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Abstract
Hyperglycemia aggravates brain damage after diffuse axonal injury (DAI), but the underlying
mechanisms are not fully de�ned. In this study, we aimed to investigate a possible role for hyperglycemia
in the disruption of blood–brain barrier (BBB) integrity in a rat model of DAI and the underlying
mechanisms. Accordingly, 50% glucose was intraperitoneally injected after DAI to establish the
hyperglycemia model. Hyperglycemia treatment aggravated neurological impairment and axonal injury,
increased cell apoptosis and glial activation, and promoted the release of in�ammatory factors, including
TNF-α, IL-1β, and IL-6. It also exacerbated BBB disruption and decreased the expression of tight junction-
associated proteins, including ZO-1, claudin-5, and occludin-1, whereas the PPARγ agonist rosiglitazone
(RSG) had the opposite effects. An in vitro BBB model was established by a monolayer of human
microvascular endothelial cells (HBMECs). Hyperglycemia induction worsened the loss of BBB integrity
induced by oxygen and glucose deprivation (OGD) by increasing the release of in�ammatory factors and
decreasing the expression of tight junction-associated proteins. Hyperglycemia further reduced the
expression of PPARγ and caveolin-1, which signi�cantly decreased after DAI and OGD. Hyperglycemia
also further increased the expression of toll-like receptor 4 (TLR4), which signi�cantly increased after
OGD. Subsequently, the PPARγ agonist RSG increased caveolin-1 expression and decreased TLR4
expression and in�ammatory factor levels. In contrast, caveolin-1 siRNA abrogated the protective effects
of RSG in the in vitro BBB model of hyperglycemia by increasing TLR4 and Myd88 expression and the
levels of in�ammatory factors, including TNF-α, IL-1β, and IL-6. Collectively, we demonstrated that
hyperglycemia was involved in mediating secondary injury after DAI by disrupting BBB integrity by
inducing in�ammation through the PPARγ/caveolin-1/TLR4 pathway.

1. Introduction
Diffuse axonal injury (DAI), an important pathoanatomical subgroup of traumatic brain injury (TBI), refers
to intracranial injury caused by rapid and sustained deceleration or acceleration of the brain, leading to
higher mortality and functional impairment. DAI is believed to be involved in sustaining loss of
consciousness due to a motor vehicle crash after TBI[1]. Pathologically, despite primary mechanical
breaking of the axonal cytoskeleton, DAI encompasses a spectrum of abnormalities ranging from
in�ammation, intracellular calcium overload, transport interruption, swelling, and proteolysis through
secondary physiological changes[2].

TBI, especially DAI, can induce many complications, including epilepsy, hydrocephalus, sleep disorders,
pulmonary infections, deep vein thrombosis, cerebral hernia, and hyperglycemia. Hyperglycemia related
to diabetes is less important than stress-induced hyperglycemia in terms of mortality in acute trauma and
TBI patients[3]. TBI patients with hyperglycemia have a poor prognosis and an increased risk of mortality.
Findings from a previous study suggest that a glucose level > or = 160 mg/dl within the �rst 24 h of
admission following TBI is associated with poor outcomes irrespective of the severity of injury[4].
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The causes of hyperglycemia after TBI might be related to the stress response, the in�ammatory
response, diabetes mellitus, surgery and so on[5]. The main reason that persistent hyperglycemia leads to
a poor prognosis may be because of a series of pathological changes, and rupture of the BBB is an
important pathogenic mechanisms[5]. At present, many cures and remedies are available for
hyperglycemia after TBI. However, these measures do not seem to improve the prognosis of TBI[6]. For
example, intensive glycemic control could improve neurological outcomes, decrease the infection rate
and reduce the LOS in the ICU[5]. However, intensive glycemic therapy will not affect mortality in TBI
patients[7]. Although research on the relationship between hyperglycemia and severe TBI has achieved
considerable progress in recent years, the complete mechanism requires further study.

Peroxisome proliferator activated receptor gamma (PPARγ) belongs to the family of ligand-regulated
nuclear receptors. Rosiglitazone (RSG), a PPARγ agonist, has been shown to exert a neuroprotective
effect in TBI, focal cerebral ischemia, and subarachnoid hemorrhage[8]. Our previous study showed that
the PPARγ agonist RSG can protect BBB integrity by decreasing the levels of in�ammatory mediators
through a caveolin-1-dependent pathway. However, whether RSG plays a protective role against DAI with
hyperglycemia and the underlying mechanisms remain elusive[9].

In the present study, the effects of hyperglycemia on neurological impairment, axonal injury, cell
apoptosis, glial response, BBB integrity, and the level of in�ammatory factors in DAI were explored. We
also assessed the expression and role of PPARγ in the expression of caveolin-1 and tight junction-
associated proteins after DAI in vivo and OGD in vitro after hyperglycemia treatment. Finally, to study the
downstream signal transduction mechanisms of caveolin-1, the expression of TLR4/Myd88 pathway-
related proteins was detected by downregulating caveolin-1. All results showed that hyperglycemia was
involved in mediating secondary injury after DAI by disrupting BBB integrity by inducing in�ammation
through the PPARγ/caveolin-1/TLR4 pathway.

2. Experimental Procedures

2.1 Animals and Experimental Groups
Male Sprague–Dawley (SD) rats were supplied by the Experimental Animal Center of Xi’an Jiaotong
University [license no. SCXK (Shaanxi) 2006-001]. Rats (weighing 250–300 g, 8–10 weeks old) were
raised at 24 ± 1°C under a 12-h/12-h light/dark cycle with free access to food and water. All procedures
were performed according to the Guidelines and Suggestions for the Care and Use of Laboratory Animals
formulated by the Ministry of Science and Technology of the People’s Republic of China. All protocols
were approved by the Biomedical Ethics Committee of Medical College of Xi’an Jiaotong University of
China (2014 − 124).

A total of 132 SD rats were divided into the following groups: the control group (30 rats), DAI 1 d group
(30 rats), DAI 1 d + hyperglycemia (HG) group (30 rats), and DAI 1 d + HG + rosiglitazone (RSG) group (30
rats), DAI 6 h group (6 rats) and DAI 3 d group (6 rats). RSG (2 mg/mL, Cayman Chemical Co., Ann Arbor,
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MI, USA) was intraperitoneally injected after DAI and glucose treatment at a dose of 10 mg/kg, followed
by repeated injections every 12 h[10]. Rats subjected to hyperglycemia were intraperitoneally injected with
glucose (6.0 mL/kg; 50% glucose) at 0 h and 12 h postinjury[11]. Blood samples were obtained by tail
venipuncture at various times pre- and postinjection for 24 h (0, 6 h, 12 h, 18 h, and 24 h) and used to
determine blood glucose concentrations. Glucose levels were maintained at > 16.8 mmol/L within 24 h
after injury[12].

2.2 Animal DAI Model
The DAI model was established by a lateral head-rotation device as described in previous studies[10, 13, 14].
Brie�y, after anesthesia with 1% pentobarbital sodium (35 mg/kg), the rat head was horizontally �xed to
the lateral head-rotation device by two lateral ear bars, with the body positioned. When the trigger was
pushed, the rat head was rapidly rotated 90°, leading to sudden acceleration and deceleration. All injured
rats were in a coma for at least 30 minutes. The control rats underwent only anesthesia and �xation to
the device and were not subjected to injury.

2.3 Hematoxylin and Eosin (H&E) Staining
After anesthesia and perfusion with normal saline and 40 g/L paraformaldehyde, brains were para�n
embedded and subjected to routine H&E staining, and the morphology was observed by a light
microscope.

2.4 Immunohistochemical Staining and Semiquantitative
Analysis
Brain sections were depara�nized and rehydrated. Endogenous peroxidase activity was quenched for 15
minutes, followed by a wash in PBS. Sections were incubated with β-amyloid precursor protein (β-APP)
antibody, glial �brillary acidic protein (GFAP) antibody, ionized calcium-binding adapter molecule-1 (Iba-1)
antibody, neuro�lament light chain (NF-L) antibody, and neuro�lament heavy chain (NF-H) antibody at
4°C overnight. Then, the sections were covered with secondary antibody for 20 minutes at 37°C. The
signal was developed with streptoavidine and revealed with 3,30-diaminobenzidine. The results were
observed under a microscope at 40x magni�cation. The result of immunohistochemical staining was
assessed by immunohistochemical scores, which were determined by the quantity and staining intensity
scores. The quantity scores were rated from 0 to 4: no staining, 0; 1–10% of cells stained, 1; 11–50%, 2;
51–80%, 3; and 81–100%, 4; the staining intensity scores were rated from 0 to 3: with 0, negative; 1, weak;
2, moderate; and 3, strong. Theoretically, the total scores obtained by multiplying the quantity and
staining intensity scores could range from 0 to 12 [10, 15].

2.5 Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL) Assay
The TUNEL method was used to measure apoptotic cells with the DeadEnd Fluorometric TUNEL System
(Promega, Madison, WI, USA) according to the instructions. Six �elds were randomly selected from the rat
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cortex to count the TUNEL-positive cells.

2.6 Western Blotting
The concentration of total protein isolated from the myocardium was measured by the bicinchoninic acid
method. Equivalent amounts of proteins from each sample were separated by 10% SDS/PAGE gels and
then transferred to polyvinylidene �uoride (PVDF) membranes. Membranes were blocked for nonspeci�c
binding and probed with primary antibodies, including caveolin-1 antibody (1:1000), ZO-1 antibody
(1:1000), claudin-5 antibody (1:1000), β-actin antibody (1:1000), occludin-1 antibody (1:1000), PPARγ
antibody (1:1000), MyD88 antibody (1:500) and TLR4 antibody (1:500), at 4°C overnight. Then, the
membranes were incubated with HRP-conjugated anti-mouse IgG antibody or anti-rabbit antibody for 1 h
at room temperature. An ECL chemiluminescence kit was used to visualize the speci�c blots, and
autoradiograms were quanti�ed by densitometry.

2.7 Immuno�uorescence Staining
Sections were depara�nized and rehydrated before inactivating endogenous peroxidase and then
blocked with serum after antigen unmasking. Rat brain sections were then incubated overnight at 4°C
with primary antibodies, including caveolin-1 antibody (1:400) and ZO-1 antibody (1:200). The sections
were washed and incubated with �uorochrome-conjugated secondary antibody and DAPI and then
observed under a �uorescence microscope.

2.8 BBB Permeability Assay
The penetration of Evans blue was used to assess BBB permeability. Evans blue (2%, Sigma–Aldrich, St.
Louis, MO, USA) was intravenously administered (4 mL/kg of body weight) via the tail vein 1 h before
measurement. After circulation, the rat was transcardially perfused with saline, and the brain was quickly
removed. The EB content was determined as previously described[10].

2.9 Evaluation of Brain Edema
To evaluate the brain water content (BWC), the wet-dry method was employed. Brie�y, the brain wet
weight was recorded. The brains were then dried in an oven at 105°C for 72 h, and their dry weight was
determined. Brain water content (%) was derived as (wet weight − dry weight)/wet weight×100%.

2.10 Cell Culture, Oxygen-Glucose Deprivation (OGD) and
Treatment
Human brain microvascular endothelial cells (HBMECs) were grown as a monolayer in culture medium
containing 10% fetal bovine serum at 37°C in a humidi�ed atmosphere with 5% CO2 and 95% air. Cells
were divided into the following groups: control group, OGD 3 h group, OGD 6 h group, OGD 9 h group,
OGD 6 h + HG group, OGD 6 h + HG + RSG group, and OGD 6 h + HG + RSG + cav-1 siRNA group. To
establish an OGD model in vitro, the cells were exposed to a gas mixture of 95% N2/5% CO2 at 37°C for 1
h, and growth media was replaced with 10% FBS DME media without glucose. RSG was added 30 min
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before OGD[10, 16]. In the hyperglycemia (HG) groups, primary HBMECs were cultured on the inner surface
of collagen-coated Transwell inserts in complete culture containing 25 mM glucose[17]. After OGD,
conditioned media were collected, and the cells were harvested for further experiments.

2.11 Small interfering RNA (siRNA) transfection

SiRNA transfection was performed in vitro according to the protocol described in previous studies[10, 18].
HBMECs were transfected with 100 pmol of siRNA (sc-29241, Santa Cruz Biotech, Santa Cruz, CA, USA)
at 70–80% con�uence according to the manufacturer’s instructions. After 6 h, the culture was replaced
with fresh medium, and the cells were grown for another 24 h. Twenty-four hours after transfection, the
cells were subjected to OGD and other treatments.

2.12 Transendothelial Electrical Resistance (TEER) Measurement

TEER was performed according to the protocol described in previous studies[10]. A Millicell-ERS
instrument (Millipore, Billerica, MA, USA) was used to measure TEER. The resistance of blank �lters was
subtracted from that of cell-coated �lters before the �nal resistance values were calculated [19]. The TEER
values were measured in µΩ/cm2.

2.13 Peroxisome Proliferator-activated Receptor 843 Horseradish Peroxidase (HRP) Flux

HRP �ux experiments were used to measure BBB permeability in vitro. Serum-free culture media
containing 0.5 µM HRP (Sigma–Aldrich, St. Louis, MO, USA) were added to the upper compartment of the
transwells. The amount of HRP was quanti�ed as described previously[10, 20]. HRP �ux was assumed to
be in nanograms per milliliter.

2.14 Enzyme-linked Immunosorbent Assay (ELISA).

The levels of tumor necrosis factor-α (TNF-α), interleukin- (IL-) 1β, and IL-6 were detected by ELISA kits
(R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. Data (pg protein)
were normalized to milligrams of total protein.

2.15 Neurobehavioral evaluation

Neurological de�cit scores were evaluated in the control group, DAI 1 d group, DAI 1 d + HG group, and
DAI 1 d + HG + RSG group by employing the modi�ed neurological severity scoring (mNSS) system by a
blinded investigator. The mNSS is a composite of motor, sensory, and re�ex tests and has been employed
in previous studies[21, 22]. Neurological function is graded on a scale of 0 to 18, with a higher score
corresponding to more severe injury.

2.16 Statistical Analysis
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Data are presented as the mean ± SD, and statistical analyses were performed with SPSS 18.0 (SPSS,
Chicago, IL, USA). Numerical data were analyzed by one-way ANOVA to compare more than 2 groups,
followed by the LSD (L) test for post hoc analysis. A P value < 0.05 denoted a signi�cant difference.

3. Results

3.1 Glucose levels and neurological outcomes in
hyperglycemic rats were ameliorated by RSG treatment
after DAI
Blood glucose levels were signi�cantly higher in rats in the DAI 1 d group, DAI 1 d + HG group, and DAI 1 d 
+ HG + RSG group compared with those in the control group. The blood glucose level of rats detected in
the DAI 1 d + HG group was signi�cantly increased compared with that in the DAI 1 d group. Compared
with the DAI 1 d + HG group, RSG treatment decreased the blood glucose levels after DAI suffering
hyperglycemia (Fig. 1A).

Compared with that in the control group, the mNSS score was higher in the DAI 1 d group, indicating that
DAI signi�cantly induced neurological impairment on Day 1. A signi�cant elevation in the mNSS score
was found in the hyperglycemia-treated rats compared to the DAI 1 d group rats, suggesting that
signi�cant sensorimotor functional impairment occurred after hyperglycemia induction. However,
compared with that in the DAI 1 d + HG group, functional recovery was signi�cantly increased in the DAI 1
d + HG + RSG group (Fig. 1B).

3.2 Activation of PPARγ alleviated hyperglycemia-induced
axonal injury after DAI
In H&E-stained sections, cells were intact, and cell structures were clear in the control group. Nuclear
fragmentation and pyknotic, swollen, and tangled neurons were observed in the DAI 1 d group.
Hyperglycemia aggravated the pathological damage described above at 1 d after DAI, while in the DAI 1
d + HG + RSG group, abnormal histopathological changes were relieved. β-APP, NF-L, and NF-H are
considered markers of axonal damage. Compared to those in the control group, β-APP, NF-L and NF-H
expression levels were signi�cantly increased in the cortices of the DAI 1 d group rats. Hyperglycemia
increased the expression of β-APP, NF-L, and NF-H in the DAI 1 d + HG group. Compared with that in the
DAI 1 d + HG group, the expression of β-APP, NF-L, and NF-H was decreased in the DAI 1 d + HG + RSG
group (Fig. 2). The results suggest that hyperglycemia exacerbated axonal injury after DAI, and PPARγ
activation alleviated hyperglycemia-induced axonal injury.

3.3 Effects of hyperglycemia and PPARγ activation on glial
responses and cell apoptosis
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A TUNEL assay was used to assess cell apoptosis. The expression of the microglial cell biomarker Iba-1
and the astrocyte biomarker GFAP was detected by immunohistochemical staining. Few TUNEL-positive
cells, Iba-1-positive cells and GFAP-positive cells were detected in the control group. Compared to those in
the control group, the number of TUNEL-positive cells and the expression of Iba-1 and GFAP were
increased in the cortex in the DAI 1 d group. Compared to those in the DAI 1 d group, the number of
TUNEL-positive cells and the expression of Iba-1 and GFAP were signi�cantly increased in the DAI 1 d + 
HG group, whereas RSG treatment decreased the number of TUNEL-positive cells and the expression of
Iba-1 and GFAP after DAI and hyperglycemia induction (Figs. 3, 4).

3.4 Dynamic expression of PPARγ after DAI and OGD under
hyperglycemic conditions
Western blotting was performed to examine PPARγ expression at different time points after DAI and OGD.
Compared with that in the control group, PPARγ expression was signi�cantly decreased in the DAI 6 h
group, reaching a minimum in the DAI 1 d group and then gradually increasing in the DAI 3 d group
(Fig. 5A). Similarly, compared with that in the control group, PPARγ expression was signi�cantly
decreased in the OGD 3 h group, reaching a minimum in the OGD 6 h group and then stabilizing in the
OGD 9 h group (Fig. 5C). After hyperglycemia treatment, compared to that in the DAI 1 d group, PPARγ
expression was further decreased in the DAI 1 d + HG group, and compared to that in the OGD 6 h group,
PPARγ expression was further decreased in the OGD 6 h + HG group (Fig. 5B, 5D).

3.5 The roles of hyperglycemia and PPARγ in the regulation of BBB permeability and integrity in vivo and
in vitro

The immuno�uorescence staining results showed that ZO-1 expression was decreased following DAI, and
hyperglycemia worsened the decrease in ZO-1, indicating that the BBB was further disrupted, which was
accompanied by hyperglycemia, after DAI. RSG treatment resulted in signi�cantly higher levels of ZO-1
expression than DAI 1 d + HG treatment (Fig. 6A). Evans blue and BWC were used to monitor BBB
destruction and brain edema. Compared with observations in the control group, DAI induced signi�cant
brain edema and leakage of Evans blue, which was signi�cantly aggravated by hyperglycemia treatment
in the DAI 1 d + HG group, whereas RSG relieved cerebral edema and decreased Evans blue diffusion in
the DAI 1 d + HG + RSG group (Fig. 6B).

In vitro, after OGD for 6 h, the expression of occludin-1, ZO-1, and claudin-5 was decreased compared to
that in the control group. Meanwhile, hyperglycemia signi�cantly decreased the expression of TJ proteins
compared with that in the OGD 6 h group, while RSG treatment reversed the decrease in the expression of
TJ proteins induced by hyperglycemia (Fig. 7A). Compared with those in the control group, the TEER
decreased, whereas the HRP �ux increased in the OGD 6 h group. Hyperglycemia signi�cantly decreased
TEER and increased HRP �ux compared with observations in the OGD 6 h group. Compared with those in
the OGD 6 h + HG group, RSG treatment signi�cantly increased TEER and decreased HRP �ux in the OGD
6 h + HG + RSG group (Fig. 7B, 7C).
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3.6 RSG decreased the level of in�ammatory cytokines through the caveolin-1/TLR4 pathway after DAI
and hyperglycemia induction

In vivo, compared with that in the control group, caveolin-1 expression in the DAI 1 d group was slightly
higher after DAI, and hyperglycemia signi�cantly reduced caveolin-1 expression in the DAI 1 d + HG group,
while this change could be reversed by RSG treatment in the DAI 1 d + HG + RSG group (Fig. 8A).
Compared with those in the control group, the levels of TNF-α, IL-1β, and IL-6 were increased in the DAI 1
d group. When compared with those in the DAI 1 d group, the levels of TNF-α, IL-1β, and IL-6 were
increased in the DAI 1 d + HG group, while RSG decreased the levels of in�ammatory mediators in the DAI
1 d + HG + RSG group (Fig. 8B).

In vitro, compared with those in the control group, caveolin-1 expression was reduced, and TLR4
expression and the levels of in�ammatory mediators, including TNF-α, IL-1β, and IL-6, were increased in
the OGD 6 h group. In contrast to those in the OGD 6 h group, hyperglycemia signi�cantly reduced
caveolin-1 expression and increased TLR4 expression and the levels of TNF-α, IL-1β, and IL-6 in the OGD
6 h + HG group. After RSG treatment, caveolin-1 expression was increased, and TLR4 expression and the
levels of TNF-α, IL-1β, and IL-6 were decreased in the OGD 6 h + HG + RSG group (Fig. 9A, 9C). Cav-1
siRNA was used to downregulate caveolin-1 expression. Compared with those in the OGD 6 h + HG + RSG
group, TLR4 and Myd88 expression and the levels of TNF-α, IL-1β, and IL-6 were all increased in the OGD
6 h + HG + cav-1 siRNA + RSG group (Fig. 9B, 9D). These results indicate that hyperglycemia disrupted the
BBB model by increasing the expression levels of in�ammatory cytokines through the PPARγ/caveolin-
1/TLR4 pathway after DAI.

Discussion
Hyperglycemia (both peak glucose and persistent hyperglycemia) in TBI patients is associated with injury
severity and clinical outcomes[7, 23, 24]. Previous studies have shown that primary trauma evokes a
cascade of changes that result in secondary axonal injury[25]. The role of blood glucose in the secondary
mechanisms of neuronal damage after DAI has not yet been clari�ed. In this study, we found that
abnormal histopathological changes were exacerbated when DAI rats suffered hyperglycemia.
Meanwhile, the expression of markers of axonal damage, including β-APP, NF-L, and NF-H, and the
number of TUNEL-positive cells were increased signi�cantly in DAI rats with hyperglycemia, indicating
that hyperglycemia led to more serious secondary axonal damage after DAI. Similarly, the link between
hyperglycemia and a poor prognosis is also observed in ischemic stroke, subarachnoid hemorrhage,
intracerebral hemorrhage and other neurodegenerative diseases.

Next, the mechanisms underlying hyperglycemia leading to secondary damage after DAI were studied.
Persistent hyperglycemia results in acidosis, electrolyte disturbances, in�ammation, vessel disorders, BBB
rupture, and hyperpermeability. The BBB is a highly specialized arrangement of the vasculature that has
evolved to provide protection from potentially harmful pathogens that enter the bloodstream[26, 27]. In
many CNS diseases, such as stroke and subarachnoid hemorrhage, loss of BBB tight junction integrity
leads to increased paracellular permeability[26, 27]. Vascular endothelial cells are a signi�cant target of
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hyperglycemic damage, but the mechanisms underlying such damage to the cerebral microvasculature
are not fully understood[28, 29]. In this study, a possible role of hyperglycemia in the regulation of BBB
integrity following DAI was investigated. Hyperglycemia aggravated DAI-induced signi�cant brain edema
and Evans blue leakage in vivo, and OGD induced a decrease in TEER and increased HRP �ux in vitro. The
damage to BBB permeability caused by hyperglycemia contributed to a decrease in tight junction
proteins, including occludin-1, ZO-1, and claudin-5. Meanwhile, previous studies have also reported that
hyperglycemia leads to endothelial dysfunction and cerebrovascular changes during both ischemia and
reperfusion[30, 31]. However, the role of hyperglycemia in the secondary mechanisms of BBB damage after
DAI has not yet been clari�ed.

Neuroin�ammation is an important common determinant of increased BBB permeability. PPARγ is a
subunit of PPAR and is a ligand-activated nuclear transcription factor. PPARγ can be activated by its
ligand. PPARγ ligands attenuate degenerative processes in the brain through the control of anti-
in�ammatory mechanisms, oxidative stress, neuronal death, neurogenesis, differentiation, and
angiogenesis[32]. Once activated, PPARγ can combine with speci�c DNA response elements to regulate
the transcription and expression of genes, and neuroin�ammation is markedly suppressed in many
cerebral injuries[32]. Previous studies have demonstrated that PPAR-γ activation can exert neuroprotective
effects on many animal models of acute brain insults and can reduce brain edema. For example, AQP4
deletion protects BBB integrity by reducing in�ammatory responses due to upregulation of PPAR-γ
expression and attenuation of proin�ammatory cytokine release after acute severe hypoglycemia[33]. Our
�ndings indicate that PPARγ activation may alleviate axonal injury by reducing BBB disruption. In this
study, PPARγ expression was decreased signi�cantly after DAI and OGD. In the hyperglycemia-treated
groups, PPARγ expression was further decreased, indicating that the secondary damage to the BBB
induced by hypoglycemia was associated with the reduction in PPARγ expression.

Our previous study also showed that the PPARγ agonist RSG can protect BBB integrity by decreasing the
levels of in�ammatory mediators through a caveolin-1-dependent pathway. Upregulation of caveolin-1 by
RSG has been demonstrated to require superoxide formation and activation of Src, EGFR, and the Mek1-
Erk1/2 and p38 MAP kinase pathways[34, 35]. Caveolin-1 is a plasmalemmal anchoring protein and
modulator of vascular function and glucose homeostasis. A chronic hyperglycemic condition directly
decreased caveolin-1 expression in the brain neurons of diabetic rats, and the downregulation of caveolin-
1 induced by chronic hyperglycemic conditions is independent of mTOR signaling[36, 37]. In this study,
hyperglycemia signi�cantly reduced caveolin-1 expression after DAI and OGD. After RSG treatment,
caveolin-1 expression was increased, but all protective effects of RSG were abrogated when caveolin-1
expression was downregulated. These results indicate that RSG protected BBB integrity by upregulating
the expression of TJ proteins through the caveolin-1 pathway after DAI combined with hyperglycemia. In
contrast, one study found that high glucose could lead to the hyperpermeability of monolayer endothelial
cells through the VEGF/KDR pathway and caveolin-1 overexpression[38]. The role of caveolin-1 in
hyperglycemia-induced pathological changes requires further study.
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Experimental studies have shown that a hyperglycemic condition activates the production of IL-1, IL-6,
and TNF-𝛼[39–41]. All these in�ammatory factors have been reported to be related to secondary axonal
injury. IL-1𝛽 and TNF-α overexpression was strongly related to axonal injury, while IL-6 mRNA and protein
expression levels were also positive at sites where axonal injury was observed[42]. Moreover, brain injury
itself stimulates systemic in�ammation, leading to increased permeability of the BBB, which is
exacerbated by secondary brain injury. High glucose has been demonstrated to exacerbate
neuroin�ammation and apoptosis in the intermediate stage post-TBI by inhibiting the MEK5/ERK5
pathway[24]. In this study, the levels of in�ammatory mediators, including TNF-α, IL-1β, and IL-6, were
increased after DAI and OGD. Furthermore, hyperglycemia signi�cantly increased TLR4 expression and
the levels of TNF-α, IL-1β, and IL-6. After RSG treatment, TLR4 expression and TNF-α, IL-1β, and IL-6
levelswere decreased. Inhibition of caveolin-1 by Cav-1 siRNA abrogated the protective effect of RSG.
Thus, RSG protected the BBB model by increasing the expression of TJ proteins and decreasing the levels
of in�ammatory cytokines through the caveolin-1/TLR4 pathway after DAI combined with hyperglycemia.
Our previous �ndings indicated that TLR4 inhibition at 1 d after DAI effectively alleviated pathological
changes, including apoptosis, neuronal and axonal injury, and glial responses, with decreased
in�ammatory factor levels. Moreover, caveolin-1 could negatively regulate TLR4 activation[43, 44]. Reduced
caveolin-1 expression in monocytes could aggravate the TLR4-mediated in�ammatory cascade[45].
Studies have also found that cav-1 binds to TLR4 and inhibits lipopolysaccharide-induced
proin�ammatory cytokine (TNF-α and IL-6) production in murine macrophages. Mutation analysis
revealed a caveolin-1 binding motif in TLR4, which is essential for this interaction and for the attenuation
of proin�ammatory signaling[46].

In conclusion, our �ndings indicate that hyperglycemia exacerbated axonal injury, cell apoptosis, and glial
activation and destroyed BBB integrity by downregulating the expression of TJ proteins and accelerating
the release of in�ammatory mediators, accompanied by inhibition of PPARγ and activation of the
caveolin-1/TLR4 signaling pathways after DAI. Our �ndings provide evidence that hyperglycemia exerts
marked deleterious cerebral effects after DAI and suggest that PPARγ agonists hold considerable promise
with respect to new DAI accompanied by hyperglycemia treatment.
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Figure 1

Glucose levels and neurological outcomes in rats subjected to hyperglycemia and RSG treatment after
DAI. (A) Blood glucose levels (mM) in rats in each group. (B) The graph shows the mNSS score in each
group. 𝑛 = 6; ∗p< 0.05, compared with the control group; &p< 0.05, compared with the DAI 1 d group; #p<
0.05, compared with the DAI 1 d+HG group.

Figure 2

The effects of hyperglycemia and PPARγ agonists on axonal injury were assessed by H&E staining, and
the expression levels of NF-L, NF-H, and β-APP were determined through immunohistochemical staining
(scale bar=100 μm) after DAI. 𝑛 = 6; ∗p< 0.05, compared with the control group; &p< 0.05, compared with
the DAI 1 d group; #p< 0.05, compared with the DAI 1 d+HG group.

Figure 3

Effects of hyperglycemia and PPARγ agonists on cell apoptosis (× 40 magni�cation, n = 6) after DAI. 𝑛 =
6; ∗p< 0.05, compared with the control group; &p< 0.05, compared with the DAI 1 d group; #p< 0.05,
compared with the DAI 1 d+HG group.

Figure 4

Effects of hyperglycemia and PPARγ agonists on the glial response (scale bar=100 μm) after DAI. 𝑛 = 6;
∗p< 0.05, compared with the control group; &p< 0.05, compared with the DAI 1 d group; #p< 0.05,
compared with the DAI 1 d+HG group.

Figure 5

Dynamic PPARγ expression after DAI and OGD and the effects of hyperglycemia on PPARγ levels. (A)
Dynamic PPARγ expression after DAI at different time points. 𝑛 = 6; ∗p< 0.05, compared with the control
group; &p< 0.05, compared with the DAI 1 d group. (B) The effects of hyperglycemia on PPARγ expression
in the rat cortex following DAI. 𝑛 = 6; ∗p< 0.05, compared with the control group. (C) Dynamic PPARγ
expression after OGD at different time points. 𝑛 = 6; ∗p< 0.05, compared with the control group; &p< 0.05,
#p>0.05, compared with the OGD 6 h group. (D) The effects of hyperglycemia on PPARγ expression in the
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in vitro BBB model subjected to OGD and hyperglycemia. 𝑛 = 6; ∗p< 0.05, compared with the control
group.

Figure 6

Effects of hyperglycemia and PPARγ agonists on the expression levels of TJ protein and BBB
permeability after DAI in vivo. (A) ZO-1 expression levels assessed by immuno�uorescence staining (× 40
magni�cation). (B) BBB permeability was assessed by Evans blue diffusion and BWC. 𝑛 = 6; ∗p< 0.05,
compared with the control group; &p< 0.05, compared with the DAI 1 d group; #p< 0.05, compared with the
DAI 1 d+HG group.

Figure 7

Effects of hyperglycemia and PPARγ agonists on the levels of TJ protein expression and BBB
permeability after OGD in vitro. (A) The expression of occludin-1, ZO-1, and claudin-5 was determined by
Western blotting. (B, C) TEER and HRP �ux were measured to assess BBB integrity in vitro. 𝑛 = 6; ∗p<
0.05, compared with the control group; &p< 0.05, compared with the OGD 6 h group; #p< 0.05, compared
with the OGD 6 h+HG group.

Figure 8

Effects of hyperglycemia and PPARγ agonists on the expression of caveolin-1, TNF-α, IL-1β, and IL-6 after
DAI. (A) Caveolin-1 expression levels assessed by immuno�uorescence staining (× 40 magni�cation). (B)
The effects of hyperglycemia and PPARγ agonists on the levels of TNF-α, IL-1β, and IL-6 in the rat cortex
following DAI were determined by ELISA. 𝑛 = 6; ∗p< 0.05, compared with the control group; &p< 0.05,
compared with the DAI 1 d group; #p< 0.05, compared with the DAI 1 d+HG group.

Figure 9

In vitro, hyperglycemia disrupted the BBB model by increasing the levels of in�ammatory factors through
the PPARγ/caveolin-1/TLR4 pathway. (A) The expression levels of caveolin-1 and TLR4 were determined
by Western blot. 𝑛 = 6; ∗p< 0.05, compared with the control group; &p< 0.05, compared with the OGD 6 h
group; #p 0.05, compared with the OGD 6 h+HG group. (B) The expression levels of TLR4 and Myd88
were determined by Western blot. 𝑛 = 6; ∗p< 0.05, compared with OGD 6 h+HG+RSG. (C) The levels of
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TNF-α, IL-1β, and IL-6 after OGD, hyperglycemia induction, and RSG treatment were determined by ELISA.
𝑛 = 6; ∗p< 0.05, compared with the control group; &p< 0.05, compared with the OGD 6 h group; #p 0.05,
compared with the OGD 6 h+HG group. (D) The levels of TNF-α, IL-1β, and IL-6 after OGD, hyperglycemia
induction, Cav-1 siRNA, and RSG treatment were determined by ELISA. 𝑛 = 6; ∗p< 0.05, compared with
OGD 6 h+HG+RSG.


