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Abstract

Background: As a major antioxidant in serum, uric acid (UA) was once considered only as the
leading cause of gout; however, recent studies have validated its neuroprotective role in ischemic
stroke. Because the potential protective effects of UA in traumatic brain injury (TBI) remain largely
unknown, this study investigated the role of UA in TBI in both clinical patients and experimental
animals.

Methods: In TBI patients, serum UA concentrations were measured within 3 days after injury.
Clinical outcomes at discharge were classified according to the Glasgow Outcome Scale: good
outcome (4-5) and poor outcome (1-3). Risk factors for good outcome were identified via
backward logistic regression analysis. For the animal study, a controlled cortical impact (CClI) injury
model was established in mice. These mice were given UA at different doses intraperitoneally, and
subsequent UA concentrations in mouse serum and brain tissue were determined. Neurological
function, oxidative stress, inflammatory response, neuronal maintenance, cerebral blood flow, and
lesion size were also assessed.

Results: The serum UA level was significantly lower in TBI patients who had a good outcome
(P<0.01), and low serum UA was an independent predictor of good outcome after TBI (P<0.01;
odds ratio, 0.023; 95% confidence interval, 0.006—0.082). Consistently, decreased levels of serum
UA were observed in both TBI patients and CCl animals (P<0.05), whereas the UA concentration
was increased in CCI brain tissue (P<0.05). Administration of UA further increased the UA level in
brain tissue as compared to that in control animals (P<0.05). Among the different doses
administered, 16 mg/kg UA improved sensorimotor functional recovery, spatial learning, and
memory in CCl mice (P<0.05). Moreover, oxidative stress and the inflammatory response were
inhibited by UA treatment (P<0.05). UA treatment also improved neuronal maintenance and
cortical blood flow (P<0.05) but not lesion size (P>0.05).

Conclusions: UA acted to attenuate neuronal loss, cerebral perfusion impairment and neurological
deficits in TBI mice through suppression of neuronal and vascular oxidative stress. Following TBI,
active antioxidant defense in the brain may result in consumption of UA in the serum, and thus, a
decreased serum UA level could be predictive of good clinical recovery.
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Introduction

In recent decades, the topic of traumatic brain =~ 50% over the past 150 years, it remains as high as 30%,
injury (TBI) has gained increasing attention in both  and most survivors suffer varying degrees of sequelae
the scientific community and clinical practice. While  [1]. Thus, research to understand the mechanisms of
the mortality of severe TBI has decreased by almost  TBI and develop effective treatments is still needed.
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Uric acid (UA) is a waste product of purine
metabolism [2,3], and it has been known for a long
time that a high UA concentration in serum is strongly
associated with gout, which is a risk factor for cardiac
and renal diseases. Recently though, studies have
reported the antioxidant potential of UA and its
potential relevance to neuroscience. For example, UA
was found to have protective effects in acute stroke
and Alzheimer’s disease [4,5] as well as against
cerebral vascular injury caused by reperfusion [6].

TBI is caused by a sudden profound mechanical
injury to neurons, which triggers a cascade of
excitotoxic, inflammatory and oxidative factors that
contribute to functional disability. Thus, as a potent
antioxidant compound [7,8], UA might also have a
protective effect in TBL. To investigate the role of UA
in TBI, we analyzed the correlation between clinical
prognosis and UA level in patients with TBI and
explored the underlying pathological mechanisms in
an experimental animal TBI model.

Materials and Methods

Retrospective study of cases in TBI patients

From May 2013 to December 2016, data of 193
patients with TBI were collected. In addition, their
baseline characteristics and therapies administered
during the  hospitalization = were  obtained.
Furthermore, the conscious state of the patients was
measured on admission, using the Glasgow Coma
Scale (GCS) score whereas the Glasgow outcome scale
(GOS) score was used to evaluate the outcome at
discharge[9].  Moreover, patients with  TBI
accompanied with a spontaneous brain hemorrhage,
stroke, neoplasm, coagulation disorders, aneurysm, or
arteriovenous malformations were excluded.

Blood samples were drawn from all patients
within 3 days after the onset of TBI and the levels of
UA were measured by standard laboratory
procedures with urate oxidase reagent using a Dax
analyzer (Bayer-Technichon). In addition. the control
group was composed of 143 healthy subjects and their
data  were  obtained from the  Medical
Examination Center of our hospital. The study
protocol was approved by the ethics committee of
Chongging Medical University (Permit Number:
2017-146).

Experimental studies in TBI mouse model

Animals

Male C57BL/6 mice (n=90, 12 weeks) were
obtained from the experimental animal center of
Chongqing Medical University (Chongging, China),
weighing 25-30 g. The mice were randomly allocated
into the sham group (n=16), saline group (n=31), UA1

group (n=31), UA2 group (n=6) and UA3 group (n=6)
(The number in each sub-group can be found in figure
legends). In addition, they were housed in cages with
food and water available ad libitum. Experimental
protocols were approved by the Chongging Medical
University Administrative Panel on Laboratory
Animal Care. All the surgeries were performed under
anesthesia, and all efforts were made to minimize
mice suffering.

Drugs

UA (Sigma-Aldrich) was dissolved and heated in
saline, adjusted to pH 7-8 with NaOH and HCl, and
cooled at room temperature [10]. The hyperuricemic
mouse model was established by intraperi-
toneal injection of a 250 mg/kg dose of UA [11]. In
addition, the dose of 16 mg/kg was proven to be
effective in treating focal ischemic stroke [6]. Thus, in
our experiments, mice were treated with three doses
of UA (UA1, 16 mg/kg; UA2, 80 mg/kg; UA3, 160
mg/kg) or saline from day 1 to day 14 after controlled
cortical impact (CCI) injury [12].

Induction of CCl

After anesthesia, the operation was performed as
described by Jiang et al [13]. Furthermore, mice were
mounted on the stereotaxic frame of the contusion
device TBI-0310 (Precision Systems and Instrumenta-
tion, Fair fax, VA, USA). The diameter of the impactor
was 3 mm. Then, the machine was set at velocity: 5.0
m/s, depth: 2.0 mm, and dwelling time: 100 ms,
which produced a moderately severe contusion in the
right sensorimotor cortex and underlying
hippocampus, with pronounced behavioral deficits
but no virtual mortality [14]. On the other hand, the
sham group only received craniotomy without
cortical impact.

Following the injury, the bone wax was applied
to fill the hole in the skull and the skin incision was
sutured. After, the mice were kept on an electric
blanket to maintain normal body temperature until
they completely woke up from anesthesia.

Determination of Uric Acid (UA) levels

Biases (selection bias, attrition bias, reporting
bias and other biases) may exist in clinical research
[15]. In our study and in concordance with the clinical
data, the concentrations of UA were measured on day
3 post-CCI. After that, the mice were sacrificed.
Furthermore, the concentrations of UA in the serum
and brain tissue were evaluated by HPLC with
ultraviolet detection. In addition, the samples were
obtained from sham, saline- and UA-treated mice
under isoflurane anesthesia post-CCIL. For the brain
tissue, the whole brain was divided into right and left
hemispheres, after removing olfactory bulb, brain
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stem, and cerebellum. Briefly [6], serum (100 pl) and
brain tissue (700 mg) were deproteinized with 10%
TCA (20 pl serum/150 pl brain) firstly. Moreover,
samples were sonicated for 20 s and centrifugated for
5 min (12,000 g). Afterwards, 10 pl supernatant was
injected into the HPLC system (PerkinElmer, Madrid,
Spain) composed of 200 Pump, 717 plus Auto
sampler, and 2487 Dual absorbance detector. Then,
the reverse phase ODS2 (4.6 200 mm, 5 pm particle
size; Waters, Barcelona, Spain) was used. The mobile
phase, consisted of methanol-5 mM ammonium
acetate-acetonitrile (1:96:3 vol/vol/vol), was run with
an isocratic regular low flow rate of 1.2 ml/min and
the wavelength ultraviolet detector was set at 292 nm.
Finally, the quantification was performed by external
calibration.

Neurological Severity Score (NSS)

According to the protocol of Flierl et al [16], NSS
was evaluated before the injury and on days 1, 3, 7, 14,
21 and 28 post-CCI. In addition, the assessment was
repeated three times in every testing day. All tests
were performed by two investigators blinded to the
experimental groups.

Wire grip test

The wire grip test apparatus consisted of a
stainless steel bar (50 cm long; 2 mm in diameter)
mounted on two vertical supports and it was elevated
37 cm above the flat surface. Mice were placed on the
bar midway between the supports and were observed
for 60 s. According to Wang et al [17], mice were
assessed before the injury and on days 1, 3, 7, 14, 21
and 28 post-CCI. In addition, the evaluation was
repeated three times in every testing day. All tests
were performed by two investigators blinded to the
experimental groups.

Morris water maze test

Morris water maze test was performed to assess
the learning and spatial memory abilities of mice. This
test was performed between the 15% and 20%-day
post-TBL. In addition, a submerged platform was
placed 1 cm below the water surface and nontoxic
white pigment was mixed into water. According to
Huang et al [18], each mouse was released from
quadrant 1-4 once per day and was allotted 90 s to
search the hidden platform. The trial ended when the
mouse either found the platform and stayed on it for 5
s or did not find it within 90 s. The mice that could not
find the platform was guided to the platform and
allowed to stay 20 s on it.

Four trials per day for five consecutive days
were performed with the location of the platform kept
constant. On the last testing day, the platform was
removed and the swimming track, dwelling time, and

path length in every quadrant were recorded by a
computer. Additionally, in order to exclude the
potential difference of visual ability among groups,
extra visible trial was performed by using a labeled
platform above the water level. All tests were
performed by two investigators blinded to the
experimental groups.

Western blot

The brain tissue that was dissected from the
contused cortex was homogenized on ice in a
modified radioimmunoprecipitation buffer (50
mmol/L Tris-HCI, pH 7.5, 50 mmol/L NaCl, 4 mol/L
urea, 0.5% SDS, 0.5% NP-40, 0.5% Na-deoxycholate, 5
mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L
ethylenediaminetetraacetic acid, 5 mmol/L ethylene-
glycoltetraacetic acid, 10 mmol/L dithiothreitol)
containing a protease inhibitor cocktail (1:100, Sigma
Aldrich). Furthermore, homogenates were centrifu-
gated at 20,000 g for 20 minutes at 4°C. The protein
content of lysates was determined by Bio-Rad protein
assay (Hercules). Moreover, an equal amount of
proteins (20 pg/lane) were separated in 10% sodium
dodecyl sulfate-polyacrylamide gels (Invitrogen) and
transferred to polyvinylidene difluoride membranes
(Millipore). Next, membranes were blocked for 1 hour
in 5% non-fat milk in Tris-buffered saline (pH 7.4)
containing 0.1% Tween 20, then incubated with
primary antibodies overnight at 4°C, including p-actin
(1:5000, Abcam), transferrin (1:500, Abcam),
superoxide dismutase 1 (1:1000, Abcam) and
peroxiredoxin 2 (1:1000, Abcam). After, membranes
were washed in Tris-buffered saline-Tween 20 and
incubated for 1 hour with an appropriate horseradish
peroxidase-conjugated secondary antibody at room
temperature. Then, proteins of interest were detected
by using the enhanced chemiluminescence Western
blotting detection system kit (ECL Plus) and
Hyperfilm (Amersham). The optical densities for
protein bands were analyzed and quantified with
Quantity One 4.6.2. Finally, B-actin was used as an
internal reference. Three independent experiments
were carried out to verify proteins expression.

Enzyme-linked immunosorbent assay (ELISA)

After harvesting the injured cortical tissue, the
homogenate was centrifuged at 5,000 g for 5 minutes.
After, the supernatant was collected and prepared for
subsequent assay. Then, tumor necrosis factor
(TNF)-a, interleukin (IL)-6, and IL-1 were measured
using  commercially  available = ELISA  kits
(NeoBioscience QuantiCyto ELISA system) according
to the protocols accompanying the kits. Briefly, the
samples were added to each well of monoclonal
anti-mouse TNF-a, IL-6 or IL-1p antibody-coated
microtiter plates (ELISA plates) for 30 minutes at
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37°C. Unbound material was washed off, and bound
antibody was detected by addition of horseradish
peroxidase for 15 minutes at 37°C. Furthermore,
absorbance was measured 15 minutes after the
addition of substrate. Finally, a standard curve was
constructed using various dilutions of TNF-a, IL-6,
and IL-1p.

Immunofluorescence

Brain slices (10 pm) were dried in the air and
fixed in 4% paraformaldehyde, then blocked in 5%
fetal bovine serum for 80 minutes. After incubation
overnight at 4°C with primary antibody to NeuN
(Millipore), slices were analyzed with a fluorescence
microscope (ECLIPSE Ti-s, Nikon). Neuronal
maintenance was calculated by the number of
NeuN-positive cells in CA1 and CA3 of ipsilateral
hemispheres. Finally, the number of NeuN-positive
cells were counted in 3 randomized 20X fields. All the
measurements were performed by Image] (NIH).

Two-dimensional laser speckle imaging techniques

Cortical blood flow was monitored using the
laser speckle techniques as described previously
[19,20]. In addition, laser speckle perfusion images
were carried out for the TBI model on day 3 post-TBI
with PeriCam PSI (Perimed, Beijing, China).

In our study, each mouse was anesthetized with
4% choral hydrate and the body temperature was
maintained at 37+0.5°C. After, the skull was shaved,
exposed by a midline skin incision and cleaned. Then,
the exposed area was kept clean and dry using a
tampon during image collection. Next, the PeriCam
PSI head was adjusted to ensure that the red cross
point of the indicator laser (660 nm) was located at the
center of the brain, and the measurement distance was
fixed at 10 cm. Additionally, adjustment of the size of
the test area was performed by PIM Software version
1.5. Thereafter, cerebral blood flow signals were
collected at 785 nm and transferred into blood
perfusion images using PIM Software. Also, perfusion
images were acquired using PeriCam high-resolution
LSCI (PSI system, Perimed) with a 70 mW built-in
laser diode for illumination and a CCD camera
(PeriCam PSI System; Perimed) installed 10 cm above
the skull to allow penetration of the laser in a diffuse
manner through the brain. Finally, the acquired
images were analyzed for dynamic changes in CBF
using PIMSoft (Perimed) [19, 21-22]. Then, the
cerebral blood flow changes were recorded over time
and expressed as a percentage of baseline (saline

group).
Hematoxylin-eosin staining

Mice were anesthetized and transcardially
perfused with saline and 4% paraformaldehyde.

Afterward, the brains were removed, stored in fresh
4% paraformaldehyde overnight, protected in 30%
sucrose, frozen in O.C.T. media, sectioned (20 pm)
and mounted onto slides. Next, sections were dried
overnight at room temperature, stained with Gill's
hematoxylin, followed by counterstaining in 2.5%
eosin and then those sections were mounted on
coverslips.

Lesion volumes were assessed based on the
Cavalieri method of stereology by using Stereologer
software (Systems Planning and Analysis) [23]. Brain
slices 500 pm apart were stained with hematoxylin
and eosin and then photographed. The target level
was between 1 mm anterior and 3 mm posterior to the
bregma. So brain slices 500 pm apart (total 9 sections
in each animal) were collected to cover the core lesion
area. Damaged  tissue  volume=contralateral
hemisphere volume-ipsilateral hemisphere volume.

Statistical analysis

All quantitative data were presented as
mean+SD (unless indicated otherwise). The risk
factors of prognosis were analyzed by stepwise
logistic regression. Functional data in the NSS, wire
grip test and water maze test were analyzed by
two-way analysis of variance (ANOVA) and
repeated-measures [24-26], followed by Tukey’s post
hoc test across groups. In addition, the clinical
characteristics in patients, the determination of UA
levels, immunoblotting, ELISA, immunofluorescence,
cortical blood flow monitoring and hematoxylin and
eosin staining data were analyzed by x? test, Student’s
t-test or randomized one-way ANOVA followed by
Tukey-Kramer post-hoc tests. The most conservative
multiple-test correction was applied using the
Bonferroni method. All statistical analysis were
processed with the SPSS software (V. 20.0; IBM,
Armonk, New York). For all comparisons, the level of
significance was set at P<0.05.

Results

Univariate determinants of clinical outcome

A good outcome (GOS=4-5) at discharge was
recorded in 118 patients (61.1%), whereas a poor
neurological outcome (GOS<4) was recorded for 75
patients (38.9%), including 20 patients (10.4%) who
died during hospitalization after UA measurement.
The demographic and clinical characteristics of the
study population are shown in Table 1. According to
univariate analysis, functional outcome was
significantly associated with age, hypertension,
chronic pulmonary disease, current smoking, injury
severity (GCS), and UA concentration (all P<0.01).
Notably, the serum UA concentration was not
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correlated with injury severity (GCS, P>0.05, data not
shown).

Table 1. Association of clinical characteristics with
outcomes in TBI patients. The clinical characteristics included
the following: age, sex, arterial hypertension (treated or blood
pressure values >160 mm Hg systolic or >90 mm Hg diastolic on
repeated measures), coronary heart disease (history of angina,
myocardial infarction, or congestive heart failure), diabetes
(treated or fasting glucose >110 mg/dl at least in 2 separate
analyses), chronic pulmonary diseases (COPD, chronic bronchitis,
or  emphysema), chronic renal disease (chronic
glomerulonephritis, uremia, or chronic renal failure), dyslipidemia
(treated or >240 mg/dl), smoking ( >5 cigarettes per day), alcohol
intake ( >2 drinks per day), Glasgow Coma Scale (3-8) and UA
level [50]. GCS indicates Glasgow Coma Scale. Values are number

0.082), while GCS levels 3-8 and age <65 years
predicted a poor outcome (both P<0.05).

Table 2. Independent predictors of good outcome at
hospital discharge. GOS 4-5, age <65 years, male, hypertension,
coronary heart disease, diabetes, chronic pulmonary diseases,
chronic renal disease, dyslipidemia, current smoking, alcohol
intake, GCS 3-8, low UA level, low creatine level, and low urea
level were defined as 1. The opposite of these factors was defined
as 0. The risk factors of prognosis were analyzed by stepwise
logistic regression. The reference interval of UA is 208-428
pMmol/L for male and 155-357 umol/L for female. The reference
interval of creatine is 57-97 pmol/L for male and 41-81 pmol/L for
female. The reference interval of urea is 3.1-8.0 mmol/L for male
and 3.1-8.8 mmol/L for female.

(%) unless indicated otherwise. Age and UA are expressed as Ui aad Ooggs Ratio 35(:3)6%1082 1:0001

meantSD. N25, Pearson Chi-Square; 1=N<5, Continuity ric acid | ' B )

Correction; N=0, Fisher’s Exact Test G539 2769 1.215-6.309 0.0154
P INTY . Age (< 65 ys) 0.097 0.025-0374  0.0007

GOS 4-5 (n = 118) GOS 1-3 (n = 75) P

Age, mean+5SD, y 4836 +1.71 58.85+1.68 0.0001
Sex

Male 87 (74) 55 (73)

Female 31 (26) 20 (27) 0.952
Hypertension 17 (14) 22 (29) 0.011
Coronary artery disease 3(3) 7(9) 0.082
Diabetes 9(8) 10 (13) 0.195
Chronic pulmonary disease 8 (7) 17 (23) 0.001
Chronic renal disease 2(2) 3(4) 0.605
Dyslipidemia 6 (5) 6 (8) 0.414
Current smoking 49 (42) 45 (60) 0.012
Alcohol intake 36 (31) 24 (32) 0.827
GCS 3-8 16 (14) 30 (40) 0.0001
UA, mean + SD, pmol/L 206.90 + 8.45 264.00 +13.54  0.0002

Values are number (%) unless indicated otherwise.

Independent predictors of clinical outcome

Stepwise logistic regression was performed to
identify factors independently associated with a good
outcome at discharge. As shown in Table 2, a low
serum concentration of UA (males, <208 pmol/L and
females <155 pmol/L) was positively associated with
a good clinical outcome (P<0.01, odds ratio
[OR]=0.023, 95% confidence interval [CI]=0.006-

UA levels in human serum, mouse serum and
mouse brain tissue after TBI

Serum UA levels were significantly lower in TBI
patients than in healthy controls (P<0.05, Fig. 1A). To
obtain data during the acute phase of TBI, UA levels
were detected 3 days post-CCl in the model mice.
Serum UA levels were lower in the injury groups than
in the sham group (P<0.05, Fig. 1B) following CCI,
and when mice were treated with 16 mg/kg UA, no
differences were found in serum UA levels between
the UA group and saline group (P>0.05, Fig. 1B). The
levels of UA in mouse brain tissue were significantly
increased after CCl (P<0.05, Fig. 1C), while UA
treatment further increased the concentration of UA
in brain tissue as compared to the level measured in
the saline group (P<0.05, Fig. 1C).

UA treatment improved behavioral
performance of mice following CCI

To determine the effects of UA on functional
outcomes after CCI, we compared the NSS between
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the UA-treated and saline-treated groups (Fig. 2A).
The mice treated with 16 mg/kg UA exhibited an
overall improvement in NSS compared with those
treated with saline (P<0.05), whereas treatment with
80 mg/kg UA and 160 mg/kg UA did not show
significant benefits (P>0.05). On the wire grip test (Fig.
2B), 16 mg/kg UA improved motor performance
compared with saline treatment (P<0.05), whereas 80
mg/kg UA and 160 mg/kg UA did not (P>0.05).
Moreover, we examined the four groups in terms of
learning ability and spatial memory ability (Fig. 2C-F)
in the Morris water maze. After a series of training
sessions, animals treated with 16 mg/kg UA took less
time to find the hidden platform than those treated
with saline (P<0.05, Fig. 2C), whereas no significant
advantages were detected after treatment with 80
mg/kg or 160 mg/kg UA (P>0.05, Fig. 2C). On day 20
post-CCl, the dwelling time (Fig. 2D), path length in
quadrant 4 (where the platform is located, Fig. 2E)
and times to pass over the platform location (Fig. 2F)
were recorded with the aid of a computer system.
Specifically, as compared to the saline-treated mice,
the dwelling time and swimming path length were
increased for mice treated with 16 mg/kg UA or 80
mg/kg UA (P<0.05, Fig. 2D&E). In addition, those

treated with 16 mg/kg UA passed over the platform
location more times (P<0.05, Fig. 2F).

UA inhibited oxidative stress and the
inflammatory response following CCI

To determine the effects of UA on oxidative
stress after TBI, we measured the protein levels of
three oxidative markers: transferrin [27], superoxide
dismutase 1 and peroxiredoxin 2 [28] following CCI
(Fig. 3A-D). UA (16 mg/kg) treatment significantly
promoted the expression of peroxiredoxin 2 and
superoxide dismutase 1 while inhibiting transferrin
expression (P<0.05). To understand the potential
effects of UA on neuroinflammation, we measured the
levels of the pro-inflammatory cytokines TNF-a, IL-6
and IL-1p within 3 days post-CCl by ELISA. The
levels of TNF-a, IL-1p and IL-6 were significantly
lower in the UA group than in the saline group
(P<0.05, Fig. 3E-G).

UA improved neuronal maintenance and
cerebral blood flow but not lesion size
following CCI

To evaluate the possible role of UA in acute
neuronal degeneration, we assessed hippocampal
neuronal maintenance at 7 days post-CCl (Fig. 4A&B).
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The concept of neuronal maintenance was applied to
indicate the survival of neurons following brain
injuries [29-31] and was defined according to the
number of NeuN-positive cells number [32]. We
observed a disrupted hippocampus structure
following CClI, and UA (16 mg/kg) treatment
significantly attenuated neuronal loss as indicated by
an increase in neuron numbers in CA1 (90.25+4.61 vs.
71.00+4.80, P<0.05) and CA3 (95.75£5.14 vs.
69.00£5.79, P<0.05, Fig. 4B).

As oxidative stress is also a major cause of
endothelial dysfunction in the cerebral circulation
[33,34], we evaluated cortical perfusion after UA
treatment with laser speckle perfusion images
following CCI. Compared with the that observevd in
the saline group, UA treatment increased the
perfusion efficiency surrounding the lesion areas at 3
days post-CCI (P<0.05, Fig. 4C&D).

The CCl-induced lesion volume was quantified
by hematoxylin and eosin staining of coronal brain
sections (Fig. 4E) at 28 days post-CCI [35,36]. UA
treatment did not induce significant changes in lesion
volume (P>0.05, Fig. 4F).

Sham UA Saline

B C
Transferrin

1.4
1.2:

Discussion

To explore the potential protective effects of UA
in TBI pathologies, serial experiments were conducted
in TBI patients and CCI mice in the present study. Our
main findings include that following TBI, the serum
UA concentration was significantly lower in patients
with a good outcome than in those with a poor
outcome. Also, a lower serum UA concentration was
an independent predictor of a favorable prognosis.
Furthermore, serum UA levels were decreased
significantly in TBI patients compared with healthy
controls. In the animal experiments, serum UA levels
were similarly decreased in CCI model mice
compared with those in control mice. In contrast, the
UA concentration in brain tissue was increased
following CCI and then further enhanced by
intraperitoneal injection of UA. Among the different
doses of UA tested, 16 mg/kg UA exerted maximal
effects in terms of behavioral improvements. The
oxidative reaction and inflammatory response were
inhibited by UA treatment. Moreover, UA treatment
improved hippocampal neuronal maintenance as well
as cerebral blood flow after CCI.
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Figure 3. Effects of UA treatment on oxidative stress and the inflammatory response following CCI. (A-D) Representative bands and quantitative analysis of
oxidative markers after CCl. (E-G) Quantitative analysis of inflammatory cytokines after CCl by ELISA. Results are presented as mean+SD (n=5 per group). * indicates P<0.05.
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Figure 4. Effects of UA treatment on neuronal maintenance, cerebral blood flow and lesion size following CCI. (A-B) Representative images and quantitative
analysis of neuronal maintenance (NeuN-positive number) in the injured hippocampus after CCl (Scale bar, 200 pm), (n=5 per group). (C-D) Representative laser speckle images
and statistical analysis of cortical brain blood flow changes (% CBF in the traumatic hemisphere) in different groups. Color bar shows arbitrary linear perfusion units. Results are
expressed as percentage change from baseline (saline group), (n=5 per group). (E-F) Representative images and quantitative analysis of lesion volume in the injured hemisphere

after CCI (n=5 per group). * indicates P<0.05.

The effects of UA represent a double-edged
sword in vivo, with UA having long been known as
the cause of gout via the deposition of monosodium
urate (MSU, UA crystal) in the joints, tendon, kidney
and other tissues [37-39]. However, UA is also a major
antioxidant, accounting for as much as two-thirds of
the total antioxidant capacity in serum [40]. For
example, in rats, UA markedly reduces
ischemia-induced tyrosine nitration [41], inhibiting
vascular oxidative and inflammatory stress [6]. Other
researchers reported that UA is involved in the
suppression of oxyradical accumulation, stabilization
of calcium homeostasis, and preservation of
mitochondrial function in rats [42]. Chamorro et al.
conducted a phase 2b/3 trial of intravenous urate in
acute ischemic stroke and found that urate treatment
was not associated with any safety concerns [43].
Another  clinical study  demonstrated that
administration of UA with alteplase reduced infarct
growth and led to a better outcome after acute
ischemic stroke in women [5]. Amaro et al.
demonstrated that UA therapy reduced infarct
growth and improved outcomes in patients with
hyperglycemia during acute stroke in the

URICO-ICTUS  trial double-blind study [44].
Furthermore, administration of UA was proven to be
protective in experimental allergic encephalomyelitis
[45] and to effectively decrease oxidative stress and
neuronal loss in animal models of Parkinson’s disease
[46]. Although the effects of urate itself have not been
systematically investigated in TBI models, its
precursor inosine was found to improve outcomes in
TBI and spinal cord injury [47,48].

Following stroke, an increased UA level in the
serum was reported [49,50]. To our surprise, the
opposite results were obtained in our study; i.e., the
serum UA concentration was reduced in TBI patients
and lacked association with injury severity, which
was consistent with another study on TBI [51]. Similar
results were duplicated in our animal experiments,
which avoided the related biases in clinical research
[15]. These differences in the results for TBI and stroke
may be due to the different pathological properties of
the disease models. For instance, the development of
TBI is abrupt and robust, whereas stroke is
comparatively progressive. Also, there is a rapid
decline in serum UA after hospitalization in stroke
patients [5]. More intriguingly, the low serum UA
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level observed in TBI patients in the present study
was independently correlated with a favorable
outcome, which seems to contradict its
neuroprotective role. To our knowledge, UA can
penetrate the blood-brain barrier (BBB) [12] or leak
from blood into the brain due to BBB disruption
[561,52]. In theory, peripheral UA must be recruited to
the brain to participate in the oxidative defense
post-CClI due to its hepatic source [53], leading to the
consumption of serum UA and possibly reflecting a
capacity for antioxidant mobilization. Here our results
showed that the UA concentration in mouse brain
tissue was increased, in concordance with another
study of closed head injury [54]. More indirect
evidence for this idea is provided by the enhanced UA
level observed in brain homogenate after
intraperitoneal administration rather than in serum.
Data for UA levels in the cerebral spinal fluid of TBI
patients should be obtained to further validate our
findings.

A 16 mg/kg dose of UA was previously shown
to be efficient to attenuate secondary injury and
improve neurological function in an experimental
stroke model [6]. On the basis of this concentration (16
mg/kg), different doses (1-, 5- and 10-fold increases)
were tested to explore the dose associated with
maximal neuroprotection in CCI mice. Of course,
drug safety was a concern, and the highest dose tested
(160 mg/kg) was less than the minimal morbid dose
for gout (250 mg/kg) [11]. However, mice treated
with 16 mg/kg UA exhibited better improvements
than those treated with 80 mg/kg UA, while the
highest dose (160 mg/kg) failed to show any benefits
in terms of functional outcomes. These observations
may be explained by the findings of a recent study
showing that excessive UA can also trigger
inflammation [12]. Importantly, our results indicated
that a proper UA dose exerts its effects via oxidative
and inflammatory inhibition following TBI, which
extends previous findings of its strong antioxidant
activity in acute brain injuries. While several studies
have confirmed that endothelial oxidative stress
impairs cerebral perfusion in cerebrovascular disease
[33,34,55,56], including TBI [57], our study
demonstrated that UA treatment increased the
perfusion efficiency surrounding lesion areas during
the early stage following TBL

Conclusions

In the current study, we unexpectedly observed
reduced serum concentrations of UA in TBI patients,
but also found that the UA concentration correlated
with injury severity data. We performed an animal
study in CCI model mice to explore the mechanism of
UA’s action in TBI. In summary, our results showed

that UA attenuated neuronal loss, cerebral
perfusion impairment, and neurological deficits in
CCI mice by inhibiting neuronal and vascular
oxidative stress. Enhanced antioxidant defense in the
brain may result in consumption of UA in the serum,
and thus, a reduced serum UA level could be
associated with a good clinical outcome following
TBIL
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