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Abstract Traumatic brain injury (TBI) is the major cause of high mortality and disability rates
worldwide. Pioglitazone is an activator of peroxisome proliferator-activated receptor-gamma
(PPARg) that can reduce inflammation following TBI. Clinically, neuroinflammation after TBI
lacks effective treatment. Although there are many studies on PPARg in TBI animals, only
few could be converted into clinical, since TBI mechanisms in humans and animals are not
completely consistent. The present study, provided a potential theoretical basis and therapeu-
tic target for neuroinflammation treatment after TBI. First, we detected interleukin-6 (IL-6),
nitric oxide (NO) and Caspase-3 in TBI clinical specimens, confirming a presence of a high
expression of inflammatory factors. Western blot (WB), quantitative real-time PCR (qRT-
PCR) and immunohistochemistry (IHC) were used to detect PPARg, IL-6, and p-NF-kB to identify
the mechanisms of neuroinflammation. Then, in the rat TBI model, neurobehavioral and cere-
bral edema levels were investigated after intervention with pioglitazone (PPARg activator) or
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T0070907 (PPARg inhibitor), and PPARg, IL-6 and p-NF-kB were detected again by qRT-PCR, WB
and immunofluorescence (IF). The obtained results revealed that: 1) increased expression of
IL-6, NO and Caspase-3 in serum and cerebrospinal fluid in patients after TBI, and decreased
PPARg in brain tissue; 2) pioglitazone could improve neurobehavioral and reduce brain edema
in rats after TBI; 3) the protective effect of pioglitazone was achieved by activating PPARg and
reducing NF-kB and IL-6. The neuroprotective effect of pioglitazone on TBI was mediated
through the PPARg/NF-kB/IL-6 pathway.
Copyright ª 2019, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Traumatic brain injury (TBI), which has become one of the
most common public health problems in both developed
and developing countries, is a severe disease burden asso-
ciated with high mortality and morbidity in all age
groups.1,2 The mechanisms underlying secondary brain
injury are complex, and they involve alterations in cerebral
perfusion, activation of inflammatory cytokines and exci-
totoxicity.3 Neuroinflammation after TBI has a key role in
secondary tissue damage, leading to neuronal damage and
dysfunction. At present, the surgical intervention is the
most common treatment approach, while there are no
effective treatments for secondary brain injury after TBI.
Therefore, there is an urgent need for new and effective
way of relieving neuroinflammation after TBI, thereby
improving the prognosis of patients.

PPARs are ligand-activated transcription factors that
regulate genes essential for various metabolic processes
and cell differentiation, as well as exert anti-inflammatory
properties after a brain injury or in patients suffering from
neurodegenerative diseases.4 Additionally, PPAR agonists
exhibit anti-inflammatory and antioxidant effects in several
models of CNS disorders, such as ischemic stroke, Alz-
heimer’s, and Parkinson’s diseases.5e7 Several studies have
used both in vitro and in vivo models to demonstrate PPAR-
mediated reduction of the release of pro-inflammatory
cytokines and oxidative stress markers.8 PPARg is a
ligand-activated transcription factor from the nuclear re-
ceptor family of PPARs. It contains a ligand-binding domain
that is hydrophobic and a DNA binding domain of a type II
zinc finger structure.9

The protective anti-inflammatory effects of PPARg
are partly mediated through transrepression of the
redox-regulated transcription factor nuclear factor
kappa B (NF-kB).10,11 As an early transcription factor,
activation of NF-kB does not require regulation of newly
translated proteins, making it possible to immediately
respond to NF-kB signaling pathway stimulation of
harmful cells.12 Many molecules involved in the early
stages of the immune response and various stages of the
inflammatory response are regulated by NF-kB, including
IL-1b, IL-6, chemokines, adhesion molecules, and colony
stimulating factors.13,14 Interleukin-6 (IL-6) is involved in
a variety of physiological functions including neuro-
development, hematopoiesis, bone metabolism and
immunity.15
Although there are many studies on PPARg and NF-kB in
TBI, there are few transformations or applications in the
clinic, which is probably because animal models cannot
completely mimic the pathophysiological changes of human
TBI. In the current study, we used brain tissue, blood and
cerebrospinal fluid of clinical patients combined with ani-
mal models of TBI to jointly demonstrate the protective
effect of pioglitazone on neuroinflammation, and to pro-
vide a feasible theoretical basis and therapeutic target for
clinical TBI treatment.

Materials and methods

Reagents and chemicals

Dimethyl sulfoxide (DMSO), pioglitazone, and T0070907, an
antagonist of pioglitazone were purchased from
SigmaeAldrich (St. Louis, MO, USA). The primary antibodies
for PPARg (#2435S) and GAPDH (#5174) were obtained from
Cell Signaling Technology (CST, lnc, USA). The primary an-
tibodies for p-NF-kB p65 (Ser536) (ab86299) and IL-6
(ab9324) were acquired from Abcam (Abcam, Cambridge,
UK). The secondary antibodies for Western blot and
immunohistochemistry were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Alexa Fluor 555-
conjugated anti-rabbit IgG, the secondary antibody for
immunofluorescence, was acquired from Invitrogen (Invi-
trogen, Grand Island,NY). Anther the secondary antibody
for immunofluorescence DyLight 594 anti-Mouse IgG was
purchased from Abbkine (Abbkine, Wu han).

Human subjects

All clinical case data were obtained from the Department
of Neurosurgery of Chongqing Emergency Medical Center.
All clinical trials strictly were in strict compliance with the
Helsinki Declaration and relevant regulations of Chinese
clinical trials, and were approved by the Chongqing
Emergency Medical Center Hospital Ethics Committee. The
experimental patients or authorized family members
informed the experimental content and signed the written
informed consent. There was no significant difference in
the age and gender between the groups (P > 0.05). In
addition, serum and cerebrospinal fluid samples were
compared between normal group (TBI rehabilitation or
cerebral hemorrhage rehabilitation patients: since
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Figure 1 The schematic illustration of the timeline in all
experiments.
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hydrocephalus requires lumbar puncture for cerebrospinal
fluid examination, some cerebrospinal fluid was taken
during lumbar puncture) and TBI group (serum and cere-
brospinal fluid samples from TBI surgery patients). Brain
tissue samples were also compared between the normal
group (the TBI surgery patients resected the contusion
edge relative to normal brain tissue) and the TBI group
(the TBI surgery patients resected contused brain tissue).
Forty-five patients with moderate to severe craniocerebral
injury treated with emergency craniotomy and decom-
pression and brain decompression between January 2017
and June 2018 served as the experimental group (all the
details on human subjects are specified in the attachment
section).

Animals

SpragueeDawley rats (body weight 180e250 g, age 6e8
weeks) were obtained from Experimental Animal Center of
Chongqing Medical University. All the animals were housed
in an environment with temperature of 22 � 1 �C, relative
humidity of 50 � 1% and a light/dark cycle of 12/12 h, and
were fed free diet (sterile pellet feed, standard acidified
water). After a few days of feeding, animals were allowed
free access to tap water and normal food. All animal studies
(including the mice euthanasia procedure) were done in
compliance with the regulations and guidelines of
Chongqing Medical University institutional animal care and
conducted according to the AAALAC and the IACUC guide-
lines [Experimental Animal Production License: SCXK (Yu)
2018-0003; Laboratory Animal Use License: SYXK (Yu) 2018-
0003].

Briefly, a total 134 healthy male rats were randomly
divided into 5 following groups according to the random
data table method: Sham-operated control group
(Sham þ DMSO, 24 rats, 0 death), surgery group
(TBI þ DMSO, 28 rats, 4 deaths), inhibitor group
(TBI þ T0070907, 29 rats, 5 deaths), treatment group
(TBI þ pioglitazone, 25 rats, 1 death), anti-treatment group
(TBI þ T0070907 þ pioglitazone, 28 rats, 4 deaths). The
dosage details for each experimental rat are shown in the
attachment. The time course of all experimental arrange-
ments is shown in the figure (Fig. 1).

Controlled cortical impact model of TBI

According to a previous report, a rat model of controlled
cortical impact (CCI) was performed using an electrically
controlled pneumatic impact device (TBI 0310, Precision
Systems & Instrumentation, Fairfax Station, VA).16 The
device parameters were as follows: impact depth, 5.0 mm
from the cortical surface; impact velocity, 6.0 m/sec;
residence time, 500 msec. Rats were intraperitoneally
anesthetized with 3% pentobarbital (50 mg/kg), and sur-
gery was performed under sterile conditions. A longitudi-
nal incision was made in the midline of the skull, and a
5 mm craniotomy was generated in the left parietal cortex
using a portable drill and trephine (craniotomy relative to
the center of the anterior iliac crest: 1 mm posterior),17

removing the bone flap. Rats in the TBI group underwent
CCI, while rats in the sham-operated group underwent the
same surgical procedure, but no trauma occurred in the
cerebral cortex. The scalp was closed with cyanoacrylate
tissue glue. The body temperature of the rats was moni-
tored and maintained at 37.0 � 0.5 �C throughout the
surgery. According to Serge C’s experimental protocol,18

pioglitazone (1.0 mg/kg), and/or the PPARg antagonist
T0070907 (1.5 mg/kg) were dissolved in dimethylsulfoxide
(DMSO). Sham group and TBI group were given an equal
amount of 0.5% DMSO. All injections were administered
intraperitoneally. The treatment was initiated 15 min
after the CCI operation, and was administered once every
24 h, 48 h. The rats were sacrificed 72 h after the injec-
tion, and the samples were taken for subsequent experi-
ments. In particular, according to the timing of the
behavioral experiment, the first administration started
15 min after surgery, once a day until 14 days after
surgery.19
Enzyme-linked immunosorbent assay (ELISA)

Evaluation of the concentration of IL-6 (JYM0140140Hu,
Wuhan gene col., TD Science and Technology company),
and Caspase-3 enzyme (C1115, Beyotime Institute of
Biotechnology). The kit was used to detect serum and ce-
rebrospinal fluid samples from patients undergoing TBI
surgery.
Measurement of NO

NO was measured using nitrite assay. Nitrite is a relatively
stable metabolite of NO. The nitrite concentration was
determined with a fluorometric method. Briefly, an aliquot
of 100 ml serum or cerebrospinal fluid samples from patients
undergoing TBI surgery was collected at room temperature.
After 10e20 min, samples were mixed with 100 ml of 0.28 M
NaOH. The formation of diaminon-aphthotriazole, the
fluorescent product, was measured using a microplate
reader at an excitation wavelength of 355 nm and emission
wavelength of 460 nm. A standard curve of NaNO2 was
established for each assay by performing these steps in an
identical manner.
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Behavioral assays

Neurological severity score (NSS)
The NSS was assessed prior to injury and was repeated
three times on days 1, 3, 7, 14 and 21 after CCI as described
by Zhang, H.S. et al.20 Using a double-blind approach, the
researchers who were blinded to experimental grouping
assessed the ability of each rat to perform 10 different
tasks. These tasks represented athletic ability, alertness,
balance, and general behavior. Failure to complete the task
was recorded as one point. The lowest score was 0 points
and the maximum score was 10 points.

Morris water maze (MWM)
The MWM test was performed to detect learning latency
and spatial memory as previously described by Xiong
et al.21 The ability to hide the platform in the memory
water maze was trained after TBI or from day 16 to day 21
after sham treatment, and the time required for the rats to
enter the water to find the platform was recorded, i.e. the
incubation period was evaded. Each rat was tested 4 times
in different directions each day. The platform was removed
on the 23rd day after the injury, and the time delay, the
time spent in the correct quadrant, and the time traveled
on the platform were recorded by a computer (SLYWMS,
Huaibeizhenghua, China).

Brain water content

Seventy-two hours after operation, rats in each group were
anesthetized, and after perfusion with 4 �C normal saline,
the brain was quickly decapitated, and the brain stem and
cerebellum were removed and separated. The brain tissue
was weighed and then placed in oven at 110 �C for 24 h (the
difference between the two dry weights was less than
0.0002 g). According to the method previously reported in
literature,22 the brain tissue water content was calculated
as brain water content% Z (wet weightedry weight)/wet
weight � 100%.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from samples of human brain tis-
sue using Trizol reagent (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. cDNA was
synthesized from 3 mg of total RNA by the RNA to cDNA
EcoDry Premix kit (Clontech, Palo Alto, CA). Quantitative
real time PCR (qRT-PCR) experiments were performed with
a Bio-RadMJ MiniOption Real Time PCR System in triplicate
and the data analysis was carried out by the CFX manager
software version 1.5. The PCR data were normalized to
GAPDH expression. 10 ml of reaction system, amplification
conditions: pre-denaturation at 95 �C for 3 min; 95 �C for
10 s, 56 �C for 30 s, a total of 40 cycles. The sequences of
each primer pair were as follows: GAPDH (sense:50-GAC-
CACAGTCCATGCCATCA-30; antisense:50-GTCAAAGGTGGAG-
GAGTGGG-30); PPARg (sense:50-GGGGGCATCCCCCTAAACTT-
30, antisense:50-GCCATGAGGGAGTTGGAAGG-30); p-NF-kB
(sense:50-TGGCCCCTATGTGGAGATCA -30, antisense:50-GGG
GTTGTTGTTGTTGGTCTGGA-30); IL-6 (sense:50-CCAGCTAC-
GAATCTCCGACC-30, antisense:50-TATCCTGTCCCTGGAGGT
GG-30). Calculations were performed according to the 2
eDeltaDeltaCT method.

Western blot

The samples of human or rat brain tissues were collected
for total protein extraction and the protein concentration
measurement kit measures protein concentration. Equal
amounts of protein were denatured in SDS and separated on
10% SDSePAGE gels. Proteins were then transferred to
polyvinylidene difluoride (PVDF) membranes. The mem-
branes were blocked with 5% milk, incubated with primary
antibody overnight at 4 �C including PPARg (diluted 1:1000),
p-NF-kB p65 (Ser536) (diluted 1:2000), IL-6 (diluted 1:2000)
and GAPDH (diluted 1:1000), and then incubated with the
HRP-labeled secondary antibody (diluted 1:1000) at 37 �C
for 2 h, followed by BeyoECL Plus chemiluminescence
Method development. The Bio-Rad gel imaging system col-
lects images, and the strips are quantified using the
Quantity One software. The GAPDH is set as an internal
reference. The experiments were run in triplicate.

Immunohistochemistry

Specimen treatment: Brain tissue samples were taken out
from the 4% paraformaldehyde fixative solution, and
dehydrated with 80%, 95%, and 100% ethanol solutions in
that order. After the xylene was transparent to the brain
tissue, the brain tissue was embedded in a wax block for
sectioning. The sections were dewaxed and then hydrated
with absolute ethanol. Finally, the sections were soaked in
95% ethanol, and rinsed with distilled water three times
after each step.

HE staining
The specimen was first stained with hematoxylin for 5 min,
then rinsed with distilled water, stained with eosin for
2 min, and then rinsed with distilled water. Dehydration
was carried out by using 80%, 95% and 100% ethanol in
sequence, and the sections were made transparent with
xylene and then fixed with a neutral resin. Finally, they
were left to dry and were observed at room temperature.

IHC
After the completion of antigen retrieval, the endogenous
enzyme was fired with 0.3% H2O2. After blocking 5% BSA at
room temperature, the primary antibody PPARg (diluted
1:800), p-NF-kB p65(Ser536) (diluted 1:500) and IL-6
(diluted 1:1000) and the corresponding secondary anti-
body were sequentially incubated. After 20 min of SABC
reagent, staining was performed with a DAB staining kit,
and the remaining steps were stained using HE staining.

Immunofluorescence

On day 3 after CCI, rats were deeply anesthetized and
perfused with 0.9% saline and 4% paraformaldehyde. The
isolated brain was fixed in 4% paraformaldehyde for 24 h,
and sucrose (20%, 30%) was dehydrated for 24 h. Then, it
was embedded in OCT compound for cryosection, and cut
into 10 mm thick coronal sections. Next, Fluorescent
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immunolabeling23 was performed according to standard
indirect techniques as previously described. The primary
antibodies used included PPARg (diluted 1:200), p-NF-kB
p65 (Ser536) (diluted 1:250) and IL-6 (diluted 1:1000). After
washing three times in PBS, Alexa Fluor 555-conjugated
anti-rabbit IgG or DyLight 594 anti-Mouse IgG was added
in PBS with 1% BSA for 1 h. During the final washe, 6-
diamidino-2-phenylindole (DAPI) (Sigma) was added and
used as a counterstain for nuclei. Fluorescence images
were acquired using a Zeiss Axioimager microscope. PPARg
þ/p-NF-kB þ, where IL-6 positive cells were counted in 5
randomly selected regions (200�) of each section using
Image J software. Immunofluorescence experiments were
performed in three brains.
Statistical analysis

All statistical analyses were performed using SPSS software
19.0 (IBM, USA). Values are expressed as mean � standard
deviation (SD). Based on data from NSS and MWM, two-way
analysis of variance (ANOVA) and Student-Newman-Keuls
(SNK) tests were used for comparison. Remaining data were
evaluated by one-way ANOVA and SNK tests with homoge-
neity of variance or by Dunnett’s post hoc test with square
differences. The two groups of clinical specimens were
compared using the T-test. p < 0.05 was considered to be
statistically significant.
Figure 2 Effect of TBI on IL-6, NO and caspase-3 in CSF and serum
the acute phase of TBI (within 6 h) and during the recovery phase (3
assay kit from CSF and serum samples. (CeD) The NO concentration
(EeF) Effect of TBI on caspase-3 production in CSF and serum. Da
tistically significant differences between the TBI (n Z 45) and Nor
Results

High expression of inflammatory factors IL-6, NO
and apoptotic factor Caspase-3 in patients with TBI

By detecting clinical specimens, the expressions of IL-6 in
serum and cerebrospinal fluid in TBI patients were signifi-
cantly higher compared to the normal group (p < 0.05,
Fig. 2A, B). In the same situation, the expressions of NO,
caspase-3 in serum and cerebrospinal fluid of patients after
TBI were significantly higher than normal group (p < 0.05,
Fig. 2CeF).

Pioglitazone improved the neurobehavior of rats
after TBI to a certain extent, and T0070907
partially inhibited the neuroprotective effect of
pioglitazone

To assess the effect of pioglitazone on sensorimotor func-
tion, we performed an NSS score. Compared with sham-
operated rats, the TBI group showed a significant increase
in the NSS score (p < 0.01). Compared with the TBI group,
the NSS score in the pioglitazone group was significantly
reduced (p < 0.05). Compared with the pioglitazone group,
the T0070907 þ pioglitazone group showed a significant
increase in the NSS score (p < 0.05) (Fig. 3A). These data
indicated that the sensorimotor function of rats was
. Collection of serum and cerebrospinal fluid in patients during
months after surgery). (AeB) IL-6 was evaluated using the IL-6
was evaluated with an assay kit from CSF and serum samples.

ta are expressed as the mean � SD and asterisks indicate sta-
mal groups (n Z 30). *p < 0.05, **p < 0.01 (t-test).



Figure 3 Pioglitazone improved functional outcomes after CCI and brain edema. (A) Neurological severity score (NSS) tested
prior injury, and on the 1st, 3rd, 7th, 14th and 21st days after CCI [n Z 6/group, mean � SD and asterisks indicate statistically
significant differences between groups (vertical line); *p < 0.05, **p < 0.01 by two-way ANOVA, NS means no statistically significant
differences]. (B) Time latency spent in Morris Water Maze (MWM) test from the 16th to the 21st day after CCI [n Z 6/group,
mean � SD and asterisks indicate statistically significant differences between groups (vertical line); *p < 0.05, **p < 0.01 by two-
way ANOVA, NS means no statistically significant differences]. (C) Time spent in correct quadrant in spatial learning performance
from the 16th to the 21st day after CCI [nZ 6/group, mean � SD and asterisks indicate statistically significant differences between
groups (vertical line); *p < 0.05, **p < 0.01 by two-way ANOVA, NS means no statistically significant differences]. (D) Times
traveling across platform on MWM test on the 23rd day after CCI [n Z 6/group, mean � SD and asterisks indicate statistically
significant differences between groups (horizontal line); *p < 0.05 by one-way ANOVA, NS means no statistically significant dif-
ferences]. (E) Percentage of brain tissue water content on the 72 h after CCI [n Z 6/group, mean � SD and asterisks indicate
statistically significant differences between groups (horizontal line); *p < 0.05 by one-way ANOVA, NS means no statistically sig-
nificant differences].

258 Y. Deng et al.
impaired after TBI, and pioglitazone could ameliorate this
damage, but T0070907 inhibited the therapeutic effect of
pioglitazone.

To examine the effect of pioglitazone on learning and
memory in rats after TBI, we performed a water maze
experiment. Compared with the sham group, the learning
and memory ability of the TBI group was significantly
decreased (p < 0.01), and after the pioglitazone treat-
ment, the learning and memory ability of the rats signifi-
cantly improved (p < 0.05). When T0070907 was added, the
effect of pioglitazone was inhibited (p < 0.05) (Fig. 3BeD).
Pioglitazone could alleviate brain edema after TBI
in rats

Compared with the sham group (76.17 � 4.28%), the
average brain tissue water content of the TBI group
(86.85 � 5.46%) was significantly increased (p < 0.05).
Compared with the TBI group, the pioglitazone group
(78.34 � 5.02%) had a significant reduction in cerebral
edema (p < 0.05). When compared with the pioglitazone
group, the T0070907 þ pioglitazone group (84.93 � 5.53%)
was significantly increased (p < 0.05) (Fig. 3E). TBI caused
the destruction of blood-brain barrier permeability in rats,
leading to increased water content in brain tissue; while
pioglitazone could maintain blood-brain barrier. T0070907
weakened the protective effect of pioglitazone.
PPARg expression was down-regulated in patients
with TBI, while pioglitazone increased the
expression of PPARg after TBI

By detecting clinical specimens, the mRNA and protein
level of PPARgin TBI patients were significantly reduced
compared with the normal group (p < 0.05) (Fig. 4AeE).
Through immunofluorescence and WB detection in rat brain
tissue, PPARg was significantly reduced in the TBI group
compared with the sham group (p < 0.05); PPARg was
significantly increased in the pioglitazone group after CCI
compared with the TBI group (p < 0.01). Compared with the
pioglitazone group, the T0070907 þ pioglitazone group
showed a decrease in PPARg expression (p < 0.01)
(Fig. 4GeJ). The brain region is shown with an arrow
(Fig. 4F).



Figure 4 TBI impairs PPARg expression. (A) qRT-PCR analysis of PPARg gene expression in human brain tissue of TBI and normal
group (the TBI surgery patients resected the contusion edge relative to normal brain tissue) brain tissues (n Z 25, triplicates per
sample, *p < 0.05, t-test). (B) Western blot analysis of PPARg protein expression in TBI and normal group brain tissues of human
(n Z 25, triplicates per sample). (C) Quantification of protein levels from immunoblots as in B. The protein levels of PPARg were
normalized to GAPDH (*p < 0.05, t-test). (D) Representative clinical human brain tissue of TBI and normal group brain tissue
histologic sections of H&Estaining (upper right and left panel). Representative histologic sections of PPARg staining. The brown
color shows positively stained cells by the PPARg antibody (lower right and left panel). (E) The IOD SUM of positive cells was
compared between the TBI and normal groups of human brain tissue (n Z 20, triplicates per sample, *p < 0.05, t-test). (F) The rat
brain region examined by immunofluorescence (G)Representative immunofluorescence images of the surrounding cortex (red:
PPARg) on the third day after CCI (n Z 6/group, scale bar, 100 mm). (H) Quantitative analysis of the fluorescence intensity from
immunofluorescence as in G. Data were analyzed using an appropriate Student’s t-test, one-way ANOVA, or two-way ANOVA fol-
lowed by post hoc Tukey’s analysis. Error bars, SEM.; *p < 0.05, **p < 0.01, means statistically significant differences, NS means no
statistically significant differences. (I) Representative Western blotting images (n Z 6, triplicates per group). (J) Quantification of
protein levels from immunoblots as in I. The protein levels of PPARg were normalized to GAPDH (n Z 6/group, mean � SD and
asterisks indicate statistically significant differences between the two groups shown by horizontal line, *p < 0.05, **p < 0.01 by
one-way ANOVA, NS means no statistically significant differences).
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Figure 5 TBI up-regulates the IL-6 level, pioglitazone rescues the effects of TBI, and the effect of pioglitazone was partially
reversed by T0070907. (A) qRT-PCR analysis of IL-6 gene expression in human brain tissue of TBI and normal group brain tissues
(nZ 25, triplicates per sample, *p < 0.05, t-test). (B)Western blot analysis of IL-6 protein expression in TBI and normal group brain
tissues of human (n Z 25, triplicates per sample). (C) Quantification of protein levels from immunoblots as in B. The protein levels
of IL-6 were normalized to GAPDH (*p < 0.05, t-test). (D) Representative histologic human clinical TBI and normal group brain tissue
sections of IL-6 staining. The brown color shows positively stained cells by the IL-6 antibody. (E) The IOD SUM of positive cells was
compared among the TBI and control normal of human brain tissue. (n Z 20, triplicates per sample, *p < 0.05, t-test). (F)

Representative immunofluorescence images of the surrounding cortex (red: IL-6) on the third day after CCI (nZ 6/group, scale bar,
100 mm). (G) Quantitative analysis of the fluorescence intensity from immunofluorescence as in F. Data were analyzed using an
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IL-6 was highly expressed in TBI patients, whereas
pioglitazone was observed to reduce IL-6 in the TBI
rat model

IL-6 expression was significantly up-regulated in TBI pa-
tients compared with the normal group (p < 0.05)
(Fig. 5AeE). Using IL-6 fluorescent staining and WB, IL-6
was significantly increased in the TBI group compared
with the sham group (p < 0.05); IL-6 was significantly
decreased in the pioglitazone group compared with the TBI
group (p < 0.05). Compared with the pioglitazone group,
T0070907 þ pioglitazone group showed an increase in IL-6
expression (*p < 0.05) (Fig. 5FeI). The brain region that
was studied for the immunofluorescence indicated by the
arrow (Fig. 4F).

Overexpression of p-NF-kB was found in brain
tissue of TBI patients, whereas overexpression of p-
NF-kB in rats was effectively reduced by
pioglitazone after CCI

qRT-PCR, WB and IHC indicated that p-NF-kB expression
was significantly higher in TBI patients compared to the
normal group (p < 0.05) (Fig. 6AeE). Based on immuno-
fluorescence and WB detection in rat brain tissue, p-NF-kB
was significantly increased in TBI group compared with
sham group (p < 0.05). p-NF-kB was significantly decreased
after CCI in pioglitazone group compared with TBI group
(p < 0.05). Compared with the pioglitazone group, the
T0070907 þ pioglitazone group showed an increase in p-NF-
kB expression (p < 0.05) (Fig. 6FeI). The brain region is
shown with an arrow (Fig. 4F).

Discussion

Traumatic brain injury is an important global health prob-
lem. TBI can cause death or permanent physical or mental
disability. The current view is that pathological changes
that occur after TBI in humans and mammals include two
stages: primary injury and secondary injury.24,25 After
irreversible primary injury, TBI leads to a wider range of
brain damage through various pathological mechanisms
such as inflammatory response, glutamate excitotoxicity,
free radical production and lipid peroxidation, ion imbal-
ance, and apoptosis. The secondary injury implies neuronal
secondary damage, eventually leading to death.26

Currently, the treatment of choice for TBI patients is usu-
ally surgery, while the intervention for various pathophys-
iological attacks, such as neurological damage caused by
neuroinflammation, cerebral edema is still very lacking.

PPARg has an important role in many acute and chronic
central nervous system diseases such as TBI,27 cerebral
ischemia,28 Alzheimer’s disease,29 etc. PPARg is a ligand-
appropriate Student’s t-test, one-way ANOVA, or two-way ANOVA fo
**p < 0.01, means statistically significant differences, NS means no
blotting images (nZ 6, triplicates per group). (I) Quantification of p
6 were normalized to GAPDH (n Z 6/group, mean � SD and asterisk
groups shown by horizontal line, *p < 0.05, **p < 0.01 by one-way
activated transcription factor belonging to the superfam-
ily of the nuclear hormone receptors. It has been found that
PPARg receptor activation can promote adipocyte differ-
entiation, enhance and regulate the body’s sensitivity to
insulin. In addition to regulation of sugar and lipids balance,
inhibition of tumor cell growth and participation in car-
diovascular protection, it also has an important role in
inhibiting the release of inflammatory cells and chemical
factors and the formation of inflammation.30e33 Pioglita-
zone is a thiazolidinedione drug and a synthetic agonist of
PPARg.34e36 The anti-inflammatory and neuroprotective
effects of pioglitazone on animal models of central nervous
system injury and neurodegenerative diseases such as ce-
rebral ischemia, spinal cord injury, experimental autoim-
mune encephalomyelitis and Parkinson’s syndrome have
attracted much attention. PPARg is activated by binding to
pioglitazone, which inhibits cytokines, adhesion molecules
and metalloproteinases, as well as inflammatory cells from
entering the central region.31

The inflammatory response has a key role in secondary
brain injury following TBI. The central nervous system in-
flammatory response is mainly characterized by activation
of microglia and astrocytes.37,38 Activation of microglia,
which produce a variety of cytotoxic substances such as
free radicals, superoxide anion, nitric oxide, tumor necrosis
factor, interleukin, prostaglandin, etc., lead to neuronal
degeneration and necrosis.39,40

In this study, we focused on the first acute brain activity
in the TBI and found that the inflammatory factor IL-6 was
significantly increased in CSF and serum clinical samples
from patients with TBI, indicating that the patient’s body
was in an inflammatory response. NO also appears to in-
crease in serum and cerebrospinal fluid in patients after
TBI, and persistently elevated NO levels can lead to func-
tional impairment of DNA and mitochondria,41,42 and can
later manifest as neurotoxic effects.43,44 Caspase-3 is a key
apoptotic protein that is greatly up regulated in CSF and
serum of patients with TBI, and that initiates apoptosis of
nerve cells surrounding the lesion. All of these results
indicate that there are three important biomarkers of IL-6,
NO and caspase-3 in acute TBI. Some 2e5 h after the onset
of TBI, inflammation, hypoxia and apoptosis are reach se-
vere levels in TBI.

We performed a series of animal behavioral experiments
such as NSS scores and Morris water maze in each group of
rats, including observation of cerebral edema. We found
that nerve function after TBI injury, which aggravated brain
edema, could be passed through pioglitazone. In combina-
tion with pioglitazone, which is a specific agonist of PPARg,
we speculated that the above therapeutic effects of pio-
glitazone occurred due to activation of PPARg. On the other
hand, during the treatment with pioglitazone, the inhibi-
tion of PPARg activity by T0070907, the improved neuro-
logical function and improved brain edema in rats were
llowed by post hoc Tukey’s analysis. Error bars, SEM.; *p < 0.05,
statistically significant differences. (H) Representative Western
rotein levels from immunoblots as in H. The protein levels of IL-
s indicate statistically significant differences between the two
ANOVA, NS means no statistically significant differences).



Figure 6 TBI increases the p-NF-kB level and pioglitazone inhibits p-NF-kB protein expression in the TBI rat model. (A) qRT-PCR
analysis of p-NF-kB gene expression in human brain tissue of TBI and normal group brain tissues (n Z 25, triplicates per sample,
*p < 0.05, t-test). (B) Western blot analysis of p-NF-kB protein expression in TBI and normal group brain tissues of human (n Z 25,
triplicates per sample). (C) Quantification of protein levels from immunoblots as in B. The protein levels of p-NF-kB were
normalized to GAPDH (*p < 0.05, t-test). (D) Representative histologic sections of p-NF-kB staining. The brown color shows
positively stained cells by the p-NF-kB antibody. (E) The IOD SUM of positive cells was compared between the TBI and normal groups
of human brain tissue (n Z 20, triplicates per group, *p < 0.05, t-test). (F) Representative immunofluorescence images of the
surrounding cortex (red: p-NF-kB) on the third day after CCI (n Z 6/group, scale bar, 100 mm). (G) Quantitative analysis of the
fluorescence intensity from immunofluorescence as in F. Data were analyzed using an appropriate Student’s t-test, one-way
ANOVA, or two-way ANOVA followed by post hoc Tukey’s analysis. Error bars, SEM.; *p < 0.05 means statistically significant dif-
ferences, NS means no statistically significant differences. (H) Representative Western blotting images (n Z 6, triplicates per
group). (I) Quantification of protein levels from immunoblots as in H. The protein levels of p-NF-kB were normalized to GAPDH
(n Z 6/group, mean � SD and asterisks indicate statistically significant differences between the two groups shown by horizontal
line, *p < 0.05, **p < 0.01 by one-way ANOVA, NS means no statistically significant differences).
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partially reversed, which was consistent with our
hypothesis.

To further confirm our hypotheses and investigate the
potential mechanisms, we obtained brain tissue from TBI
patients and slightly higher quantity of normal brain tissue
from healthy controls. mRNA, protein and tissue immuno-
chemistry showed that the expression intensity of PPARg in
TBI was comparable to that of the control group; however,
the ratio was lower. These clinical data indicated that
PPARg is affected by TBI and that PPARg is functionally
reduced. In animal experiments, we also used pioglitazone,
which has been shown to reduce cardiovascular risk,45 and
which rescued TBI’s inhibition of PPARg. To date, few
studies have reported the anti-inflammatory potential of
PPARg agonists in attenuating TBI-associated inflammatory
responses. Although it has been reported that rosiglitazone
treatment in primary cultures of rodent astrocytes atten-
uate LPS-induced secretion of several pro-inflammatory
markers (IL-12, TNFa, IL-1b, IL-6, MCP-1),46,47 this effect
has not yet been thoroughly examined in astrocytes or
microglia in the context of TBI-associated pathologies. Our
in vivo data demonstrated that glial treatment with pio-
glitazone reversed TBI-mediated inflammatory responses.
Furthermore, we showed that co-administration of a syn-
thetic PPARg antagonist, T0070907, which acts as a potent,
irreversible, and selective PPARg antagonist by modifying a
cysteine residue in the ligand-binding site of PPARg, abol-
ished the pioglitazone anti-inflammatory effects, thus
suggesting that these effects are specifically mediated by
PPARg.

IL-6 is involved in a variety of physiological functions
including neurodevelopment, hematopoiesis, bone meta-
bolism and immunity.15 In clinical specimens: PCR, western-
blot, and tissue immunochemistry showed that the
expression intensity of IL-6 in TBI was higher than in the
control group. In our in vivo studies, the pioglitazone
inhibited IL-6 protein expression in a rat model of TBI,
whereas T0070907 reversed this anti-inflammatory effect of
pioglitazone. These data indicated that PPARg is a key
transcription factor for IL-6 protein expression.

To investigate the mechanisms that are potentially
involved in PPAR-mediated anti-inflammatory effects, we
examined the effect of pioglitazone treatment on the
suppression of the redox-regulated transcriptional factor
NF-KB, up-regulated by TBI. NF-kB binding sites have been
reported in several promoter regions of inflammatory
cytokine genes,48 and two binding sites have also been
identified in the promoter-proximal enhancer region of HIV-
1 LTR.49 Several mechanisms have been reported for the
PPARg-mediated inhibition of NF-kB. These mechanisms
include the physical interaction of PPARg with NF-kB; co-
activator competition of both transcriptional factors,
which regulate protein localization; and prevention of
signal-dependent clearance of co-repressor complexes on
inflammatory promoters.10,50 PPARg resulted as an impor-
tant pathway involved in TBI brain-associated inflamma-
tion, which constitutes a potential molecular target for the
treatment/prevention of TBI-induced brain inflammation.

In conclusion, this study demonstrates that pioglitazone
effectively reduces neuroinflammation after TBI, reduces
the extent of cerebral edema, and promotes neurological
recovery after TBI. The beneficial effects of pioglitazone
may depend, at least in part, on PPARg activation, PPARg/
NF-kB/IL-6 signaling pathway that has a key regulatory role
in the treatment of TBI with pioglitazone. These data sug-
gest that pioglitazone may be a promising therapeutic
approach for the treatment of TBI.

There are some limitations in the present study that
need to be pointed out. Since we did not perform any cell
experiments in vitro, the support for the conclusion is
slightly insufficient, which should be addressed by future
studies. In addition, pioglitazone cannot be used in TBI
patients due to ethical limitations of clinical medications.
Nonetheless, our work provides an effective strategy for
the prevention and treatment of TBI in the future.
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