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Abstract

Estrogen plays an important role as a neuroprotector in the central nervous system (CNS), directly interacting with neurons

and regulating physiological properties of non-neuronal cells. Here we evaluated estrogen sulfate (E2-SO4) for traumatic

brain injury (TBI) using a Sprague–Dawley rat model. TBI was induced via lateral fluid percussion (LFP) at 24 h after

craniectomy. E2-SO4 (1 mg/kg BW in 1 mL/kg BW) or saline (served as control) was intravenously administered at 1 h after

TBI (n = 5/group). Intracranial pressure (ICP), cerebral perfusion pressure (CPP), and partial brain oxygen pressure (pbtO2)

were measured for 2 h (from 23 to 25 h after E2-SO4 injection). Brain edema and diffuse axonal injury (DAI) were assessed

by diffusion tensor imaging (DTI), and cerebral glycolysis was measured by 18F-labeled fluorodeoxyglucose (FDG) positron

emission tomography (PET) imaging, at 1 and 7 days after E2-SO4 injection. E2-SO4 significantly decreased ICP, while

increasing CPP and pbtO2 ( p < 0.05) as compared with vehicle-treated TBI rats. The edema size in the brains of the E2-SO4

treated group was also significantly smaller than that of vehicle-treated group at 1 day after E2-SO4 injection ( p = 0.04), and

cerebral glycolysis of injured region was also increased significantly during the same time period ( p = 0.04). However,

E2-SO4 treatment did not affect DAI ( p > 0.05). These findings demonstrated the potential benefits of E2-SO4 in TBI.
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Introduction

Traumatic brain injury (TBI) accounts for > 52,000 fatali-

ties and 90,000 cases of premorbid loss of brain function in the

United States annually.1,2 TBI increases vasogenic fluid in the

brain, resulting in cerebral edema that elevates intracranial pressure

(ICP) and decreases cerebral perfusion pressure (CPP).3–5 These

lead to cerebral hypoxia and eventually ischemia.6 Oxidative stress

causes neuronal degeneration; therefore, partial brain oxygen

pressure (pbtO2) has been used as a physiological biomarker to

assess the severity of TBI.7 Because nearly half of all TBI patients

die within the first 2 h after injury, there is an urgent need for a

novel therapeutic agent to induce instant salutary effects before

patients arrive at the hospital.8,9

Estrogen sulfate (E2-SO4) is the most abundant and potent en-

dogenous estrogen in vertebrates, and it plays a pivotal role in

neural network formation, neuronal activity, and synaptogen-

esis.10–13 E2-SO4 reduces cortical contusion volumes, apoptosis,

blood–brain barrier permeability, edema, levels of pro-inflamma-

tory cytokines, and ICP.14 E2-SO4 also increases CPP, improving

neurological scores,15 and protects neurons from oxidative stress.16

Therefore, E2-SO4 has significant potential to serve as the first line

treatment in TBI.

Diffusion tensor imaging (DTI) is a physiological magnetic res-

onance imaging (MRI) technique, which can measure the aniso-

tropic diffusion of water molecules.17 In white matter, water

molecules diffuse along the nerve fibers, and the magnitude of the

directional diffusion of water molecules can be quantitated with

fractional anisotropy (FA) values. Therefore, the high FA values

represent that the nerve fibers are aligned in the same direction.

However, in the case of diffuse axonal injury (DAI), the fiber track is

disrupted, and, therefore, the FA value is decreased. DTI can as-

certain FA values, and has been used to assess DAI clinically.17–20

DTI can also measure the isotropic diffusion of water molecules,

which is quantitated as apparent diffusion coefficient (ADC) value.21

The edema region contains many extracellular water molecules;

therefore, it presents the higher ADC values than normal brain tissue.

In a pilot clinical study, Zuccoli and coworkers recently reported that

the mean ADC value of edematous regions was * 70% higher than

that of normal-appearing brain tissue.22

18F-labeled fluorodeoxyglucose (FDG), a radiotracer used in

positron emission tomography (PET) imaging, accumulates inside

cells proportionally to glycolysis; therefore, it has been utilized for

noninvasive assessment of cell viability in a target tissue.23

18F-FDG uptake normalized to the body weight, referred to as

standardized uptake value (SUV), has demonstrated reasonable
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reproducibility in an animal model.24 18F-FDG PET imaging has

been used in TBI patients,25 and the lower uptake of 18F-FDG was

observed in severe TBI.26

The aim of this study was to determine the mechanism of the

salutary effects of E2-SO4 for TBI using a rat model, by measuring

physiological parameters using clinical probes and quantitative

parameters in DTI and 18F-FDG PET imaging. We primarily fo-

cused on acute therapeutic intervention, to reduce cellular damage

and brain edema within 24 h after E2-SO4 administration.

Methods

Reagents

All reagents were from Fisher (Pittsburgh, PA) unless specified.
E2-SO4 was purchased from Sigma-Aldrich Co (St. Louis, MO).
Lactated Ringer’s solution was purchased from Baxter Healthcare
Co (Deerfield, IL). 18F-FDG was purchased from PETNET Solu-
tions (Birmingham, AL). Carprofen was purchased from Pfizer Inc.
(New York, NY), and prophylactic antibiotic enrofloxacin was
purchased from Bayer Healthcare LLC (Shawnee Mission, KS).
Ketamine was purchased from Vedco Inc. (St. Joseph, MO), and
xylazine was purchased from LLOYD Inc. (Shenandoah, VA).

Animal groups and modeling

All experimental procedures were in adherence to the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals, and approved by the Institutional Animal Care and Use
Committee at the University of Alabama at Birmingham and
ACURO. A total of seven groups of male Sprague–Dawley rats
were employed (n = 5/group; 350 – 25 g; 10 – 2 weeks old), and
experimental TBI was induced with a fluid percussion device (VCU
Biomedical Engineering, Richmond, VA), as previously de-
scribed.15 We have examined the effects of a single dose of E2-SO4

at different concentrations (0.1–10 mg/kg BW, i.v., supraphysio-
logical dose level) in a trauma-hemorrhage rat model, and the
longest mean survival was observed at 1 mg/kg BW (data not
shown). Therefore 1 mg/kg BW of E2-SO4 (i.v., supraphysiological
dose) was used in the present study. Table 1 summarizes the use of
animals; four groups (groups 1–4) were used to measure physio-
logical parameters including ICP, pbtO2 and CPP, and three groups
(groups 5–7) were used to measure imaging parameters. Groups 1–4
were: 1) sham group (no TBI) injected with vehicle (0.9% NaCl;
i.v. 1 mL/kg BW), 2) sham group injected with E2-SO4 (1 mg/kg
BW in 0.9% NaCl; i.v. in a volume of 1 mL/kg BW), 3) TBI-
induced group injected with vehicle, and 4) TBI-induced group
injected with E2-SO4, respectively. Group 5 was a sham group

(three animals were injected with E2-SO4, and two animals were
injected with vehicle), and groups 6 and 7 were TBI-induced groups
treated with vehicle and E2-SO4, respectively. Sham animals were
injected with either vehicle or E2-SO4 at 25 h after craniectomy.
TBI was induced at 24 h after craniectomy, and vehicle or E2-SO4

was administered at 1 h after TBI. Physiological parameters (ICP,
CPP, and pbtO2) were continuously measured for 2 h at 15 min
intervals (from 23 to 25 h after E2-SO4 or vehicle administration).
In vivo imaging was applied at 1 and 7 days after administration.

Craniectomy

Animals were anesthetized with 4% isoflurane, followed by an
intraperitoneal injection of ketamine/xylazine mixture (100/10 mg/
kg BW); then, anesthesia was maintained via ventilation with 1.5%
isoflurane during surgery. Animals were placed on a heating pad to
maintain normal body temperature throughout surgery. Animals
were placed on a stereotaxic frame and the head was secured with
ear bars. Burr hole and hub were prepared in the lateral skull at the
junction of the sagittal, bregma, and lambda sutures. A 4.8 mm
craniectomy was performed with a trephine over the right parietal
cortex, midway between bregma and lambda, tangential to the
sagittal suture. A rigid plastic injury tube (modified female Luer-
lock 20G needle hub) was attached to the skull with cyanoacrylate
adhesive over the open craniectomy with the intact dura, and a
stabilizing screw was placed in a burr hole drilled rostral to bregma
on the ipsilateral side. The injury tube and stabilizing screw were
secured with dental acrylic. Then the scalp was sutured, and the
animal was returned to a warmed recovery cage. All surgical pro-
cedures were performed using an aseptic technique.27

TBI induction

The TBI-inducing device consisted of a Plexiglas cylinder (60 cm
in length and 4.5 cm in diameter) filled with sterile water. A piston
was mounted on O-rings at one end and an extracranial pressure
transducer, EPN-0300A (Entran Devices Inc., Fairfield, NJ) con-
nected to a storage oscilloscope, TDS 310 (Tektronix, Beaverton,
OR), was attached to the opposite end. A 5 mm tube (internal di-
ameter 2.6 mm) ending in a male Luer-lock was fitted at the end. TBI
was induced by rapidly injecting a small volume of sterile saline into
the closed cranial cavity over the right ipsilateral hemisphere with the
fluid percussion device. Immediately thereafter, the animal was re-
moved from the device, monitored for duration of apnea and un-
consciousness, and re-sutured while receiving supplemental oxygen
ventilation. The magnitude of the pressure pulse was measured by a
pressure transducer, stored on an oscilloscope, and later converted to
atmospheres. The pressure pulse was monitored and controlled in
order to deliver an equivalent impact to each animal. Carprofen
(5 mg/kg) and prophylactic antibiotic enrofloxacin (1 mg/kg) were
intraperitoneally injected in each animal twice per day.

Physiological parameter monitoring

Two femoral arteries were cannulated; the left artery to monitor
mean arterial pressure (MAP) with a blood pressure analyzer (Digi-
Med BPA blood pressure analyzerTM, MicroMed Inc., Louisville,
KY), and the right artery to withdraw blood. The left femoral vein
was also cannulated to infuse lactated Ringer’s solution for fluid
resuscitation. Animals were placed onto a stereotaxic frame includ-
ing an incisor bar. The head was secured with ear bars, and body
temperature was maintained via heat blanket (Animal Heating Pad,
Davol Inc., Warwick, RI). After opening the scalp suture, ICP and
pbtO2 were measured by a Camino ICP monitoring probe (Integra
NeuroScience, Plainsboro, NJ) and Licox oxygen catheter micro-
probe (Integra Neuroscience, Plainsboro, NJ), respectively. CPP was
calculated by subtracting ICP values from MAP (CPP = MAP-ICP).
Physiological parameters were monitored for 2 h, and animals were
anesthetized with isoflurane (1*2%) during the entire procedure.

Table 1. Time Schedule of TBI Induction, Dosing,

ICP/PbtO2/CPP Measurement, and Imaging after

Craniectomy in Each Group (n = 5 per Group)

Time (h) after completing craniectomy

0h 24h 25h 47h-49h 167h-169h

Group 1 Craniectomy Vehicle ICP/pbtO2/CPP
Group 2 Craniectomy E2-SO4 ICP/pbtO2/CPP
Group 3 Craniectomy TBI Vehicle ICP/pbtO2/CPP
Group 4 Craniectomy TBI E2-SO4 ICP/pbtO2/CPP
Group 5 Craniectomy Vehicle or

E2-SO4

DTI/PET/CT DTI/PET/CT

Group 6 Craniectomy TBI Vehicle DTI/PET/CT DTI/PET/CT
Group 7 Craniectomy TBI E2-SO4 DTI/PET/CT DTI/PET/CT

TBI, traumatic brain injury; ICP, intracranial pressure; PbtO2, brain partial
oxygen pressure; CPP, cerebral perfusion pressure; E2-SO4, estrogen sulfate;
DTI, diffusion tensor imaging; PET, positron emission tomography.
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MRI

MR images were acquired with a 9.4T MR imaging system
(Bruker BioSpin Corp., Billerica, MA) with a surface coil as receiver.
The rat was placed in an animal bed equipped with circulating warm
water to regulate body temperature, and was anesthetized using
isoflurane (2–2.5%) during imaging. Anatomic imaging was ac-
quired with a T2-weighted turbo spin-echo sequence (rapid acqui-
sition with relaxation enhancement [RARE]). The detail parameters
were as follows: repetition time (TR) = 3000 ms; echo time (TE) =
34 ms; RARE factor = 4; field of view (FOV) = 30 · 30 mm; matrix
size = 128 · 128; 30 slices with 1 mm thickness. DTI was performed
using a modified Stejskal and Tanner spin-echo diffusion-weighted
sequence with the following parameters: TR = 3001 ms; TE = 32 ms;
matrix size = 128 · 128; FOV = 30 · 30 mm; six slices with 1 mm
thickness. Image with b = 0 sec/mm2 was acquired first, and then
diffusion sensitizing gradients were applied along six directions as
follows: [Gx, Gy, Gz] = [1, 1, 0], [1, 0, 1], [0, 1, 1], [-1, 1, 0], [0, - 1, 1],
and [1, 0, - 1] with b = 800 sec/mm2. The diffusion tensor was
represented by a 3 · 3 matrix with three eigenvalues k1, k2, and k3.
The apparent diffusion coefficient (ADC) was calculated by

ADC¼ k1þ k2þ k3

3
,

and FA was calculated by

FA¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3[(k1�ADC)2þ (k2�ADC)2þ (k3�ADC)2]

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2(k2

1þ k2
2þ k2

3)
q :

On the ADC map, the edema region was determined as the area
in the ipsilateral side having ADC values larger than the mean plus
two standard deviations of ADC values on the contralateral side.
The white matter was determined on FA maps as the region pre-
senting higher FA values than the surrounding tissue. The relative
FA value was calculated as the ratio of mean FA value in the region
of white matter on the ipsilateral side to that on the contralateral
side in each image slice, and the relative FA values of all six slices
were averaged. ADC and FA values were calculated using com-
puter software written with MATLAB (7.11.0, MathWorks, Inc.),
and the region of interest (ROI) was segmented using conventional
software, ImageJ, version 1.44p (National Institutes of Health,
Bethesda, MD).

PET/CT Imaging

PET/CT imaging was conducted using Triumph, a PET/CT dual-
modality imaging system (GE, Northridge, CA) right after com-
pleting MR imaging. Radiographic CT imaging was performed
together with PET imaging to identify the injured area. 18F-FDG
(65 – 1 MBq) in 300 lL phosphate buffered saline (PBS) was ad-
ministered intravenously, and a 10 min scan was performed at
43 – 2 min after injection. Animals were under isoflurane anesthe-
sia (2*2.5%) during dosing and imaging. The temperature of the
animal bed in the Triumph scanner was maintained at 37�C during
imaging. PET images were reconstructed with the maximum
likelihood expectation maximization algorithm (10 iterations) in
high-resolution mode. The axial FOV of PET images was set to
37.5 mm, and the axial spatial resolution and sensitivity at the
center of FOV were 2.2 mm and 5.9%, respectively.28 On CT im-
aging, the X-ray tube voltage and anode current were set to 75 kVp
and 0.11 mA, respectively, and the axial FOV was 78.9 mm. A total
of 256 projections were acquired in fly gantry motion mode for
1.07 min. The co-registration of PET and CT images was per-
formed using ImageJ version 1.44p (National Institutes of Health,
Bethesda, MD). In PET images, the SUV was calculated by
SUV = (C · W)/D, where C is tissue activity concentration (MBq/

mL), W is animal BW (g), and D is the administered dose (MBq).
The relative SUV was determined by the ratio of mean SUV in the
upper half of the brain to that of central region (* 10 mm2) per each
slice showing a skull opening, and the relative SUVs of four images
(slice thickness: 1.175 mm) were averaged. The upper half of the
brain region was manually determined based on the rat brain
anatomy in CT images, whereas the central region was determined
using shell analysis technique introduced in our previous study.29

FIG. 1. Effect of estrogen sulfate (E2-SO4) treatment on physio-
logical parameters following traumatic brain injury (TBI). (A) In-
tracranial pressure (ICP), (B) brain partial oxygen pressure (pbtO2),
and (C) cerebral perfusion pressure (CPP) of sham, vehicle-, and E2-
SO4- treated groups at nine different time points from 23 h to 25 h
after administration. Asterisk and hashtag represent statistical dif-
ference from sham and vehicle-treated groups, respectively.
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The segmentation of central brain region and SUV quantification
were implemented using computer software written with Labview
2010 (National Instruments Co., Austin, TX). The upper half of the
brain region was segmented using conventional software, ImageJ,
version 1.44p (National Institutes of Health, Bethesda, MD).

Statistical analysis

One-way ANOVA was implemented using SAS, version 9.4
(SAS Institute Inc., Cary, NC) to compare physiological parameters
(ICP, CPP, and pbtO2) among sham, vehicle, and E2-SO4treated
groups at each time point.30 One way ANOVA was also used to
compare edema size, relative FA value, and relative SUV among
the groups. P values < 0.05 were considered significant, while ap-
plying Bonferroni correction for multiple comparisons.30 Data are
presented as means – standard error.

Results

E2-SO4 treatment decreased ICP and increased pbtO2

and CPP

Figure 1 shows the changes of three physiological parameters

(ICP, pbtO2, and CPP) of sham, vehicle, and E2-SO4-treated groups

from 23 to 25 h after administration. Data of the sham group in-

jected with E2-SO4 were not statistically different from data of

those injected with vehicle; therefore, the data from the two sham

groups were combined (n = 10). During the entire 2 h, ICP of the

E2-SO4-treated group was significantly lower than that of vehicle

group, whereas pbtO2 and CPP of the E2-SO4-treated group were

significantly higher than those of vehicle group.

E2-SO4 treatment decreased edema in injured brain
region

Figure 2A shows the brain ADC maps of representative animals

in sham, vehicle, and E2-SO4-treated groups at 1 and 7 days after

administration. The edema area is indicated with a yellow arrow in

each figure part. Edema was observed in both the vehicle- and the

E2-SO4-treated groups, but not in the sham group, confirming that

craniectomy did not directly damage the brain. Figure 2B presents

the averaged edema size of the three groups on days 1 and 7. On day

1, the edema size of the E2-SO4-treated group was 10.3 – 2.1 mm3,

which was significantly lower than that of vehicle group

(23.9 – 5.1 mm3; p = 0.04). On day 7, the edema size of the E2-SO4-

treated group was 1.2 – 0.7 mm3, which was also significantly lower

than that of the vehicle group (10.4 – 2.6 mm3; p = 0.01), but not

different from the sham group ( p = 0.15).

E2-SO4 treatment was not able to recover axonal
diffusion injury in 7 days

Figure 3A shows the FA maps (upper half of brain) of repre-

sentative animals in the sham, vehicle, and E2-SO4 treated groups

on 1 and 7 days after administration. The white matter of the side

that underwent craniectomy is indicated with a white arrow in each

figure part. Figure 3B shows the relative FA values of the three

groups on days 1 and 7. The relative FA values of the sham group

were significantly higher than those of the vehicle- and E2-SO4-

treated groups on both days 1 and 7 ( p < 0.05), but no difference

was detected between vehicle and E2-SO4-treated groups ( p > 0.05)

on either day.

E2-SO4 treatment increased glycolysis in the injured
brain region

Figure 4A shows the 18F-FDG PET/CT brain images of repre-

sentative animals in the sham, vehicle-, and E2-SO4-treated groups

1 and 7 days after administration, respectively. The intensity of

PET images was normalized to their central value (central region

value is presented as 100%). The region that underwent cra-

niectomy is indicated with a yellow arrow in each figure part.

FIG. 2. Cerebral edema assessed by apparent diffusion coefficient (ADC) mapping. (A) Representative ADC maps (10 - 3 mm2/sec) of
sham, vehicle-treated, or estrogen sulfate (E2-SO4) treated animals at 1 or 7 days after administration. The edema is indicated with a
yellow arrow in each figure part. (B) Mean edema size (mm3) of sham, vehicle-treated, or E2-SO4-treated group (n = 5 per group) at 1 or
7 days after administration. Asterisk and hashtag represent statistical difference from sham and vehicle-treated groups, respectively.
Color image is available online at www.liebertpub.com/neu
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Figure 4B presents the relative SUVs of the sham, vehicle-, and

E2-SO4-treated groups on days 1 and 7, respectively. On day 1, the

relative SUV of the E2-SO4-treated group was 94.0 – 0.01%, which

was significantly higher than that of vehicle group ( p = 0.04), but

not different from that of sham group ( p = 0.12). On day 7, how-

ever, no statistical difference was detected among the groups

( p > 0.05).

Discussion

To our knowledge, this is the first report for E2-SO4 salutary

effects in TBI, assessed by multimodal imaging and physiological

parameters. A single dose of E2-SO4 attenuated TBI severity within

24 h after administration, reducing pathological ICP and edema,

while increasing pbtO2, CPP, and cerebral glycolytic metabolism.

FIG. 3. Diffuse axonal injury assessed by fractional anisotropy (FA) mapping. (A) Representative FA maps of sham, vehicle-treated,
or E2-SO4-treated animals at 1 day or 7 days after administration. The white matter in the side of craniectomy is indicated with a white
arrow in each figure part. (B) Mean relative FA (ratio of FA signal in the white matter of the ipsilateral side to that of the contralateral
side) of sham, vehicle-treated, or E2-SO4-treated group (n = 5 per group) at 1 or 7 days after administration. Asterisk represents statistical
difference from sham group.

FIG. 4. Cerebral glycolysis assessed by 18F-labeled fluorodeoxyglucose (18F-FDG) positron emission tomography (PET)/CT imaging. (A)
Representative 18F-FDG PET/CT images of sham, vehicle-treated, or E2-SO4-treated animals at 1 or 7 days after administration. The intensity
of PET images is normalized to that of the central brain region. The area that underwent craniectomy is indicated with a yellow arrow in each
figure part. (B) Mean relative standardized uptake value (SUV) (ratio of SUV of the upper half brain to that of central brain region) of sham,
vehicle-treated, or E2-SO4-treated groups (n = 5 per group) at 1 or 7 days after administration. Asterisk and hashtag represent statistical
difference from sham and vehicle-treated groups, respectively. Color image is available online at www.liebertpub.com/neu
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E2-SO4 increases vascular permeability and nitric oxide produc-

tion, improving blood flow in the damaged brain area.11,12,14–16 The

increased microcirculation facilitates the transport of water mole-

cules in the edematous region, verified by the reduction of ADC

values, which results in the decrease of ICP. Consequently, CPP

and pbtO2 are enhanced, and, therefore, brain cell loss can be

mitigated, as is shown by the increased relative SUV on the dam-

aged area in FDG PET images.

Absolute SUV in FDG PET images of brain was, however,

dominantly affected by animal mobility, and, therefore, could not

be used to detect the improved brain cell activity by E2-SO4. Re-

covery from TBI can lead to the increase of animal mobility, re-

sulting in the increased uptake of 18F-FDG in muscle tissue, and

thereby its brain uptake can be somewhat decreased. In this study,

markedly higher uptake of 18F-FDG in masseter and pterygoid

muscles was noticed in sham-treated animals, but not in TBI-

induced ones. Therefore, it was necessary to calculate 18F-FDG

SUV in the brain relative to a reference region. The cerebellum has

been commonly employed as the reference region to calculate the

relative SUV in TBI rat models,31,32 but poor signal to noise ratio

(SNR) in the cerebellum region was often observed in this study;

therefore, the central region of cerebrum was used instead.

Therefore, in this study, the relative SUV measured the uniformity

of 18F-FDG distribution in the cerebrum, assuming that the central

region was minimally affected by TBI.

E2-SO4 was not able to alleviate DAI, measured by quantitative

DTI, for 7 days after administration. Lee and coworkers showed

that increased ICP was not associated with DAI among 36 TBI

patients.33 Also, Lafrenaye and coworkers confirmed that elevated

ICP does not aggravate DAI using a TBI rat model.34 Therefore,

stabilizing ICP by E2-SO4 treatment may provide only limited

impact on DAI. Meanwhile, it should be also noted that only a

single dose of E2-SO4 was administered at 1 h after TBI in this

study. Because the half-life of E2-SO4 is short, it is possible that

administration of more than one dose of E2-SO4 or administration

of estrogen with a longer half-life may provide a substantial effect

on DAI. These possibilities, however, remain to be examined in

future studies.

Early management of TBI is crucial to avoid pre-hospital hyp-

oxia and hypotension. The intervention of primary brain injury with

fast-acting drugs minimizes the secondary brain injury by main-

taining adequate cerebral oxygenation and perfusion, which is

significant for reducing morbidity and mortality.35 However, tra-

ditional clinical treatments for TBI patients often require intrave-

nous route of administration for a certain amount of time, which is

not readily applicable in the location where the injury occurs, such

as battlefields or natural disaster areas. Therefore, the prompt

treatment with a single dose of a portable agent in an automated

injector would be highly advantageous.

E2-SO4 has both genomic and non-genomic protective effects

following tissue injury, which include stabilizing the blood–brain

barrier and neuron excitotoxicity, increasing cell-survival media-

tors, and modulating inflammatory process via decreasing pro-

inflammatory and increasing anti-inflammatory molecules.36–39

Treatment with estrogen following adverse additional circulatory

conditions such as soft-tissue trauma and hemorrhage as well as

organ ischemia and reperfusion has also been shown to have sal-

utary effects.40–44 Furthermore, it has been recently verified that

early treatment with a single dose of E2-SO4 increased brain cell

survival, while decreasing neuronal degeneration, apoptosis, and

reactive astrogliosis in a TBI animal model.15 Therefore, imme-

diate treatment with a portable E2-SO4 administration kit for TBI

patients appears to be a promising approach to prevent permanent

disability and irreversible neuronal damage.

Conclusion

In conclusion, a single dose of E2-SO4 has successfully ame-

liorated TBI severity by reducing the pathological ICP and cerebral

edema, and increasing pbtO2, CPP, and cerebral glycolysis in a rat

TBI model. These data may support the future use of a portable

administration kit of E2-SO4 for immediate TBI treatment in bat-

tlefields or civilian injury situations, to prevent permanent dis-

ability and irreversible neuronal damage, although more studies

will need to be completed prior to clinical translation, such as

comparing single versus repeated dosing, analyzing the response to

a longer half-life agent, and assessing whether E2-SO4 has a clin-

ically relevant therapeutic window.
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