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Abstract

Polytrauma, with combined traumatic brain injury (TBI) and systemic damage are common among military and civilians.

However, the pathophysiology of peripheral organs following polytrauma is poorly understood. Using a rat model of TBI

combined with hypoxemia and hemorrhagic shock, we studied the status of peripheral redox systems, liver glycogen content,

creatinine clearance, and systemic inflammation. Male Sprague-Dawley rats were subjected to hypoxemia and hemorrhagic

shock insults (HH), penetrating ballistic-like brain injury (PBBI) alone, or PBBI followed by hypoxemia and hemorrhagic shock

(PHH). Sham rats received craniotomy only. Biofluids and liver, kidney, and heart tissues were collected at 1 day, 2 days, 7 days,

14 days, and 28 days post-injury (DPI). Creatinine levels were measured in both serum and urine. Glutathione levels, glycogen

content, and superoxide dismutase (SOD) and cytochrome C oxidase enzyme activities were quantified in the peripheral organs.

Acute inflammation marker serum amyloid A-1 (SAA-1) level was quantified using western blot analysis. Urine to serum

creatinine ratio in PHH group was significantly elevated on 7–28 DPI. Polytrauma induced a delayed disruption of the hepatic

GSH/GSSG ratio, which resolved within 2 weeks post-injury. A modest decrease in kidney SOD activity was observed at 2

weeks after polytrauma. However, neither PBBI alone nor polytrauma changed the mitochondrial cytochrome C oxidase

activity. Hepatic glycogen levels were reduced acutely following polytrauma. Acute inflammation marker SAA-1 showed a

significant increase at early time-points following both systemic and brain injury. Overall, our findings demonstrate temporal

cytological/tissue level damage to the peripheral organs due to combined PBBI and systemic injury.

Keywords: hemorrhagic shock; hypoxemia; polytrauma; traumatic brain injury

Introduction

Combat-associated traumatic brain injury (TBI) com-

monly occurs in combination with peripheral organ damage.

However, the majority of TBI-polytrauma studies have focused

primarily on the cerebral changes following combined injuries.1–4

Using a rat model of penetrating ballistic-like brain injury (PBBI)

combined with hypoxemia and hemorrhagic shock (HH),5,6 the

current study examines pathological changes in the peripheral or-

gans. Further, to understand the role of systemic inflammation,

serum amyloid A1 (SAA1) levels were measured.

Multiple systemic and local changes occur following TBI-

polytrauma. The bioenergetics and redox status in peripheral

organs are important outcome metrics for designing novel phar-

macological interventions. Systemic hypoxemia and hypoperfusion

reduce oxygen supply to the peripheral organs, leading to an energy

deficit. Part of this deficit can be compensated for by the intracel-

lular degradation of stored adenosine triphosphate (ATP) to aden-

osine diphosphate (ADP) and adenosine monophosphate (AMP).7

However, a persistent energy crisis will deplete ATP stores and lead

to hepatic glycogenolysis.8 Therefore, hepatic glycogen content

represents an indirect measurement of liver stress.

Another marker for metabolic stress is altered complex IV (cy-

tochrome c oxidase) enzyme activity. Complex IV activity in major

organ tissues, like heart and liver, is associated with bioenergetics

imbalance and subsequent tissue stress.9 Increased oxidative stress

is another important factor contributing to secondary injury. Su-

peroxide dismutase (SOD) enzyme and glutathiones (GSH/GSSG)

are the major reactive oxygen scavenging systems and perturba-

tions in these systems indicate stress response at the tissue level.
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While alterations in brain SOD and GSH levels were detected in

rodent models of TBI,10–12 no studies have examined the peripheral

levels of these factors following either TBI alone or combined HH

and TBI. We hypothesize that TBI, combined with systemic injury,

results in metabolic abnormalities and oxidative stress in peripheral

organs altering the endogenous antioxidant mechanisms.

TBI elicits both central and peripheral inflammatory responses.

Multiple inflammatory factors are released into the bloodstream

that can evoke inflammation in peripheral organs.13 An important

marker of acute systemic inflammation is SAA1 protein; SAA1 is

expressed in the liver and serves as a mediator for further inflam-

matory reactions.14 Serum levels of SAA1 have been found to be

acutely upregulated in a mouse model of mild-to-moderate TBI.13

Although SAA1 expression is induced by cytokines, once it is

released, SAA1 can further enhance expression of cytokines and

chemokines, potentiating the inflammatory damage.15 To better

understand the acute inflammatory response, we evaluated the

temporal profile of serum SAA1 levels in the current study. Criti-

cally, our experiments will shed light on the systemic pathological

aspect of polytrauma that has not been described previously.

Methods

Animals

All procedures involving animal use were reviewed and ap-
proved by the Institutional Animal Care and Use Committee of
Walter Reed Army Institute of Research. Research (Protocol
#WRAIR-13-PN-21S) was conducted in an Association for
Assessment and Accreditation of Laboratory Animal Care
International–accredited facility in compliance with the Animal
Welfare Act and other federal statutes and regulations relating to
animals and experiments involving animals, and adheres to prin-
ciples stated in the Guide for the Care and Use of Laboratory
Animals, NRC Publication, 2011 edition. Adult male Sprague-
Dawley rats (280–320 g; Charles River Labs, Raleigh, VA) were
used in these experiments. Animals were kept individually under a
12-h light/dark cycle, for a week for acclimatization prior to the
experiment. Prior to surgery, each rat was maintained on a five-
pellet (approximately 20–25 g) per day diet (Purina Mill Lad Diet:
Prolab RMH 3000), and water was provided ad libitum. Food and
water were given ad libitum after the surgical procedures. Rats
were randomly assigned into one of four groups: sham, HH, PBBI,
and PBBI combined with HH (PHH), with a sample size of 10 per
group per time-point. Baseline measurements were done in the
same rats (n = 50/group; 10 · 5 time-points) that were used for
injuries.

PBBI

In all animals, anesthesia was induced with 3% isoflurane, re-
duced to 2.5% for the initial surgeries, and maintained at 1.5% for
the remaining procedures in a breathing air/oxygen mixture (frac-
tion of inspired oxygen [FiO2] = 0.26). The right femoral artery and
vein were cannulated for blood pressure monitoring and fluid re-
suscitation, respectively. In addition, the tail artery was cannulated
for inducing hemorrhagic shock by withdrawing blood. All the
animal surgery procedures were done in an aseptic manner. Care
was taken to sanitize the PBBI probes in between multiple sur-
geries. The animal head was then fixed on a stereotaxic apparatus.
Prior to all surgical incisions, lidocaine was injected subcutane-
ously near the surgical site.

Following a midline incision, the skull was exposed, the crani-
otomy location was marked on the cranium (+4.5 mm anterio-
posterior, +2 mm medio-lateral from bregma) and a cranial window
was created using a hand-held drill. PBBI was induced using a
simulated ballistic injury device (Mitre Corp., McLean, VA) with a

specially designed stainless steel probe (Popper & Sons Inc., Hyde
Park, NY). The probe was mounted to a stereotaxic arm at an angle
of 50� from the vertical axis and 25� counter-clockwise from the
anterior-posterior axis. It was then manually inserted through the
right frontal cortex via a cranial window to a distance of 12 mm
(from dura). The elastic tubing on the probe was inflated by a rapid
(< 40 msec) water pressure pulse, forming an elliptical balloon
calibrated to 10% of the total rat brain volume to produce an in-
tracerebral temporary cavity. The probe was then gently retracted
and the cranial opening was sealed with sterile bone wax, and the
incision was closed by wound clips.16 During the surgery proce-
dure, blood pressure (at femoral artery using a research grade blood
pressure transducer; Harvard Apparatus, Holliston, MA), rectal
temperature, heart rate and breathing were continuously monitored
and recorded using a data acquisition system (PowerLab, AD in-
struments, Colorado Springs, CO). Animals in the sham control and
HH groups received craniotomy only (no probe insertion or balloon
expansion).

Polytrauma: combined PBBI, hypoxemia,
and hemorrhagic shock

Hypoxemia (HX) was initiated 5 min after baseline recording or
PBBI and maintained for 30 min in the HH or polytrauma (PHH)
groups. HX was induced by replacing air with nitrogen in the in-
halation gas mixture until the FiO2 reached 0.1 (monitored by re-
spiratory gas analyzer). At the end of HX, blood gas was measured
(ABL5, Radiometer, Copenhagen, Denmark) to ensure the partial
pressure of arterial oxygen (PaO2) dropped below 40 mm Hg.
Normoxia (FiO2 = 0.26) was restored by switching the nitrogen
back to breathing air. Hemorrhagic shock (HS) was then induced by
withdrawing blood via the tail arterial catheter using a withdrawal
pump (Harvard Apparatus) at a constant rate of 0.25 mL/100 g/min
to reduce mean arterial pressure (MAP) to 30–45 mm Hg. The
hypotensive state was maintained for 30 min. Lactated Ringer’s
solution [LRS] Hospira, Lake Forest, IL) was given if MAP
dropped below 30 mm Hg during the 30-min HS phase. At the end
of the HS phase, LRS (three times the blood volume withdrawn)
was infused at a rate of 0.9 mL/min (fluid resuscitation phase).
After fluid resuscitation, all catheters were removed, and incisions
were closed with sutures. Animals in the sham control group re-
ceived the same procedures that the injury groups did, except for
the injuries and fluid resuscitation.

Food and water intake and urine output

One day prior to injury and at the specified end-points (1 day, 2
days, 7 days, 14 days, and 28 days post-injury), animals were
placed in metabolic cages (Harvard Apparatus) in which food
(grams of chow consumed over 6 h) and water intake, as well as
urine output were recorded. All rats were placed in metabolic cages
for about 6 h (started approximately at 08:30 and ended at 14:30).
After 6 h was over, rats were removed from the metabolic cages and
returned to their home cages. Urine, remaining water, and re-
maining rat chow were measured and recorded. If rats had not yet
urinated after 6 h, they were tickled gently to induce urination.
Urine was collected to a chilled collection cup placed on ice and
centrifuged at 5000 rpm for 5 min at 4�C, to remove any undis-
solved material, and supernatant was stored at -80�C, until subse-
quent processing/analyses.

Sample collection

For each time-point, separate cohorts were used. One day prior to
injury, blood and urine samples were collected for baseline analysis.
Baseline blood sample was collected through the tail artery prior to the
injuries. At the specified end-points (1 day, 2 days, 7 days, 14 days, and
28 days post-injury), a terminal cardiac puncture was performed, and
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blood samples were collected for serum separation and subsequently,
tissue samples from liver, kidney, and heart were collected and pro-
cessed for various analyses.

Creatinine assay

Urine creatinine was measured using creatinine assay kit
(MAK080; Sigma-Aldrich Corp., St Louis, MO) according to the
manufacturer’s instructions. Briefly, samples were passed through
10 KDa cut off filter to sieve out unwanted proteins. The urine
creatinine concentration was measured by a colorimetric assay at
530 nm using a microplate reader (Synergy MX; Biotek Instru-
ments Inc., VT). Serum creatinine concentration was measured
with a serum-specific assay (700460; Cayman Chemical, Ann Ar-
bor, MI), according to the manufacturer’s protocol. This kit uses
Jaffe’s reaction, where picric acid in an alkaline condition reacts
with creatinine to give a concentration dependent color.

Heart and liver mitochondrial cytochrome C
oxidase assay

At the end of each experiment, animals were anesthetized with a
mixture of 70 mg/kg ketamine and 6 mg/kg xylazine and eutha-
nized by decapitation. Peripheral organs including heart, liver, and
kidney were collected immediately for biochemical analysis. Mi-
tochondria were isolated from the heart and liver tissue in ice-cold
isolation buffer (215 mM mannitol, 75 mM sucrose, 0.1% bovine
serum albumin, and 20 mM HEPES with/without 1 mM EGTA, pH
7.2). The mitochondrial protein concentration was determined us-
ing the Pierce� BCA protein assay kit (Thermo Fisher Scientific,
Waltham, MA). Complex IV activity was assessed using a kinetic
assay (K287; BioVision Incorporated, Milpitas, CA). The cyto-
chrome oxidase activity (Units/mg) was calculated using the
equation DOD/time (Dt)OeX protein (mg) where: DOD is the
difference in OD at time t1 and time t2 and Dt is the difference in
time (t1 - t2; in min). g is the molar extinction coefficient of reduced
cytochrome C at 550 nm (i.e., 7.04 mM-1cm-1). Protein is the
concentration of sample (mg) used per reaction.

Liver and kidney SOD activity assay

SOD activity in the liver and kidney tissues was assessed using a
SOD determination kit (19160; Sigma-Aldrich Corp.). Tissue was
sonicated in lysis buffer (0.25 M sucrose, 10 mM Tris-HCl pH 7.4,
1 mM EDTA) centrifuged, and the supernatant collected for the
SOD assay. In the presence of a reducing superoxide anion, WST-1,
a highly water-soluble tetrazolium salt, is reduced to a water-
soluble WST-1 formazan dye. The rate of reduction with oxygen is
linearly correlated with the xanthine oxidase activity, which is
inhibited by SOD. Therefore, the 50% inhibition activity of SOD
can be determined by colorimetric method. Since the absorbance at
440 nm is proportional to the amount of superoxide anion, the SOD
activity, as an inhibition activity, could be quantified by measuring
the decrease in the color development at 440 nm.

Liver and kidney GSH/GSSG assays

Reduced (GSH) to oxidized (GSSG) glutathione ratio in the liver
and kidney tissues was determined using a commercially available
quantification kit (G257-10; Dojindo Molecular Technologies,
Inc., Rockville, MD). A fixed amount of tissue (1 g) was homog-
enized in 1ml of 5% sulfosalicylic acid. Homogenate was centri-
fuged at 8000 g for 10 min and the supernatant was diluted with
deionized water. Total glutathione (GSH and GSSG) and GSSG in
the supernatant were measured using a microplate reader at 412 nm.
The amount of GSH was determined by subtracting the amount of
GSSG from the total glutathione.

Hepatic glycogen

Hepatic glycogen level was measured using a commercially
available assay kit (ab65620; Abcam, Cambridge, MA) per the
manufacturer’s instructions. The tissue sample was weighed and ho-
mogenized in distilled water using a tissue homogenizer. The ho-
mogenate was kept on a boiling water bath for 10 min and quick
chilled on ice, followed by 20-min centrifugation at 17,000 g. Gly-
cogen level in the supernatant was determined based on the hydrolysis
of glycogen to glucose catalyzed by glucoamylase in the assay.

Quantitative SAA1 Western blotting

SAA1 level in the blood serum was measured using an automated
Western blotting system (Peggy Sue�; Protein Simple, San Jose, CA).
Both baseline and post-injury serum samples (5 uL) were mixed with
buffer containing SDS, dithiothreitol, and fluorescent molecular weight
standards. Heat denatured samples were loaded onto a microplate
along with stacking and separation matrices, blocking and wash
buffers, antibody (Rabbit polyclonal -SAA1 from Origene, 1:50, and
secondary antibody 1:1000 from Protein Simple) and detection re-
agents. The Simple Western System loads samples and reagents
automatically into the capillaries and proteins are separated by
size as they go through the stacking and separating matrices.
Separated proteins are then immobilized in the capillaries using
ultraviolet method and are then blocked and incubated with
primary antibody. Detection was done using horseradish per-
oxidase–conjugated secondary antibodies and chemilumines-
cent substrate. Following detection, analysis and quantification
was performed using Compass software. The SAA1 protein was
quantitated based on the area under the curve of each band.

Statistical analysis

The sample size is determined by power analysis (pow-
er = 0.8; alpha = 0.05) using G*Power 3 (Germany) based on the
means and standard derivations of our preliminary data. Statis-
tical analysis was performed using GraphPad Prism version 6.00
for Windows (GraphPad Software, La Jolla, CA) and SPSS v22
(IBM Corp, Armonk, NY). Shapiro-Wilk test was used to assess
data normality (SPSS). Grubbs test was performed to identify
outliers (GraphPad Prism) and we did not find outliers in any
datasets presented in this manuscript. One-way analysis of var-
iance (ANOVA), followed by Tukey’s honestly significant dif-
ference or Newman-Keuls multiple comparison test, was used
for data analysis at each time-point. The significance criterion
was set at p < 0.05. Data are presented as the mean – standard
error of the mean (SEM).

Results

Body weight, food/water intake, and urine output

Compared with sham group, body weight showed a slight, non-

significant reduction in both PBBI and PHH groups at 24 h, 48 h,

and 7 days (Supplementary Fig. S1). Compared with the pre-injury

intake, food and water consumption decreased drastically follow-

ing injury in all of the injury groups, as well as in the sham control

group (Fig. 1A, 1B). Although food and water intake improved over

time, it remained lower than baseline at all time-points. Compared

with the sham and HH animals, the food and water intake were

significantly lower in the PBBI and PHH groups at acute time-

points. Both PBBI and PHH induced a significant decrease in urine

output compared with shams at 2 days post-injury ( p = 0.029 for

PBBI and p = 0.011 for PHH; Fig. 1C). At the later time-points,

urine output was modestly, albeit not significantly, decreased in the

PBBI and PHH groups.
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Creatinine excretion

Urine and serum creatinine values were quantified separately

and normalized to the volume. No significant differences in serum

creatinine levels were detected between groups at any time-points.

However, PHH animals showed a trend towards lower serum cre-

atinine at 7 days post-injury ( p = 0.099 vs. sham) compared with

the other groups (Fig. 2A). Urine creatinine levels increased fol-

lowing PBBI or PHH at all time-points except 28 days post-injury

(Fig. 2B). Interestingly, urine to serum creatinine ratio in the PHH

group increased significantly starting at 1 week ( p = 0.002 vs.

sham) and remained high at 28 days post-injury (Fig. 2C).

Cytochrome C and SOD enzyme activities

The mitochondrial cytochrome C activity in the liver and heart

did not show any significant changes following injury compared

with sham controls (Fig. 3). A trend toward a reduction of heart

cytochrome C was detected in the HH and PBBI groups on Day 7

post-injury ( p = 0.182; Fig. 3A). In contrast, there was an early

increase in liver cytochrome C in the PBBI and PHH groups, al-

though not statistically significant from the sham control group

(Fig. 3B). Total SOD activity was measured in both liver and

kidney tissue. No significant changes were observed in the SOD

activity in either of these organs (Fig. 4A, 4B). There was a trend

toward reduced SOD activity in the PHH group at 1 week post-

injury in the kidney ( p = 0.395; Fig. 4A). Overall, kidney SOD

activity was found to be of lower magnitude, compared with the

liver SOD activity.

GSH/GSSG ratio and hepatic glycogen content

PHH induced an increase in GSH/GSSG ratio in both liver and

kidney at 1 week post-injury (Fig. 5A, 5B) that returned to sham

levels by 2 weeks post-injury. Although the ratio in both organs

exhibited the same trend, the increase was only significant in the

liver ( p = 0.006 vs. sham). For all the other groups, the GSH/GSSG

ratio dropped at 2 days post-injury and remained low throughout

the study duration. Hepatic glycogen content in the PHH group was

significantly lower than the sham control group at 1 day ( p = 0.024)

and 2 days post-injury ( p = 0.041; Fig. 5C). It returned to the level

that was comparable to the other groups by 1 week post-injury. No

significant differences were observed between the sham, HH, and

PBBI groups at any of the time-points.

Serum SAA1 levels

Baseline SAA1 levels were comparable among the four groups.

The serum SAA1 level peaked on Day 1 post-injury in all groups

(Fig. 6). In particular, all injury groups had a higher SAA1 level

than the sham control group, although the increase was significant

only in the PBBI group ( p = 0.035 vs. sham). However, this in-

crease was transient as the expression in the PBBI group went back

to sham control levels by Day 2 post-injury. On the other hand, HH

and PHH groups showed a more robust increase in SAA1 levels

( p = 0.0091 vs. sham for HH and p = 0.0127 vs. sham for PHH on

Day 2 post-injury). Interestingly, the serum SAA1 levels in all

groups showed a reduction and returned to baseline levels by 1

week post-injury, and remained low at 14 and 28 days post-injury.

Discussion

In the present study, we examined the temporal alterations in

peripheral organs in a rat model of combined PBBI and systemic

FIG. 1. Food, water and urine levels following injury: Decreased
food and water consumption were observed in rats following both
polytrauma and penetrating ballistic-like brain injury (PBBI). Tem-
poral changes in (A) food consumption, (B) water intake, and (C) urine
output. Baseline (BL) data is from all 50 rats (10 rats from each time-
point) per group and for the post-injury set it is n = 10 per group per
time-point; p values for between-group analysis of variance was <0.008
for food, <0.019 for water and <0.001 for urine. *p < 0.05 vs. sham
group; @p < 0.05 vs. hypoxemia and hemorrhagic shock (HH) group.
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insults. Specifically, general health indicators, as well as specific

systemic parameters for inflammation and organ function were

measured at acute, subacute and chronic time-points.

Acute reduction in food and water intake was observed fol-

lowing PBBI and polytrauma compared with the sham group. In

addition, both injury groups showed slight reduction in body weight

up to 7 days post-injury. This was not unexpected as brain injury

can cause anorexia and weight loss in patients17,18 and in animal

models.19 An interesting observation in our study is that voluntary

food and water intake were reduced in all groups including shams

compared with pre-injury level. This non-specific response may be

in part due to the stress response to the surgery procedure. Sham

rats received only craniotomy, which appears to be sufficient to

produce anorexic response. Intriguingly, none of the groups re-

sumed their pre-injury food and water consumption, indicative of

the chronic stress response to surgical procedures. Supporting our

notion, it was previously reported that exposure of rats to physical

or psychological stressors caused changes in their food intake that

persisted for days after initial exposure to the stressors.20 This

FIG. 2. Creatinine levels following injury: Temporal changes in
(A) serum creatinine, (B) urine creatinine, and (C) urine to serum
creatinine ratio, showing increased creatinine clearance following
polytrauma. Urine and serum creatinine values were assessed sepa-
rately and normalized to the sample volume. Data represented as
mean – standard error of the mean. Baseline (BL) data is from all 50
rats (10 rats from each time-point) per group and for the post-injury set
it is n = 10 per group per time-point; p value for between-group analysis
of variance was <0.020 for urine creatinine. *p < 0.05 vs. sham control
group. @p < 0.05 vs. hypoxemia and hemorrhagic shock (HH) group.

FIG. 3. Cytochrome C oxidase activity in peripheral organs
following injury: No significant change in mitochondrial cyto-
chrome C oxidase activity was observed in either liver or heart
tissue in any of the three groups compared with sham. Temporal
changes in mitochondrial cytochrome C activity in (A) heart and
(B) liver tissue. Values are expressed as mean – standard error of
the mean. n = 10 per group per time-point.
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lower consumption of food and water also may be due to hormonal

disturbances following injury.21 Although we cannot explain it with

the current study design, another plausible reason for reduced food

and water intake is low gastric emptying. Reduced gastric emptying

is reported following TBI due to the elevated intracranial pressure

and subsequent depression of vagus nerve activity after TBI.22–24 In

our previous study, we measured intracranial pressure (ICP) con-

tinuously for *6 h after PBBI (unpublished data) and ICP re-

mained elevated. In another study, significant increase in brain

water content, indicative of brain edema, was detected at 4 h to 7

days after PBBI.25 Therefore, it is likely that ICP was elevated in

this cohort as well that may have interfered with gastric emptying.

Urine output in the PBBI and polytrauma groups remained low

throughout the study period. This could be partly explained by their

low water intake. Additionally, sympathetic storming after TBI

may lead to urine retention.26 Low water intake and urine output

can alter plasma osmolarity, that was however not measured in the

current study. We detected an increased urine to serum creatinine

FIG. 4. Super oxide dismutase activity following injury: No
significant change in super oxide dismutase (SOD) activity was
observed in either kidney or liver tissue in any of the three injury
groups compared with sham. Temporal changes in SOD activity in
(A) kidney and (B) liver tissue. n = 10 per group per time-point.
Data expressed as mean – standard error of the mean.

FIG. 5. Systemic glutathione levels following injury: Polytrauma
induced a significant increase in the ratio of reduced glutathione
(GSH) to oxidized glutathione (GSSG) in the liver. Temporal chan-
ges in GSH/GSSG in (A) kidney and (B) liver following hypoxemia
and hemorrhagic shock (HH), polytrauma or penetrating ballistic-like
brain injury (PBBI) or sham procedures. (C) Temporal changes in
liver glycogen content following injury. Polytrauma induced an acute
reduction in hepatic glycogen content. Values are presented as
mean – standard error of the mean. n = 10 per group per time-point; p
values for between-group analysis of variance was <0.027 for liver
glutathione and <0.048 for hepatic glycogen. *p < 0.05 vs. sham
control group; @p < 0.05 vs. HH group; #p < 0.05 vs. PBBI group.
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ratio indicating augmented renal clearance (ARC) after PBBI-

polytrauma. Acute renal dysfunction has been observed in patients

with severe TBI, as indicated by persistent high creatinine levels in

the serum.27 Notably, Udy and colleagues reported a high incidence

(85%) of augmented creatinine clearance in a group of young TBI

patients, which may be associated with the active upkeep of cere-

bral perfusion pressure.28 ARC is usually observed in critically ill

patients and an elevated ARC can interfere with renally cleared

drugs leading to treatment failure.29 It is therefore important to

measure ARC while designing treatment options for TBI combined

with systemic injuries.

Cytochrome C is a mitochondrial protein that is essential for

aerobic energy production; therefore, we measured the cytochrome

C activity in both heart and liver mitochondria. Cytochrome C

oxidase activity did not change following PBBI or polytrauma in

heart mitochondria; however, liver mitochondria showed a modest

increase followed by a reduction. This indicates that the liver mi-

tochondria are more sensitive to the injury(s) in our model, com-

pared with the heart mitochondria. In fact, metabolic alterations in

the liver are believed to be associated with brain injury.30 More-

over, liver weight and hepatic protein content are significantly re-

duced following fluid percussion injury in rats.19 Similar findings

were observed in a clinical study that noted incidences of hepatic

and renal dysfunction after severe brain injury were 8% and 7%

respectively.31 TBI and polytrauma are known to induce the liver

stress markers alanine amino transferase and aspartate amino

transferase.32,33 Although there was a slight decrease in liver cy-

tochrome C activity at 1 week post-injury in the PHH group, this

does not necessarily imply an impaired energy homeostasis. Cri-

tically, hepatic glycogen in the PHH group at this particular time-

point was comparable to levels in sham control rats, whereas it was

significantly lower than all groups at 2 days post-injury. The ele-

vated level of glucocorticoids after severe brain injury and its ef-

fects on hepatic gluconeogenesis and glycogenesis might account

for these changes.34–36

In our study, TBI alone did not change the hepatic GSH levels.

Interestingly, additional hypoxemic and hypotensive insults after

TBI increased the reduced glutathione levels after 1 week post-

injury, indicating delayed oxidative stress in the liver. This injury

response might imply a mechanism to restore homeostasis within

the liver cells. Few studies have reported on hepatic oxidative

stress, inflammation, and altered hepatic redox status following

brain injury.37,38 In the rat model of fluid percussion injury, the

following changes were detected during the acute phase of the

injury: increased hepatic inflammation (cyclooxygenase-2, induc-

ible nitric oxide synthase, tumor necrosis factor [TNF]-a, and in-

terleukin [IL]-6), oxidative stress indicated by the reduced

glutathione level; altered hepatic redox status; mitochondrial dys-

function37; and reduced hepatic transcription factor expression.38

Similarly, clinical studies showed that the plasma level of GSH at

1 day post-injury was found to be higher in mild TBI patients

compared with that of the control group.39 In another study, the

GSH level in the cerebrospinal fluid was elevated at 1 day post-

injury but returned to the control level at 2 days post-injury.40 Even

though, both pre-clinical and clinical TBI studies reported altered

glutathione levels in the periphery, in the current study, PBBI alone

did not alter GSH levels in the liver or kidney. It is possible that the

temporal course of GSH changes in penetrating injury model is

different from other TBI models and we may have missed capturing

that in the current study.

We also examined the enzyme activity for SOD in both liver and

kidney. Antioxidant enzyme SOD reduces superoxide molecules to

hydrogen peroxide that is subsequently detoxified by a catalase.

Although the total SOD activity in liver was higher than that in the

kidney, it did not appear to be affected by the TBI itself or the

combined injuries.

Our data showed that TBI alone induced a transient increase in

serum SAA1 levels. A more robust increase of SAA1 levels was

detected following HH or PHH. Given the fact that the liver is the

major source of SAA1,15 the hepatic stress induced by HH and PHH

may have contributed to this effect.13 Interestingly, SAA1 levels

increased in all groups at acute time-points, suggesting SAA1 is

highly sensitive, and capable of detecting mild trauma caused by

the sham procedures (cannulations, scalp incision, and cranioto-

my). While the function of SAA1 is not fully understood, it is a

strong pro-inflammatory mediator involved in the production of

many cytokines such as IL-1A, IL-1B, IL-8, IL-6, and TNFa.41,42

It has been suggested that SAA1 can serve as a biomarker for

TBI.32,33 SAA1 also plays an important role in systemic acute

phase response,43 in which circulating inflammatory cells become

accumulated in peripheral organs like the liver, kidney, lungs, and

heart, and can lead to inflammation in these organs.44–47 In partic-

ular, the liver is a major organ that induces and regulates these kinds

of responses.47,48 Following TBI, activated inflammatory cells are

not restricted to the brain parenchyma, but neutrophil and leukocyte

recruitment also occurs in the peripheral system.49

Although we characterized systemic responses following poly-

trauma, there are a few limitations to the current study. We could not

measure changes in the lung tissue as this was not collected during

sampling. Another major limitation is the lack of histological

FIG. 6. Serum amyloid A1 (SAA1) levels following injury:
SAA1 expression levels in the serum samples collected pre-injury
and also following hypoxemia and hemorrhagic shock (HH),
penetrating ballistic-like brain injury (PBBI) and polytrauma.
(A) Representative western blot image from 2-day time-point.
(B) Quantification of SAA1 levels across multiple time-points.
Baseline (BL) data is from 30 rats (six rats from each time-point)
per group and for the post-injury set it is n = 9–10 per group per
time-point; Values are presented as mean – standard error of the
mean. p value for between-group analysis of variance was
<0.0089. *p < 0.05 vs. sham control group; #p < 0.05 vs. PBBI
group. DPI, days post-injury.
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examination. We designed the study for biochemical experiments

and another cohort was necessary to perform histology. Brain tissue

from the current study is being used for another project that will

explore both histological and biochemical changes in the brain

following polytrauma.

Conclusion

Collectively, our study profiled the temporal changes of various

systemic parameters following PBBI with or without additional

hypoxemic and hypotensive insults. Our results reflect temporal

cytological/tissue level damage to the peripheral organs due to

combined PBBI and systemic injury. Although the majority of the

systemic parameters were unaltered after PBBI or PBBI-

polytrauma, we identified changes in the peripheral redox sys-

tems, such as hepatic glutathione, which indicates oxidative

stress. Increased renal creatinine clearance was also observed

after combined insults, indicating the effect of PBBI and poly-

trauma on kidney function. Our findings suggest that when com-

bined with TBI, systemic injury can affect peripheral organ

function, and these parameters need to be considered when de-

signing therapeutic treatments for TBI-polytrauma.
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