage (Fig. 4b, d). The degree of elastin degradation was
higher in the A + LU group than in the A group and more
pronounced in the AL + LU group than in the AL group
(Fig. 4e–g). These findings indicated that low SUA levels
significantly decreased the integrity of the SMC-elastin con-
tractile unit, resulting in cerebrovascular rupture.

Transcriptome Analysis Highlighted the Erk1/2
Pathway

To identify the core transcriptional signature of mice with low
UA as it relates to the formation and progression of ICH, we
used RNA-seq to analyze the whole transcriptome of the
cerebrovasculature in different mouse groups (Fig. 5a).
Compared with the Veh group, the A group had 743 differen-
tially expressed genes (DEGs), and the AL group had 2717
DEGs. The data shown in Table 2 demonstrate that compared
with Ang II treatment alone (A group), A + LU treatment
upregulated 129 genes and downregulated 72 genes, whereas
compared with the Ang II and L-NAME alone (AL group),
AL + LU treatment resulted in the downregulation of 136
genes and the upregulation of 1123 genes. MDS analysis of
all the genes expressed in the 5 sorted groups showed that the
greater distances were between the ICH groups (AL, A + LU,
and AL + LU groups) and the non-ICH groups (Veh and A
groups). The distance between the non-ICH groups and the
AL + LU group was the largest, while the A + LU and AL
groups were very similar (Fig. 5b).

The top 1 network operating in the A + LU group vs the
Veh group is shown in Fig. 5c. Among the genes in this net-
work, brain-derived neurotrophic factor (BDNF) and extracel-
lular regulated protein kinases 1 and 2 (Erk1/2) are the hub
genes. Although there was no significant difference between
the A + LU group and the A group, Erk1/2 had the highest
centrality. We further found that Erk1/2 and MAPK1 (Erk2)
were also involved in the top causal networks and showed a
high centrality between the AL + LU group and the Veh group
based on IPA (P = 7.9E-26, Fig. 5d). Based on these results,
Erk1/2 was selected for further validation.

Low SUA Levels Promoted ICH by Increasing
the Activation of the Erk1/2-MMP Axis

To confirm the role of Erk1/2 in promoting ICH, we examined
the expression of phosphorylated Erk1/2 (p-Erk1/2) in the
cerebrovascular in situ using immunofluorescence. The re-
sults showed faint p-Erk1/2 staining in the Veh group, positive
staining on the intima in the A group, and strong expression in
the media and periphery in the A + LU group (Fig. 6a, b).
Although there was no significant difference in the staining
intensity of the media, p-Erk1/2-positive staining of the intima
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and periphery was more intense in the AL + LU group than in
the AL group (Fig. 6c, d).

Previous studies have revealed a strong correlation be-
tween Erk1/2 and MMP9 in aortic aneurysms and brain hem-
orrhages in zebrafish [14]. We next examined whether MMP
ac t iv i ty was a l so e l eva t ed in the ICH groups .
Immunofluorescence combined with in situ zymography sug-
gested that in situ MMP activity colocalized with α-SMA
(Fig. 7a, c). In the A group, the cerebrovascular exhibited
low overlap betweenMMPs andα-SMA+ coverage; however,
the A + LU group showed significantly greater overlap than
was observed in the A group (Fig. 7b). There was no signifi-
cant difference between the AL and AL + LU groups regard-
ing the overlap in coverage of MMP-α-SMA+ (Fig. 7d).
Furthermore, the 3D images exhibited a critical impairment
of the cerebrovascular structure in the ICH groups (Fig. S3).
Mice in the Veh group presented dense and thick collagen
fibers, while the mice in the A group maintained relatively
dispersed, thin collagen fibers. In the ICH groups, collagens
were severely fragmented and disorganized, especially in the
AL + LU group.

Low Concentration UA Increased p-Erk1/2-MMP
Activity and Elastin Degradation In Vitro

To further confirm the relationship between low UA levels,
Erk phosphorylation, and elastin damage, we examined
whether low concentration UA (0.6 mg/dL) exposure in-
creased the phosphorylation of Erk1/2, MMP activity, and
degraded elastin expression in HBSMCs. Our data showed
that after pretreatment with 0.6 mg/dL UA for 24 h, p-Erk1/
2 phosphorylation was observed from 15 to 240 min, whereas
physiological concentrations of UA (6 mg/dL) and PD98059
(p-Erk1/2 phosphorylation inhibitor) decreased phospho-
Erk1/2 levels (Fig. S4b and 4c). At 240 min, compared with
6 mg/dL UA, 0.6 mg/dL UA significantly increased phospho-
Erk1/2 (P < 0.001, Fig. 8a, b), MMP activity (P < 0.001,
Fig. 8d), and degraded elastin expression (P < 0.001,
Fig. 8d). These data demonstrate that low UA levels induced
activation of MMPs via Erk1/2 signaling pathway and partial-
ly inhibited by physiological concentration of UA (6 mg/dL).
This was confirmed by our finding that the p-Erk1/2 phos-
phorylation inhibitor PD98059 (0.6 mg/dL + PD98059 group)
decreased low UA-induced MMP activity, in part by dephos-
phorylating Erk1/2 (Fig. 8).

These findings indicate that p-Erk1/2-MMP signaling axis
was involved in the low UA-induced degradation of elastin,
and that physiological concentrations of UA and p-Erk1/2-
specific inhibitor exerted a protective role against elastin
damage.

Taken together, the data presented here confirmed that low
SUA levels exacerbated ICH by increasing the activity of the
Erk1/2-MMP axis, thereby disrupting the integrity of the
cerebrovascular.

Discussion

ICH is responsible for significant morbidity and mortality in
adults. Hence, there is a need to increase the focus on improv-
ing understanding of the mechanisms and pathology of this
condition. In the present study, we developed the first low UA
model and proposed a possible mechanism by which low
SUA could contribute to ICH pathogenesis. Our data show
that low SUA levels increased the risk of R-ICH and
cardiac-cerebral vascular mortality in ICH patients over
60 years old. We showed for the first time that low UA levels
increased the likelihood of developing ICH and promoted
ICH progression in hypertensive mice.We have also proposed
a molecular mechanism by which low SUA levels could con-
tribute to ICH via the upregulation of Erk1/2-MMP axis ac-
tivity, the degradation of elastin, and the disruption of SMC-
elastin contractile units. Furthermore, we found that the p-
Erk1/2-MMP signaling axis were involved in low UA-
induced degradation of elastin, and that physiological concen-
trations of UA and a p-Erk1/2-specific inhibitor exerted a
protective role against elastin damage.

Previous studies have suggested that hyperuricemia is as-
sociated with a higher risk of hypertension, CVD-related mor-
tality, and stroke [5–7]. Most studies have not distinguished
the mortality risks among different SUA strata or various
stroke subtypes. The first large-scale cohort study found that
low SUA levels independently predicted higher all-cause and
CVD-related mortality in the elderly population, particularly
those who are malnourished [21]. Gerber et al. found that
stroke showed a U-shaped relationship with SUA in elderly
people. Adjusting for confounders reduced the risk of the up-
per quintile but did not attenuate the association between low
SUA levels and stroke, particularly in ICH [6]. While that
study evaluated a small sample size of 46 hemorrhagic stroke
patients, our study included a total of 3138 subjects, including
351 hypertensive ICH patients. In addition, our epidemiolog-
ical results further indicated that low SUA levels increase the
risk of R-ICH and cardiac-cerebral vascular mortality in ICH
patients over 60 years old. Moreover, the plasma metabolo-
mics of R-CH and ICH patients indicated that UA levels are
significantly lower in the R-ICH group than in the ICH group.
Our data confirmed the relationships between low SUA levels

Table 2 Differentially expressed genes (DEGs) across five groups

DEGs A vs Veh A + LU vs A AL vs Veh AL + LU vs AL

Upregulated 311 129 1781 1123

Downregulated 432 72 936 136

Total 743 201 2717 1259
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and ICH and indicated that low SUA levels are new important
risk factor for ICH.

Numerous studies have focused on brain damage and neu-
roprotection after ICH [22–24], although few have attempted
to obtain an overall picture of the cerebrovascular alterations
that cause ICH progression. Long noncoding RNA (lncRNA)
and messenger RNA (mRNA) have been reported to be in-
volved in post-ICH injury and repair [25]. Stroke-prone

spontaneous hypertensive rats (SHRSPs) usually developed
ischemic stroke [26], while other researchers induced ICH
by injecting collagenase or autologous blood into the brain
[27–29]; however, neither of these animal models developed
spontaneous ICH. Donald D and colleagues created several
spontaneous ICH models in 8-month-old mice to study this
mechanism [10–12] and found that increases in oxidative
stress contributed to spontaneous ICH by activating MMP-9.
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Fig. 7 Low uric acid increasedMMPs activity in ICHmice. a, cRepresentative images of in situMMPs activity in the brain sections from each group. b,
d Quantification of MMPs coverage on a-SMA+ vessels (n = 5). *p < 0.05, **p < 0.01, ns, not significant. (Scales bar are shown in the image)
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Similarly, Meissner et al. developed a cerebral small vessel
disease (cSVD) model in 16-week-old mice [13]. However,
this model was characterized by cerebrovascular alterations
associated with a mild form of cognitive impairment and spo-
radic microbleeding. The most important reason for the differ-
ence among these phenotypes may be the ages of the mice
because age has been shown to have a significant association
with ICH [4]. With regard for age, Toth et al. used similar
models and reported that aging exacerbates hypertension-
induced cerebral hemorrhage in 24-month-old mice by in-
creasing in oxidative stress and activation of MMPs [30].
The spontaneous ICH model described herein was established
by modifying protocols [11]. We developed the first low UA
mouse model by adminis te r ing a l lopur ino l and
benzbromarone. Allopurinol, a xanthine oxidase (XO) inhib-
itor, yields other benefits in addition to potently reducing UA

levels. Allopurinol protects against western diet-induced vas-
cular oxidative stress and aortic stiffness in females [31].
Moreover, allopurinol has been shown to reduce oxida-
tive stress in the vasculature [32], improve endothelial
function in CVD [33], decreased inflammatory indices
[34], protected peripheral vascular function in ischemic
stroke [35], and improved cerebrovascular endothelial
function in diabetes [36]. Benzbromarone, a uricosuric
drug, reduced arteriolar hyalinosis, interstitial fibrosis,
and macrophage infiltration and protected renal function
in a cyclosporine model [37]. Although we did not ob-
serve that allopurinol and benzbromarone exerted a di-
rect protective effect, our histomorphology data indicat-
ed that the cerebrovascular was not negatively impacted
in the low UA model. Based on that observation, we
established low UA models with spontaneous ICH

Fig. 9 Scheme of the possible mechanism by which low uric acid acts on
ICH pathogenesis. The cerebrovascular components that presented
alterations induced by hypertension were endothelial cell (EC)
activation and dysfunction as well as local vascular smooth muscle cell
(VSMC) migration and proliferation. The low SUA levels promoted

progressive damage in the cerebrovascular walls via disruption of the
SMC-elastin contractile unit and upregulation of Erk1/2-MMPs activity,
which degraded elastin and other components of the extracellular matrix
(ECM) such as collagen. The further degeneration of the cerebrovascular
structure ultimately led to vessel rupture
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without using Ang II bolus injections, unlike previously
reported models [11].

The SMC-elastin contractile unit confers elasticity and
strength to the vasculature and plays a vital role in the cere-
brovascular. Disruption of the SMC-elastin contractile unit
has been shown to be involved in the pathological processes
of TAA and dissections (TAD) [38]. Disruption of the SMC-
elastin contractile unit, elastin fragmentation, and vascular
smooth muscle cell (VSMC) apoptosis has also been shown
to contributed to intracranial aneurysm (IA), another vascular
rupture-related disease [39]. Most IA models were induced by
injecting elastase into the cerebrospinal fluid [40, 41]. In ad-
dition, elastase-induced fragmentation of the elastin lamina
led to the successful development of carotid artery aneurysms
and aortic aneurysms [40]. Here, we provide the first data
indicating that elastin lamina is fragmented in ICH mice, sim-
ilar to what has been observed in TAA. However, we have not
observed cerebrovascular aneurysms in ICH mice. These ce-
rebrovascular structure alterations of the SMC-elastin contrac-
tile unit might ultimately contribute to hypertension-induced
cerebrovascular rupture.

To explore the mechanism by which low SUA levels con-
tribute to ICH pathogenesis, we explored causal networks and
hub genes with RNA-seq analysis. Unlike previous findings,
we focused on cerebrovascular alterations in the pathogenesis
of ICH. Then, we isolated the cerebrovasculature rather than
whole-brain tissue for RNA-seq. Our data indicated that
Erk1/2 plays a vital role in the pathogenesis of ICH. Fibulin-
4 mutant mice have defects in elastic fiber assembly, which
contributes to TAA rupture, and markedly upregulated levels
of p-Erk1/2 in the aortic wall [42]. Previous studies have dem-
onstrated that there is a close relationship between Erk1/2 and
MMPs [43]. Yang et al. found that miconazole suppresses
ICH by decreasing Erk1/2-MMP-9 signaling, and this shed
light on the potential of new drug candidates for hemorrhagic
stroke [14]. Our previous data showed that the levels ofMMP-
9 and MMP-2 activity were higher in ICH mice than in the
vehicle group [44]. Yuan et al. found that Erk1/2 was also
involved in the pathogenesis of ICH and that inhibiting
Erk1/2 and p38 efficiently inhibited ICH-induced inflamma-
tory damage [45]. Consistent with previous studies, our data
also show that Erk1/2-MMP signaling is significantly in-
creased in low SUA ICH mice. Col IV is the main component
of the extracellular matrix (ECM) and is regulated by MMPs.
Mutations in Col IV can lead to ICH in both humans and mice
[46, 47]. MMPs degrade elastin and ECM, thereby disrupting
the SMC-elastin contractile units and weakening the vascular
structure. Our results reveal that low SUA levels exacerbate
the pathological process of ICH via the upregulation of the
Erk1/2-MMP axis. To further confirm the relationships be-
tween low UA levels, the p-Erk1/2-MMP axis, and elastin
damage, we examined whether low UA (0.6 mg/dL) exposure
would increase phosphorylation of Erk1/2 and MMP activity

and degrade elastin expression in HBSMCs. Our data demon-
strate that low UA levels induced the activation of MMPs via
Erk1/2 signaling pathway and partially inhibited by physio-
logical concentrations of UA. This was confirmed by an effect
of p-Erk1/2 phosphorylation inhibitor, PD98059, which de-
creased low UA-induced MMP activity, in part by dephos-
phorylation of Erk1/2. Similar to our results, Lai et al. reported
that physiological concentrations of UA displayed anti-
inflammatory and chondroprotective effects via the Erk1/2
signaling pathway and inhibited the activation of MMP [48].
At pathologically high levels (100 mM), homocysteine-
induced oxidative stress led to activation of MMP-9 via the
Erk-1/2 signaling pathway, and effect that can be decreased by
UA in mouse brain endothelial cells [49]. DiCamillo et al.
reported that neutrophil elastase (NE), when applied at low
physiological concentrations, decreased tropoelastin (precur-
sor molecules of elastin) mRNA expression by activating
Erk1/2 in fibroblasts. Pretreatment with PD98059 abrogated
the NE-initiated tropoelastin mRNA suppression [50].

These findings implicate p-Erk1/2-MMP signaling axis in-
volved in the low UA level-induced degradation of elastin and
show that physiological concentrations of UA and p-Erk1/2-
specific inhibitor exerted a protective role against elastin
damage.

Based on this study and previous work, we proposed that
low SUA levels upregulated the activity of the Erk1/2-MMP
axis and enhanced the degradation of elastin, collagen, and
ECM, thereby disrupting SMC-elastin contractile units.
Further inflammation and cerebrovascular structure degener-
ation ultimately lead to vessel rupture (Fig. 9).

In conclusion, this is the first study to confirm the relation-
ship between low SUA levels and ICH and the first report to
demonstrate a possible mechanism by which low SUA levels
could promote ICH. A better understanding of ICH pathogen-
esis is important for the successful prevention of ICH progres-
sion and recurrence. Our data may shed light on ICH preven-
tion and therapy.
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