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Abstract

Objective—Inflammation is an important component of the response to traumatic brain injury
(TBI). Progesterone has been shown to inhibit neuroinflammation following (TBI), and may do so
through Toll-like receptor (TLR) -mediated pathways. /7 vitro studies indicate that 1,25-
dihydroxyvitamin D(3) (VDH) may also modulate the inflammatory response through the TLR4
pathway. We tested the hypothesis PROG and VDH would exert additive and synergistic
neuroprotective effects compared with individual treatment by modulating TLR4/NF-xB-mediated
inflammation pathways after TBI in rats.

Research Design and Methods—Bilateral medial frontal cortical impact injury was induced
in young adult Sprague-Dawley rats. Progesterone (i.p., 16 mg/kg body weight) and VDH (1 ug/kg
body weight) were injected separately or combined at 1 and 6 h after surgery. Rats were killed 24
h post-surgery and peri-contusional brain tissue harvested for immunostaining and protein
measurement.

Results—TLR4, phosphorylation of NF-xB,. neuronal loss, and astrocyte activation were
significantly reduced with combination treatment after TBI compared to each agent iven
individually.

Conclusions—At 24h after TBI, combination therapy shows greater efficacy in reducing
neuroinflammation compared to progesterone and VVDH given separately, and does so by
modulating the TLR4/NF-xB signaling pathway.
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Introduction

Traumatic brain injury (TBI) is a complex disease comprised of a primary insult and a
progressive secondary cascade of inflammatory and immune responses [1, 2] resulting in
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neuronal apoptosis, necrosis, neuronal degeneration [3], neurological deficits [4], and
chronic behavioural impairments [5]. The mechanisms involved in this injury cascade are
still not completely understood, but recent studies have shown that Toll-like receptors (TLR)
play an important role in the neuroinflammation activated by TBI [6], cerebral stroke [7],
Alzheimer's Disease [8], and subarachnoid hemorrhage (SAH) [9]. Modulating TLR activity
may be a potential target for therapeutic innovations for brain injury.

The TLR is an important player in controlling the extent of brain damage because it triggers
a cascade of inflammatory signaling events resulting in the activation of NF-xB, and
subsequent production of inflammatory mediators [10] that precipitate more damage to
vulnerable CNS tissue and reduce the chances for functional recovery. For example,
activation of TLR4 stimulates 1xB phosphorylation and degradation, which results in the
phosphorylation and translocation of NF-xB. Phosphorylated NF-xB then triggers the
transcription of downstream genes [11, 12]. NF-xB controls the transcription of a variety of
genes involved in inflammation, including TNFa, IL-18, COX2 and iNOS, and these in turn
initiate an acute inflammatory response post-TBI [13-16]. Since most inflammatory
cytokines increase within 24 h after the original injury and the secondary injury develops
quickly [13, 17], we chose to investigate TLR4/NF-kB-mediated neuroinflammation at 24 h.

The story about the role of inflammation in brain injury is complex because moderate
inflammatory responses induced by TLRs are protective and needed for immune defense
against exogenous pathogens and tissue repair, while excessive or chronic inflammation
mediated by these same receptors will lead to irreversible tissue damage and its consequent
pathologies [18]. In a mouse model of transient cerebral ischemia, TLR4 knock-out (KO)
mice had lower expression of mediators indicating brain inflammation and damage,
including interferon regulatory factor-1(IRF1), matrix metalloproteinase-9 (MMP9),
inducible nitric oxide synthase (iNOS) and COX2, significantly smaller infarct volume, and
improved neurological behaviour compared to wild-type mice within 24 h after ischemic
insult [19, 20]. In general, much of the recent literature on the role of TLRs in
neuroinflammation-related disorders suggests that TLR signaling has potential as a
therapeutic target against brain injury.

Despite decades of effort, there are still no clinically available neuroprotective agents to
combat the injury cascade, but studies from our and other laboratories have consistently
demonstrated that progesterone, a potent, pleiotropic developmental neurosteroid, modulates
diverse secondary injury mechanisms in TBI, including apoptotic pathways, diffuse axonal
injury, lipid peroxidation [21-23], the expression of inflammatory cytokines, and immune
cell activation and migration [6, 24-27],

Many studies have now concluded that progesterone is a promising neuroprotective drug in
experimental models of stroke and TBI [28, 29], but initial analyses of Phase 111 clinical
trials with progesterone have not been successful on their quality-of-life measures of
functional outcome [30, 31]. This failure may be due in part to the exclusive use of
monotherapies to treat complex, heterogeneous disorders like brain injury. A recent
workshop sponsored by several national public health communities including the National
Institute of Neurological Disorders and Stroke, National Institutes of Health Heart Lung and
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Blood Institute, National Institute of Child Health and Human Development, and the
Department of Veterans Affairs recommended that researchers turn their attention to
potential combination therapies in TBI treatment, especially during the first 72 h after TBI
[32]. The workshop specifically recommended that progesterone be considered as a
promising agent whose neuroprotective effects might be enhanced by combination with
other agents.

A recent study found that progesterone activates a number of genes that modulate TLR-
mediated signaling pathways on mice after TBI [6]. A series of studies of SAH in male rats
have shown that progesterone can regulate TLR4 and nuclear factor-kappa B (NF-xB)
signaling pathways in early brain injury after SAH, and that post-SAH progesterone
administration may attenuate TLR4/NF-xB signaling following SAH [26]. More recently we
showed that blocking of TLR4 signaling mediates the expression of inflammatory cytokines
and protects the brain from acute damage induced by ischemia/reperfusion injury [33].

Vitamin D hormone (VDH), like progesterone, is a potent secosteroid hormone and has been
shown to exert its own anti-inflammatory effects by promoting negative feedback regulation
of TLR4 signaling in macrophages [34] and human myometrial cells [35].

We have previously shown that combined treatment with progesterone and VDH has better
efficacy than either agent alone in reducing spatial and reference memory impairment after
TBI in both adult and middle-aged rats [36-38]. To more fully elucidate the mechanisms
underlying these effects, we tested the idea that combining progesterone with VDH would
act on inflammatory responses induced by TBI, and that this regulation of inflammation
would occur specifically through TLR4/NF-xB-mediated pathways in rats with TBI. Here
we used a bilateral medial frontal cortex contusion model to mimic TBI and tested the
hypothesis that (1) the combination therapy would inhibit inflammation post-TBI more
effectively than each agent given individually; (2) the combination therapy would exert its
effects by regulating the TLR/NF-kB-mediated signaling pathway, and would do so more
effectively than the individual treatments; (3) the combination therapy would reduce
astrocyte activation and neuron loss post-TBI more effectively than individual treatments.

Forty male Sprague-Dawley rats with a body weight of 285+20 g were obtained (Charles
River Laboratories, Wilmington, MA, USA) and housed in the Division of Animal
Resources of Emory University. All animal experiments were carried out in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 85-23, revised 1996). Animal care and experimental protocols (#2001032)
were approved by the Emory University Institutional Animal Care and Use Committee. Rats
were assigned by chance to one of five groups: sham injury control plus vehicle treatment
(Sham, n=8), TBI plus vehicle treatment (TBI, n=8), TBI plus progesterone treatment (TBI
+P, n=8), TBI plus VDH treatment (TBI+D, n=8), and TBI plus VDH and progesterone
treatment (TBI+P+D, n=8).

Brain Inj. Author manuscript; available in PMC 2016 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al. Page 4

Surgery and treatment

The animals were anesthetised with isoflurane (5.0% induction, 2.0-2.5% maintenance) and
surgery was performed using aseptic techniques. A SurgiVetTM pulse oximeter (model
V3304) was placed on the rear paw to monitor and maintain blood SpO2 at or above 90%. A
heart rate monitor with its sensor attached to the other hind paw was used to observe and
maintain a rate of 300 beats per minute. To prevent hypothermia during surgery, a
homeothermic blanket control unit (Harvard Apparatus, Holliston, MA) was used to monitor
and maintain core body temperature (37.5° C). Using aseptic techniques, a midline incision
was made along the scalp into the skin and fascia covering the skull, exposing the cranium.
A 6-mm diameter mid-sagittal bilateral craniotomy was performed 3 mm anterior to the
bregma and a controlled cortical impact was produced in the medial frontal cortex by an
electromagnetic cortical contusion device (5-mm diameter impactor tip) with an impact
velocity of 2.25 m/s and dwelling time of 500 ms, to a depth of 3.5 mm ventral to bregma
(Figure 1) as previously described [39]. The incision was sutured closed after all bleeding
had stopped. In the sham group, there was no impact and the incisions were sutured closed
after comparable time under anesthesia.

In a previous study [37], we found that 16 mg/kg of progesterone combined with 1 pg/kg of
VDH had optimal efficacy in sparing spatial learning and memory in adult rats after TBI. We
therefore used the same dosing in the present study. A recent dose-response study reported
that 1 ug/kg VDH combined with 16 mg/kg progesterone led to greater improvement of
behavior outcomes than high-dose VDH (5 ug/kg), which failed to improve spatial learning
performance after TBI [37].

The preparation and administration of progesterone and VDH are described in our previous
papers [37, 38]. In brief, progesterone was administered in 2-hydropropyl-p-cyclodextrin
(HBC; 22.5% wi/v solution with 2% ethanol in dH,0) as the solvent. VDH (1,25-
dihydroxyvitamin D(3)) was administered in 22.5% HBC with 2% ethanol. All sham and
vehicle groups received a volume of 22.5% HBC with 2% ethanol vehicle equal to the
volume of the progesterone + VDH dose. Progesterone and VVDH separately or combined
were injected intraperitoneally 1 h post-injury and a second dose was given at 6 h post-
injury.

Tissue preparation

Twenty-four hours after surgery, rats were anesthetised with 5% isoflurane for 5 min. Five
animals from each group were perfused with ice-cold 0.05 M phosphate-buffered saline
(PBS; 200 ml) via the ascending aorta. The cortex around the contusion was harvested for
western blots (Figure 1, label 1) and ELISA (Figure 1, label 2). The other 3 animals from
each group were perfused with 0.05 M PBS and fixed with 10% formalin buffer (pH= 7.4,
250 ml). Brains were then extracted from the skull, post-fixed for 24 h at 4°C in the same
fixative, and placed in increasing amounts of 0.1 M phosphate-buffered sucrose (10%, 20%,
30%) each day for 3 days. Finally, brains were covered with cryoprotectant, frozen using 2-
methyl-butane chilled on dry ice, placed in a cryostat, and cut into 20-um coronal sections.
Sections were stored in cryoprotectant at —80°C [38].
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Western blotting

ELISA

IHC and IF

Protein was extracted from the 5 samples from each group, electrophoresed with 4-20%
sodium dodecyl sulfate (SDS) -polyacrylamide gradient gel, and transferred onto
polyvinylidene fluoride transfer membranes (Immobilon-P, 0.45 um, Millipore, Billerica,
MA, USA). The membranes were incubated with primary antibodies: rabbit anti-COX2
(1:200, ab15191, Abcam, Cambridge, MA, USA), mouse anti-GFAP (1:1000, MAB360,
Millipore), rabbit anti-iNOS (1:200, ab15353, Abcam), mouse anti-MAP-2 (1:1000,
MAB3418, Millipore), rabbit anti-NF-xB p65(1:1000, #8242, Cell Signaling, Danvers, MA,
USA), mouse anti-Phospho-NF-xB p65 (1:1000, #3036, Cell Signaling), mouse anti-IxB
(1:1000, #9242, Cell Signaling), mouse anti-Phospho-1xB (1:1000, #9246, Cell Signaling),
and rabbit anti-TLR-4 (1:200, sc16240, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
followed by incubation with peroxidase-conjugated secondary antibodies. The signals were
detected by an enhanced chemiluminescence system (E2400, Denville Scientific, South
Plainfield, NJ, USA). The same membranes were incubated with antibody for B-actin as a
control after washing with stripping buffer (21059, Thermo Scientific, Waltham, MA, USA).
The blotting signals were quantified using ImageJ software (NIH) and presented as adjusted
density normalised to density of actin in the same gel.

ELISA kits for TNF-a and IL-1p (eBioscience Inc., San Diego, CA, USA) were used to
examine these two factors' concentration in brain tissue according to the manufacturer's
instructions. The absorbance signals were read on a Synergy HT multi-mode microplate
reader (BioTek, Winooski, VT, USA) with a wavelength of 450 nm and a reference of 570.
The concentrations of TNF-a and IL-1p were calculated according to the standard curve and
presented as pg/mg tissue.

Three slides from each group at 3 mm to 2 mm anterior to bregma were labeled for TLR-4
using immunohistochemistry (IHC) and the slides from the TBI group were double-labeled
for TLR4 with GFAP, CD31, CD68 or MAP-2 using immunofluorescence (IF). For IF
double staining, the slides were air-dried for 2 h, washed 3 times in PBS, incubated with
blocking buffer (1% BSA in PBS) at RT for 30 min, and then co-incubated with rabbit anti-
TLR-4 antibody (1:200, sc16240, Santa Cruz) and mouse anti-rat GFAP primary antibody
(1:200, MAB360, Millipore), mouse anti-rat MAP-2 primary antibody (SC32791, Santa
Cruz), mouse anti-CD31 primary antibody (1:200, 550300, BD Pharmingen), or mouse anti-
CD68 primary antibody (1:200, ab31630, Abcam) for 1h at RT. Slides were washed 3 times
in PBS and incubated with goat anti-rabbit IgG (H + L) labeled with Alexa Fluor 594 F(ab”)
fragment (A-11071, Molecular Probes, Carlsbad, CA, USA) and goat anti-mouse 1gG (H +
L) labeled with Alexa Fluor 488 F(ab”) fragment (A-11001, Molecular Probes) for 1 h at RT,
then rinsed with PBS for 3 x 5 min and covered with the mounting medium DAPI. For
TLR-4 IHC, the slides were air-dried for 2 h, washed 3 times in PBS, incubated with 0.3%
H»0, for 15 min followed by washing 3 times in PBS. The slides were then blocked by
protein block (X0909 Dako, Carpinteria, CA, USA) for 1 h and incubated in diluted primary
antibodies at 4° C overnight. A peroxidase-based visualisation kit (Universal LSABTM+Kit/
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HRP, K0690, Dako) and DAB was used to detect the positive signal. The tissue was
examined and photographed with a Zeiss Axioskop microscope with an Axiocam camera
(Zeiss, Jena, Germany).

Statistical analysis

The results are presented as mean = SE. One-way ANOVA with Tukey post-hoc
comparisons were used to analyse all the data. Sigmaplot 11.0 was used for data analyses
and statistical significance was set at p < 0.05.

Results

The effect of combination therapy on the expression of TLR4 after TBI

To detect the activation of TLR4 activity, its expression was evaluated by western blot and
immunostaining. Immunostaining for TLR4 in the cytoplasm showed that the sham-operated
animals had less positive TLR4 staining than animals in the injury groups (Figure 2C).

Densitometric analysis of western blots revealed a significant difference in the expression of
TLR4 among groups (£ (4, 20 = 6.419, p<0.01). TBI significantly increased the expression of
TLR4 compared to sham-operated animals p<0.01, Figure 2A and B). Neither progesterone
nor VDH alone affected TLR4 expression significantly (Figure 2A and B, p>0.05) but
combination therapy significantly reduced TLR4 expression compared with vehicle and
VDH as detected by western blot (Figure 2A and B, £p<0.05).

As revealed by IF double staining, TLR4 was expressed in GFAP-, MAP-2-, and CD68-
positive cells proximal to the lesion site (Figure 2D).

The modulation of nuclear transcription factor activation by combination therapy

Western blotting showed that neither NF-xB nor 1xBa total protein differed significantly
between any treatment groups (Figure 3A, B, D, and E), but the expression of pNF-xB and
plxBa was significantly different among the groups (£ (4, 20)=5.629, p<0.05; F (4, 20) =5.701,
p<0.05, respectively). TBI induced significantly higher expression of pNF-xB compared
with Sham treatment (Figure 3A and C, p< 0.01). Neither progesterone nor VDH alone
affected the expression of pNF-xB compared with vehicle treatment. However, both
progesterone and VDH reduced plxBa expression significantly compared to vehicle (p <
0.05). The combination therapy inhibited the phosphorylation of both NF-xB and IxBa
significantly compared to vehicle, progesterone alone, or VDH treatment alone (p < 0.05)
(Figure 3F).

The effect of combination therapy on the expression of inflammatory cytokines

After NF-xB phosphorylation and translocation to the cell nucleus, the expression of
inflammatory cytokines is stimulated to initiate the inflammatory cascade [12, 16]. As
shown in Figure 4, there were significant differences in TNF-a and IL-1p expression among
the groups revealed by ELISA (F (4, 20) =3.313, p<0.05; F (4, 20) =4.60, p<0.05, respectively).
We observed that pro-inflammatory factors TNF-a and IL-1p were significantly increased
after TBI (Figure 4A and D, p< 0.01). The combination therapy, but neither progesterone
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nor VDH alone, reduced the expression of TNF-a compared with vehicle (p < 0.05).
Progesterone, VDH, and combination therapy all down-regulated the expression of IL-18
significantly compared with vehicle alone (p < 0.05). There were no significant differences
among the progesterone, VDH, and combination groups in the expression of IL-1 f.

Activation of NF-xB also induced the expression of COX-2 and iNOS. The expression of
COX-2 and iNOS were significantly different among the treatment groups as assessed by
ELISA (F (4, 20) =9-339, p<0.05; F (4, 20y =2.776, p<0.05, respectively) and western blotting
(F (4, 20)= 6.575, p<0.05; F (4, 20)= 5.867, p<0.05, respectively). Western blotting revealed a
significant upregulation of COX-2 and iNOS after TBI-plus-vehicle treatment compared to
Shams (Figure 4B, C, E, and F, p < 0.01). Both progesterone alone and the combination
therapy led to significant inhibition in the expression of both enzymes compared with TBI-
plus-vehicle treatment (p < 0.05), whereas VDH showed no significant effect. The
combination therapy also showed a significantly stronger inhibition of iNOS compared to
progesterone alone (p < 0.05).

The effect of combination therapy on neuron loss and astrocyte activity

Western blot analysis showed significant differences in MAP-2 and GFAP expression among
all treatment groups (£ (4, 20y =9.346, p<0.05; F (4, 20) =6.738, p<0.05, respectively). TBI
induced significant neuronal loss and astrocyte activation compared with sham treatment
(Figure 5A-D, p < 0.01). Only the combination treatment reduced the expression of GFAP
compared with TBI, indicating a lower activation of astrocytes (p < 0.05). Progesterone,
VDH, and the combination treatment all alleviated the loss of MAP-2 significantly
compared with TBI (TBI + P vs. TBI, TBI + D vs. TBI, p< 0.05, and TBI + P + D vs. TBI,
p<0.01). The combination therapy also showed a stronger effect on the sparing of MAP-2
expression compared with either progesterone or VDH treatment alone (0 < 0.01).

Discussion

Combination therapy and acute neuroinflammation after TBI

In this report we investigated the activity of the TLR4/NF-xB-mediated pathways at 24 h
after TBI. We found that at this acute stage of the injury, progesterone alone did not
significantly reduce TLR4 or pNF-xB expression compared with vehicle treatment. This
finding is consistent with an earlier study from our lab showing that progesterone does not
down-regulate increased TLR mRNA expression or TLR adaptor proteins in traumatically
injured brain at 24 h in mice [6]. In contrast, Chen et al. [40] have demonstrated that
progesterone reduces TLR2/4 mRNA expression as well as NF-xB activation at 5 days after
TBI in rats—an effect different from that observed in the acute stage of the injury.

Interestingly, at 24 h post-TBI, we found that the combination of progesterone and VDH
treatment reduced the expression of TLR4 compared with vehicle. The combination therapy
more effectively inhibited phosphorylation of NF-xB by reducing phosphorylation and
degradation of I1xB. Here we propose that in the context of TBI, progesterone alone can
exert effects on the TLR4/NF-xB pathway at later time points [40], and when given together
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with VDH, its effect may be strengthened or advanced to an earlier time point where it is
most critical to stem the inflammatory cascade.

TLR4 was expressed in GFAP-positive astrocytes, CD31-positive endothelial cells, CD68-
positive microglia and MAP2-positive neurons adjacent to the injury site, and increased
significantly together with the phosphorylation and activation of NF-xB and the up-
regulation of TNF-a, IL-1B, COX2 and iNOS. All these factors play a critical role in
initiating and sustaining the inflammatory cascade that frequently follows significant brain
injury. Here we demonstrate that a cocktail of agents like progesterone and vitamin D can
reduce this evolving cytotoxicity and that this combination is necessary to prevent injured
neurons and their support cells from dying off over time. In a clinical setting, these
neuroprotective effects should result in better prognoses and functional recovery.

Earlier studies have reported that progesterone inhibits the neuroinflammatory response after
TBI by regulating NF-xB signaling and reducing IL-1p, IL-6 and TNFa expression [41, 42],
all of which are implicated in the modulation of TLR4-mediated immune and inflammatory
responses [25, 40]. However, given alone, progesterone was only partially successful in
attenuating the inflammatory cascade after TBI [40].

In contrast, Chen et al. demonstrated that progesterone reduces TLR2/4 mMRNA expression
as well as NF-xB activation at 5 days after TBI in rats. Si et al. [43] found that progesterone
treatment significantly reduced post-injury inflammatory response, brain edema and Evans
blue dye extravasation, and improved neurological scores compared with TBI at 24 h
following injury. However, Gilmer et al. [44] found that, at 7 days post-injury, progesterone
alone failed to alter cortical edema or tissue sparing at either 8 or 16 mg/kg. These
inconsistencies perhaps further strengthen the argument for developing combination
therapies with synergistic neuroprotective actions for treatment of CNS injuries.

We take our current data to support our working hypothesis that in the context of TBI,
progesterone alone can exert effects on the TLR4/NF-xB pathway at later time points [40],
and when given together with VDH, its effect may be strengthened or advanced to an earlier
time point where it is most critical to stem the inflammatory cascade. Like progesterone,
VDH can also exert some of its anti-inflammatory effects by promoting negative feedback
regulation of TLR signaling in macrophages [34] and human myometrial cells [35].

It is generally agreed that TNFa and IL-1p are important inflammatory cytokines modulated
by NF-xB and both unleash inflammatory responses to TBI and aggravate tissue damage
and neurological deficits [17, 45]. At 24 h post-TBI, the combination therapy reduced the
expression of both TNFa and IL-1 significantly compared to vehicle. Although both
progesterone and VDH can significantly inhibit the elevation of IL-1, when given
individually in the doses used here, they failed to suppress TNFa compared to vehicle at 24
h.

In the present study, both progesterone and the combination of progesterone and VDH
reduced the expression of both COX2 and iNOS compared with vehicle-alone treatment.
Furthermore, the combination showed a more robust inhibition of iNOS compared to
progesterone alone, indicating that combination with VDH can enhance progesterone's
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effect. Why is this finding important? COX2 plays an important role in inflammatory
responses to TBI by converting arachidonic acid from injured membranes into
prostaglandins and releasing ROS [46]. The products of COX2 following TBI may result in
damage to the blood-brain barrier and neural membranes [46], triggering more extensive
injury. In rat and mouse TBI models, iINOS mRNA can increase as early as several hours
after injury and lead to production of NO, which then reinforces the injury cascade and leads
to further cell loss and functional disruption [47, 48]. Several studies report that application
of iINOS antisense oligonucleotides prior to TBI reduced the release of NO and lesion
volume [47, 49].

Combination therapy, neuron loss and glial activation in the acute phase of TBI

Another important component of injury repair is to stabilise the metabolic machinery of the
cell. MAP-2 is required for microtubule stability, dendritic elongation, and the interaction of
microtubules with other organelles because it facilitates the polymerisation of pure tubulin
into microtubules [50]. Therefore, injury-induced MAP2 degradation indicates neuron loss
[51, 52]. We observed a rapid degradation of MAP2 proximal to injured cortex at 24 h post-
TBI. . Both progesterone and VDH alleviated the loss of MAP2 compared to vehicle, and
this protective effect was enhanced with the combined treatment.

At the anatomical level, following TBI, neuroinflammation contributes to ongoing
neurodegeneration and neurological impairments by activation of glial cells, leukocyte
recruitment and the upregulation of inflammatory mediators (Morganti-Kossmann et al.,
2007). Reactive astrocytes migrate to the lesion site, where they can create a dense barrier
that inhibits axonal regeneration and prevents restoration of functional neuronal connections
required for axonal growth and repair [53]. The over-activation of astrocytes after TBI
increases neuronal cell death and can worsen functional outcome after TBI [54]. In our
hands, neither progesterone nor VDH alone inhibited the increase in GFAP, a measure of
reactive astrocyte activity, compared with vehicle, but combination therapy reduced GFAP
expression compared to both vehicle and individual drug treatment.

This better neuroprotection afforded by the effects of combination therapy on astrocyte
activity and neuronal loss could be the result of the robust inhibition of TLR4/NF-xB-
mediated neuroinflammatory pathways which, if left untended, over time would contribute
to further neurodegeneration and impaired recovery instigated by the initial injury.

In conclusion, our current research is but one step in identifying the possible mechanisms of
progesterone combined with VDH on acute inflammatory response after TBI. It is becoming
evident that progesterone and VDH share some pathways in common but they also mediate
different genes in both normal and pathological processes. The combination therapy is likely
to modulate other important factors and signaling pathways in the inflammatory cascade
after TBI that we have yet to study. The interaction between progesterone and VDH in the
context of brain injury is a promising direction for future experiments and for finding a safe
and effective therapy for the multiple brain and systemic effects caused by CNS trauma or
stroke. Overall, it is becoming increasingly clear that to treat the highly complex and
systemic nature of brain injuries, monotherapies or “magic bullet” approaches may not be
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the answer to the development of a safe and effective treatment for TBI and its related
disorders.
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Figure 1.
Schematic indication of the cortical contusion injury area (the circle indicates the site of

controlled cortical impact (CCI)) induced by an electromagnetic cortical contusion device
and the detected area around the injured brain. Label 1 indicates the cortex collected for
western blots. Label 2 indicates the cortex collected for ELISA.
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Figure 2.
TLR4 expression at 24 h after traumatic brain injury (TBI) and the effect of combination of

progesterone and vitamin D (VDH) on TLR4 expression. A. Protein expression of TLR4
assessed by western blot. B. Adjusted density of TLR4. n=5, a: p< 0.05 vs. Sham; B: p <
0.05 vs. TBI. C. Immunostaining of TLR4 (indicated by arrows). D. Double-labeling of
TLR4/GFAP, TLR4/MAP2, TLR4/CD31, and TLR4/CD68. Scale bar is 20 pm. Sham: sham
with vehicle treatment; TBI: TBI with vehicle treatment; TBI+P: TBI with progesterone
treatment; TBI+D: TBI with vitamin D treatment; TBI+P+D: TBI with progesterone and
VDH combination treatment, n=5.
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The effect of treatments on NF-xB and IxBa activation at 24 h after TBI. A. Representative
bands of western blots of NF-xB and pNF-xB. B. Adjusted density of NF-xB. C. Adjusted
density of pNF-xB. D. Representative bands of western blots of IxBa and plxBa. E.
Adjusted density of 1xB. F. Adjusted density of plxBa. n=5, a: p<0.05 vs. Sham; p: p<
0.05 vs. TBI; y: p<0.05 vs.compared with TBI+P and TBI+D. Sham: sham with vehicle
treatment group; TBI: TBI with vehicle treatment group; TBI+P: TBI with progesterone
treatment group; TBI+D: TBI with vitamin D treatment group; TBI+P+D: TBI with
progesterone and vitamin D combination treatment group, n=5.
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The effect of treatments on the expression of inflammatory factors at 24 h after TBI. A.
TNFa expression shown by ELISA. B. Representative bands of COX2 shown by western
blot. C. Adjusted density of COX2. D. IL-1p expression assessed by ELISA. E.
Representative bands of iNOS shown by western blot. F. Adjusted density of iNOS. n=5, a.:
p<0.05 vs. Sham; B: p<0.05 vs. TBI; y: p<0.05 vs. TBI+P and TBI+D. Sham: sham with
vehicle treatment group; TBI: TBI with vehicle treatment group; TBI+P: TBI with
progesterone treatment group; TBI+D: TBI with vitamin D treatment group; TBI+P+D: TBI

with progesterone and vitamin D combination treatment group, n=5.
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The effect of a combination of progesterone and VDH on the expression of GFAP and
MAP-2 at 24 h after TBI. A. Representative bands of GFAP shown by western blot. B.
Adjusted density of GFAP. C. Representative bands of MAP-2 shown by western blot. D.
Adjusted density of MAP-2. n=5, a.: p<0.05 vs.Sham; pB: p<0.05 vs. with TBI; y: p<0.05
vs. with TBI+P and TBI+D. Sham: sham with vehicle treatment group; TBI: TBI with
vehicle treatment group; TBI+P: TBI with progesterone treatment group; TBI+D: TBI with
vitamin D treatment group; TBI+P+D: TBI with progesterone and vitamin D combination
treatment group, n=5.
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