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Effect of Traumatic Brain Injury, Erythropoietin, and Anakinra on Hepatic
Metabolizing Enzymes and Transporters in an Experimental Rat Model
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Abstract. In contrast to considerable data demonstrating a decrease in cytochrome P450 (CYP) activity
in inflammation and infection, clinically, traumatic brain injury (TBI) results in an increase in CYP and
UDP glucuronosyltransferase (UGT) activity. The objective of this study was to determine the effects of
TBI alone and with treatment with erythropoietin (EPO) or anakinra on the gene expression of hepatic
inflammatory proteins, drug-metabolizing enzymes, and transporters in a cortical contusion impact (CCI)
injury model. Microarray-based transcriptional profiling was used to determine the effect on gene
expression at 24 h, 72 h, and 7 days post-CCI. Plasma cytokine and liver protein concentrations of
CYP2D4, CYP3A1, EPHX1, and UGT2B7 were determined. There was no effect of TBI, TBI+EPO, or
TBI+anakinra on gene expression of the inflammatory factors shown to be associated with decreased
expression of hepatic metabolic enzymes in models of infection and inflammation. IL-6 plasma
concentrations were increased in TBI animals and decreased with EPO and anakinra treatment. There
was no significant effect of TBI and/or anakinra on gene expression of enzymes or transporters known to
be involved in drug disposition. TBI+EPO treatment decreased the gene expression of Cyp2d4 at 72 h
with a corresponding decrease in CYP2D4 protein at 72 h and 7 days. CYP3A1 protein was decreased at
24 h. In conclusion, EPO treatment may result in a significant decrease in the metabolism of Cyp-
metabolized drugs. In contrast to clinical TBI, there was not a significant effect of experimental TBI on
CYP or UGT metabolic enzymes.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of acute
and chronic disability. Although more individuals survive
traumatic brain injury than in the past, the survivors endure
residual physical, cognitive, emotional, and/or behavioral
impairments from the cascade of neuropathological responses
resulting from TBI. In spite of promising pre-clinical studies
of potential treatments, clinical studies have been overwhelm-
ingly disappointing (1,2). There have been many theories
identifying the reasons for the lack of success in translation of
compounds identified in pre-clinical studies to successful
clinical treatment. Some of the pitfalls that have been
proposed include the type of pre-clinical TBI models, a lack

of understanding of the therapeutic window, inadequate or
super-therapeutic concentrations of the parent and/or active
metabolites, and the need for targeting multiple mechanisms
of the secondary injury (2–4). The secondary cascade
resulting from TBI is likely due to interrelated processes
including mitochondrial energy failure, excessive generation
of reactive oxygen species, activation of destructive enzymes,
membrane disruption, neuronal death, thrombosis due to
intravascular coagulation in small vessels, increased synaptic
concentrations of excitatory amino acids, and activation of
innate inflammatory responses (5–7). The activation of the
inflammatory cascade by TBI results in the release of
cytokines, the main regulators of the inflammatory response
(8). An increase in both pro-inflammatory and anti-
inflammatory cytokines occurs after injury in patients with
TBI.

Pharmacologic treatment in TBI is also complicated by
the effects of TBI on the pharmacokinetics of drugs.
Increased hepatic metabolism and decreased plasma protein
binding result in an increase in the clearance and decreased
concentrations of both unbound and bound drugs (9,10). The
increase in hepatic metabolism has been shown to be
relatively non-specific, affecting drugs metabolized by a
diverse group of hepatic enzymes including various cyto-
chrome P450 (CYP) and UDP glucuronosyltransferase
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(UGT) isozymes. Increases in unbound clearance have been
demonstrated for phenytoin (CYP2C9 and CYP2C19) (11)
lorazepam (UGT2B15) (12), antipyrine (multiple Cyps) (12),
and valproate (UGT1A6, UGT1A8, UGT2B7, β-oxidation,
CYP2A6, CYP2B6, CYP2C9) (13), along with increased
urinary excretion of 6β-hydroxycortisol and cortisol
(CYP3A4) (14).

The increase in hepatic metabolism in TBI patients is in
contrast to the considerable in vitro and in vivo data
demonstrating a 20–30% decrease in CYP activity found in
experimental models of infection and inflammation (15–17).
The decrease in CYP activity has been correlated with
circulating concentrations of inflammatory mediators, includ-
ing tumor necrosis factor alpha (TNF-α), interferon gamma
(IFN-γ), and interleukins IL-1α, IL-1β, IL-2, and IL-6, with
IL-6 the most important mediator responsible for downreg-
ulation (15–17). The inflammatory mediators downregulate
CYPs by blocking the action of the pregnane x receptor
(PXR) via binding of the p65 subunit of NF-κB to the retinoid
X receptor (RXR), resulting in suppression of transcription
(17–19). The effect of inflammatory mediators on post-
transcriptional regulation of Cyp appears to be due to the
inflammatory induction of nitric oxide synthase (20).

Erythropoietin (EPO) and anakinra, inflammatory mod-
ulators, have been proposed as promising neuroprotective
agents for treatment of TBI. The uses of immunomodulators
in TBI that target the inflammatory cytokines or their
receptors also have the potential to alter the activity of the
drug-metabolizing enzymes (17). EPO is a hematopoietic
growth factor which regulates red cell production. EPO has
also been shown to have significant pleiotropic effects
including the ability to protect nerve cells from hypoxia-
induced glutamate toxicity, reduce the immune response and
inflammatory reaction, enhance nerve recovery, play a role in
neurogenesis, prevent neuronal apoptosis, inhibit nitric oxide
formation, and prevent oxidative stress (21). Anakinra is a
recombinant form of nonglycosylated human interleukin-1
receptor antagonist (IL-1ra). Elevation of IL-1ra after
initiation of the inflammatory response is an important part
of the auto-regulatory network controlling the inflammatory
response (22). In patients with TBI, high concentrations of
IL-1ra and a high ratio of IL-1ra/IL-1β were association with
better outcome (23).

The overall aim of this study was to determine the effect
of TBI, TBI+EPO, and TBI+anakinra on gene expression of
the hepatic inflammatory proteins and drug metabolic en-
zymes and transporters following experimental TBI.

MATERIAL AND METHODS

Experimental Injury Model

Fifty male Sprague Dawley rats (Harlan, Indianapolis,
IN) approximately 3 months of age (335±28 g) were used in
this study. All animal and surgical procedures were adhered
to as described in the NIH Guide for the Care and Use of
Laboratory Animals. The Southern Illinois University Insti-
tutional Animal Care and Use Committee (IACUC) and the
University of Washington’s IACUC reviewed and approved
all experimental procedures. Before and after injury, animals
were housed in the university-maintained vivarium, with a 12-

h light/dark schedule and a controlled environmental tem-
perature of 22°C in standard housing cages with food and
water available ad libitum. All surgeries were performed
under aseptic conditions. The cortical contusion injury (CCI)
model utilized in the present study was based on previous
studies and produces a moderate injury (24–26). Animals
were anesthetized using a mixture of isoflurane (2–4%) and
oxygen (0.8 L/min). When the animal became unresponsive
(no ocular or pedal reflexes), the head was shaved and
scrubbed with 70% alcohol followed by betadine and placed
into a stereotaxic device. A midline incision was made in the
skin as well as through the underlying fascia. A circular
craniotomy (5.0 mm) was centered 2.4 mm posterior to and
2.4 mm lateral (left) to the bregma. The moderate contusion
injury was created with the Benchmark™ stereotaxic impac-
t o r w i t h a 4 . 0 - mm - d i a m e t e r i m p a c t o r t i p
(www.myneurolab.com, St. Louis, MO) and was induced with
an impact speed of 3.0 m/s and an impact depth of 2.5 mm.
The impact tip maintained contact with the brain tissue for
0.5 s before retraction. Normal body temperature (37°C)
during surgery and recovery was maintained with a warm
water recycling bed and pump system (EZ Anesthesia,
Palmer, PA). Rats receiving sham surgeries underwent
identical surgical preparation as the injured animals but did
not receive craniotomies or injuries; skin was then sutured
and the animal was allowed to recover.

Drug Administration

Animals were randomly assigned to one of four groups:
(a) intact sham, (b) CCI-injured+EPO 2500 IU/kg (Procrit™,
Amgen, Thousand Oaks, CA), (c) CCI-injured+anakinra
100 mg/kg (Kineret™, Amgen, Thousand Oaks, CA), and
(d) CCI-injured+vehicle (saline). Based on the results of
pharmacokinetic studies in healthy rats (27), the dosage
regimen for EPO and anakinra was designed to obtain
clinically relevant serum concentrations of 5000–
10,000 mIU/mL and 15–25 μg/mL for EPO and anakinra,
respectively. Peak concentrations occurred within 1 to 2 h by
administering the initial dose by intraperitoneal injection and
subsequent subcutaneous injections. Doses were adminis-
tered 2 h, 12 h, and then every 12 h up to 72 h after the
CCI injury or until the time of sacrifice. All animals were
randomized to injury and treatment conditions, and investi-
gators involved in sample collection were blinded to
treatment.

Tissue Harvest

Five animals in each treatment group at specified time
points post-CCI (24 h, 72 h, and 7 days) were overdosed with
a mixture of CO2 (80%) and O2 (20%). The rats were then
decapitated; a cardiac blood sample was collected, and brains
and livers were rapidly extracted. To maintain quality control
and to assure that all of the brains were injured, each brain
was assigned a rating score (1=no visual sign of trauma; 2=
bruised and swollen cortex; 3=no remaining cortex or
extensive damage) (26). Only livers from animals who had a
score of 2 were used in the subsequent analyses. The five
intact sham animals were sacrificed at 24 h. The median lobe
of the liver was extracted and placed on ice. Six tissue
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punches were collected and placed into microcentrifuge
tubes, snap frozen, and then stored at −80°C. Tissue and
plasma samples were shipped by overnight carrier to the
University of Washington on dry ice.

Gene Expression Analysis

Microarrays were scanned using the Affymetrix
GeneChip® 3000 scanner, and the data were processed using
various Bioconductor packages. Briefly, raw data were
normalized using the robust multi-array average (RMA)
algorithm implemented in the Bioconductor oligo package
(28). Using the normalized data, we identified genes with
significant evidence for differential expression using the
Bioconductor limma package (29) by fitting a weighted
analysis of variance (ANOVA) model and then computing
empirical Bayes adjusted contrasts (30). Significance was
defined as an unadjusted p value <0.05 and an absolute fold
change >1.5. We used a combination of p value and fold-
change criteria based on observations made by the MAQC
consortium (31). When we report results of comparisons, the
second sample group is always the reference (e.g., vehicle
24 h vs sham indicates the contrast was computed as the
vehicle 24 h group relative to the sham group). Ingenuity
Pathway Analysis (IPA) (Build 131235; Version 11904312;
Database Status 02.20.2012; www.ingenuity.com) was used to
analyze differentially expressed genes (>1.5-fold up- or
downregulated, p<0.05) using the Core Analysis feature.
IPA is a commercial tool that is based on a proprietary
database (http://www.ingenuity.com/) to facilitate the identifi-
cation of biological themes and canonical pathways in
microarray gene expression data. IPA uses a right-tailed
Fisher’s exact test to calculate a p value determining the
probability that each biological function, canonical pathway,
or transcriptional network assigned to the data set is due to
chance alone.

Validation of Data Obtained with Microarrays Using
Fluorogenic 5′-Nuclease-Based Assay and Quantitative
RT-PCR

Quantitative TaqMan-based RT-PCR (qPCR) analysis
has a greater dynamic range for changes in gene expression
levels compared to microarray-based analysis. Therefore, we
used qPCR to validate expression changes of genes of interest
that had been identified by microarray analysis. Briefly,
reverse transcription was performed according to the manu-
facturer’s established protocol using total RNA and the
SuperScript® III First-Strand Synthesis System (Invitrogen,
Carlsbad, CA.). For gene expression measurements, 2 μL of
cDNA was included in a PCR (12 μL final volume) that also
consisted of the ABI TaqMan® Gene Expression Assays mix
and the TaqMan Gene Expression Master Mix according to
the manufacturer’s protocol (Applied Biosystems Inc., Foster
City, CA). Amplification and detection of PCR amplicons
were performed with the ABI PRISM 7900 system (Applied
Biosystems Inc., Foster City, CA) with the following PCR
profile: 1 cycle of 95°C for 10 min, 40 cycles of 95°C for 30 s,
and 60°C for 1 min. GAPDH amplification plots derived from
serial dilutions of an established reference sample were used
to create a linear regression formula in order to calculate

expression levels, and β-actin gene expression levels were
utilized as an internal control to normalize the data.

CYP2D4, CYP3A1, EPHX1, and UGT2B7 Protein Assays

An estimated 30 to 50 mg aliquots of each liver sample
were added to 200 μL ice-cold radio-immunoprecipitation
assay (RIPA) lysis buffer (Millipore, Billerica, MA) contain-
ing one protease inhibitor cocktail tablet (Complete Mini,
Roche, Indianapolis, IN) per 2.5 mL, vortexed, sonicated, and
then rotated for 30 min at 4°C. The samples were then
centrifuged at 16,000 G at 4°C for 30 min to remove debris,
and the supernatant was transferred to several replicate
aliquots in strip tubes. Total protein concentration was
measured using the BCATotal Protein Assay (Thermo Fisher
Scientific, Waltham, MA). The remaining aliquots were
stored at −80°C until protein analysis. ELISA assay kits from
Antibodies-online.com (Atlanta, GA) were used for the
CYP2D4 and CYP3A1 assays. ELISA assay kits from MyBio
Source (San Diego, CA) were used to determine the epoxide
hydrolase 1 (EPHX1) and UGT2B7 protein concentrations.
Small-scale test runs were conducted using nonessential liver
tissue homogenates to determine optimal total protein
loading concentrations for each assay, 20 μg per well for
CYP2D4 and 1 μg per well for CYP3A1, EPHX1, and
UGT2B7. Tissue homogenates were thawed on ice and
diluted initially in RIPA buffer, then 1:100 in sample diluent
to bring the total protein to the desired concentration. Total
protein concentrations of the initial daily RIPA buffer
dilutions were verified and used to normalize results from
each ELISA assay. BCA Total Protein and ELISA plates
were analyzed using a Molecular Devices Spectra MAX 190
Microplate Reader at 562 and 450 nm, respectively. Standard
curves were constructed using linear regression of log
concentrations and absorbance. Measurable concentrations
ranged from 0.3 to 20 ng/mL (CYP2D4), 0.15 to 10 ng/mL
(CYP3A1), 16 to 1000 pg/mL (EPHX1), and 20 to 1200 pg/
mL (UGT2B7) from which we then estimated liver concen-
trations for each animal. One-way analysis of variance
(ANOVA) and Tukey’s method of multiple comparisons
were used to determine statistical significance comparing
contrasts identical to those we made with the microarray data.

Quantitative Assessment of Cytokines in Plasma

Cytokine concentrations were determined in the plasma
samples of the animals using the Proinflammatory Panel 1
(rat) V-PLEX Kit from Meso Scale Discovery (Meso Scale
Discovery, Rockville, MD) according to the manufacturer’s
recommended protocol; a 1:4 dilution of the plasma samples
was used to perform the assays. This kit allows for measuring
the analytes IFN-γ, IL-1β, IL-10, IL-13, IL-4, IL-5, IL-6, and
TNF-α simultaneously. Data was generated using a MESO
QuickPlex SQ 120 instrument (Meso Scale Discovery, Rock-
ville, MD). Standard curves were constructed using linear
regression of log concentrations and absorbance. Measurable
concentrations ranged from 1.0 to 1000 pg/mL (IFN-γ), 10 to
10,000 pg/mL (IL-1β), 4 to 10,000 pg/mL (IL-10), 0.2 to
1000 pg/mL (IL-13), 0.9 to 1000 pg/mL (IL-4), 10 to 1000 pg/
mL (IL-5), 5 to 10,000 pg/mL (IL-6), and 0.25 to 1000 pg/mL
(TNF-α) from which we then estimated liver concentrations
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for each animal. ANOVAwith Holm’s procedure was used to
determine statistical significance comparing contrasts identi-
cal to those we made with the microarray data.

RESULTS

The microarray data passed all the standard and
advanced quality control metrics. The number of differential-
ly expressed genes (>1.5-fold change, p<0.05) at 24 h, 72 h,
and 7 days is presented in Table I. We have submitted both
the normalized and raw data used in this manuscript to the
NCBI GEO database (GSE64886). The vehicle to sham
comparison reflects the effect of the TBI without treatment to
sham controls without TBI. The EPO or anakinra (CCI

animals that received treatment) to vehicle (CCI animals that
received vehicle) comparison evaluates the effect of treat-
ment on any gene expression changes attributable to CCI.

Effect of TBI on Gene Expression in Liver Tissue
and Plasma Cytokines

In contrast to the differential expression of over 100
genes involved in the inflammatory response in the brain after
TBI (Supplemental Table 1), there was a less pronounced
effect of TBI on the expression of genes involved in
inflammatory processes in the liver (Table II). IPA analysis
was used to identify the genes involved in the inflammatory
process (Supplemental Table 1). At 24 h, 72 h, and 7 days,

Table I. Gene Expression Data. The Number of Differentially Expressed Gene Probes (>1.5-Fold Up or Down, p<0.05)

24 h 72 h 7 days

Down Up Total Down Up Total Down Up Total

Vehicle þ TBI
Sham 111 63 174 58 33 91 22 44 66

EPO þ TBI
Vehicle þ TBI 25 86 111 36 320 356 85 102 187
Anakinra þ TBI
Vehicle þ TBI 16 27 43 20 36 56 65 62 127

Table II. Effect of TBI on Inflammatory Genes in the Liver. Genes Differentially Expressed (>1.5-Fold Change, p<0.05)

Affymetrix ID Gene symbol Genes Vehicle þ TBI
Sham

a
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24 h post-TBI
10901166 Angptl4 Angiopoietin-like 4 0.58
10710028 Arntl Aryl hydrocarbon receptor nuclear translocator-like 0.63
10907825 Casp4 Caspase 4, apoptosis-related cysteine peptidase 0.66
10727260 Ccnd1 Cyclin D1 0.47
10828827 Cdkn1a Cyclin-dependent kinase inhibitor 1A 0.52
10771660 Cxcl9 Chemokine (C-X-C motif) ligand 9 0.55
10738399 G6pc Glucose-6-phosphatase, catalytic subunit 0.39
10862867 Gadd45a Growth arrest and DNA-damage-inducible, alpha 1.65
10922826 Il1r1 Interleukin 1 receptor, type I 1.83
10789857 Il17rb Interleukin 17 receptor B 0.57
10787364 Jak3 Janus kinase 3 1.51
10841693 Lbp Lipopolysaccharide binding protein 1.97
10829649 Mif Macrophage migration inhibitory factor 0.57
10810867 Nqo1 NAD(P)H dehydrogenase, quinone 1 1.78
10828714 Ppard Peroxisome proliferator-activated receptor delta 0.62
10857314 Slc6a6 Solute carrier family 6 (neurotransmitter transporter, taurine), member 6 0.41
10749372 Socs3 Suppressor of cytokine signaling 3 1.62
10747506 Stat3 Signal transducer and activator of transcription 3 1.62
10887306 Tnfaip2 Tumor necrosis factor, alpha-induced protein 2 1.53

72 h post-TBI
10744425 Alox15 Arachidonate 15-lipoxygenase 2.67
10727260 Ccnd1 Cyclin D1 0.55
10828827 Cdkn1a Cyclin-dependent kinase inhibitor 1A 0.65
10729791 Ifit1 Interferon-induced protein with tetratricopeptide repeats 1 1.89
10789857 Il17rb Interleukin 17 receptor B 0.59
10747813 Slc4a1 Solute carrier family 4 (anion exchanger), member 1 1.84
10749372 Socs3 Suppressor of cytokine signaling 3 1.62
10777337 Stx18 Syntaxin 18 0.63
10887306 Tnfaip2 Tumor necrosis factor, alpha-induced protein 2 1.80

7 days post-TBI
10901166 Angptl4 Angiopoietin-like 4 0.64
10727260 Ccnd1 Cyclin D1 0.62

aFold change in gene expression



there was no effect of TBI on gene expression on the
inflammatory factors shown to be associated with the
alteration in the expression of hepatic metabolic enzymes in
models of infection and inflammation; Tnfa, Ifng, Il1a, Il1b,
ll6, or inducible nitric oxide synthase (Nos2) at any of the
time points. TNF-α, IFN-γ, IL-4, IL-6, IL-10, and IL-13 were
measurable in the plasma at all time points (Fig. 1). IL1-β and
IL-5 concentrations were below detectable concentrations.
Plasma concentrations of IL-6 were slightly increased in the
sham when compared to literature baseline values (32),
suggesting an inflammatory response to the sham procedure
itself. Compared to the sham animals, at 24 h post-TBI, there
was a statistically significant increase in the plasma concen-
tration of IL-6 in the vehicle-treated TBI animals. IL-6
remained elevated for 7 days, although the increase was not
statistically significantly different than sham.

There was no significant effect of TBI on gene expres-
sion of the Cyp1, Cyp2, and Cyp3 subfamily of enzymes
known to be involved in the metabolism of exogenous
compounds (Table I). Specifically, there was no effect of
TBI on Cyp1a1, 2a1, 2a2, 2b1, 2C11, 2C13, 3a23/3, 2d2, 2d3,
2d4, 2d5, or 2e1. At 24 h, TBI significantly upregulated
several members of the Cyp4f subfamily involved in the
metabolism of the endogenous inflammatory substrates, i.e.,
leukotriene B4, prostaglandins, and arachidonic acid. TBI
increased the expression of Cyp7a1 and Cyp51, metabolic
enzymes involved in cholesterol biosynthesis and hydroxyste-
roid (17β) dehydrogenase 2, a metabolic enzyme involved in
steroidogenesis.

There was a significant effect of TBI on the expression of
the hepatic phase 2 enzymes involved in endogenous
metabolism (Table III). The expressions of Ugt2B7, Ephx1,

and glutathione S-transferase A2 (Gsta2) were downregulat-
ed 24 h post-injury compared to those of non-injured animals.
In both rodents and humans, UGT2B7 is involved in the
conjugation of many xenobiotics, including morphine (33).
EPHX1 plays an important role in the activation and
detoxification of exogenous chemicals (34); GSTA2 has
glutathione peroxidase activity and protects cells from
reactive oxygen species (35). At 7 days post-TBI,
sulfotransferase 2A1 (Sult2a1) was upregulated. SULT2A1
is involved in the sulfate conjugation of primary and
secondary alcohols including raloxifene, tibolone, estradiol,
testosterone, and dehydroepiandrosterone (36).

Although there was a significant effect of TBI on the
expression of several solute carrier transporters 24 h post-
injury (increased expression: Slc1a2, Slc4a1, Slc4a4, Slc13a5,
Slc34a2; decreased expression: Slc2a5, Slc6a6, Slc28a2), 72 h
post-injury (increased: Slc4a1, Slc34a2), and 7 days post-
injury (increased: Slc28a2), there was no effect of TBI on the
gene expression of the transporters shown to be involved in
the transport of drug metabolism including Abcc1 (MRP1),
Abcb1a (MDR1), Abcg2 (BCRP), Abce1 (OABP), Slc22a2
(OCT2), Slc22a6 (OAT1), Slc22a9 (OAT7), and Slco1b3
(OATP8).

At 24 h post-injury, the gene expressions of nuclear
receptor 1D1 (Nr1d1) and Nr1d2 were upregulated (2.20- and
1.68-fold, respectively) and peroxisome proliferator-activated
receptor delta (Ppard) was downregulated (0.62) in the TBI
animals compared to sham. Hepatocyte nuclear factor 4,
gamma (Hnf4g) was upregulated (1.57-fold) at 7 days post-
injury in the TBI animals compared to the uninjured controls.
There was no effect of TBI on the expression of Pxr, Rxr, or
the constitutive androstane receptor (Car).

Fig. 1. The effect of vehicle (V), erythropoietin (E), and anakinra (A) in TBI animals on cytokine plasma concentrations at 24 h, 72 h, and
7 days post-TBI. IFN-γ: *p=0.01 compared to vehicle 24 h; IL-6: *p=0.01 compared to sham, **p=0.00 compared to vehicle 24 h, ***p=0.03
compared to vehicle 72 h; IL-10: *p=0.04 compared to vehicle 24 h; IL-13: *p=0.03 compared to vehicle 24 h
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Effect of EPO and Anakinra on Hepatic Gene Expression
and Plasma Cytokines

Overall, compared to vehicle, EPO treatment resulted in
a significantly greater number of genes differentially
expressed compared to anakinra (Table I). There was a
significant effect of EPO on increased expression of genes
involved in the inflammatory process in the liver at 24 and
72 h and both an increased and decreased expression of
inflammatory genes 7 days post-injury in the presence of TBI
(Table IV). Compared to the vehicle, EPO significantly
decreased the plasma concentrations of IL-6 at 24 and 72 h
post-injury and IL-10 and IL-13 at 24 h post-injury in the TBI
animals (Fig. 1). The canonical pathways following EPO
treatment identified by IPA at 24 h included several
inflammatory signaling pathways (Table V, Supplemental
Table 3). In contrast, the anakinra treatment only had a
minimal effect at 72 h on the expression of genes involved in
the inflammatory process (Table V, Supplemental Table 4).
The anakinra treatment resulted in a small but significant
decrease in the plasma concentrations of IL-6 at 24 h (Fig. 1).
There was no effect of either EPO or anakinra on gene
expression on any of the inflammatory factors shown to be
associated with alteration in the expression of hepatic
metabolic enzymes in models of infection and inflammation.

Treatment with EPO or anakinra in CCI animals
resulted in minimal effects on the expression of genes of the
hepatic metabolizing enzymes (Table VI). Injured animals
treated with EPO had a decreased expression of Cyp2d4 at
72 h, the only CYP2D present in the brain, but also present in
the liver (37). Anakinra decreased the expression of Sult2a1
at 72 h compared to sham controls. There was no effect of
either EPO or anakinra on the gene expression of any of the
major transporters involved in endogenous drug transports.

Effect of TBI, EPO, and Anakinra on Protein Expression
of CYP2D6, CYP3A1, EPHX1, or UGT2B7

As shown in Fig. 2, CYP2D4 protein levels were
significantly decreased by EPO treatment at 72 h and 7 days
post-TBI compared to the 24-h time point. CYP3A1 was only
significantly decreased at the 24-h time point in the EPO-
treated animals compared to the 72-h and 7-day time points.
There was no effect of TBI or anakinra treatment on levels of
CYP2D4, CYP3A1, EPHX1, or UGT2B7.

Validation of Microarray Data

Based on differential expression, as assessed by micro-
array data analysis, 11 genes (Aldh1b1, Cyp4a1, Cyp4a2,
Cyp51, Cyp7a1, Ephx1, Fmo3, Il1b, Nat8, Sult2a1, Ugt2b7)
were chosen for q-RT-PCR validation. The array data
indicated that these genes were differentially expressed only
in certain but not all contrast as described in the manuscript.
q-RT-PCR analysis confirmed differential expression ob-
served with microarray analysis. Figure 3 shows the gene
expression results of these 11 genes in the liver generated by
microarray and qPCR (normalized to beta-actin). The qPCR
findings were highly correlated with the microarray data
(Pearson’s correlation=0.77). Supplemental Figure 1 shows in
more detail the differential expression of these 11 genes for
all contrasts for both the microarray and q-RT-PCR data.

DISCUSSION

TNF-α, IL-1β, and IL-6, the inflammatory mediators
shown to be correlated with a decrease in CYP activity with
infection and inflammation, are present in the cerebral spinal
fluid (CSF) and serum of patients after a TBI (8). IL-6 serum

Table III. Effect of TBI on Liver Metabolizing Enzymes. Genes differentially expressed (>1.5-fold change, p<0.05)

Affymetrix ID Symbol Genes Vehicle þ TBI
Sham

a

24 h post-TBI
10716509 Ces2c Carboxylesterase 2C 1.78
10871087 Cyp4a1 Cytochrome P450, family 4, subfamily a, polypeptide 1 1.63
10878780 Cyp4a2 Cytochrome P450, family 4, subfamily a, polypeptide 2 1.60
10878767 Cyp4a8 Cytochrome P450, family 4, subfamily a, polypeptide 8 1.65
10914411 Cyp8b1 Cytochrome P450, family 8, subfamily b, polypeptide 1 1.50
10853471 Cyp51 Cytochrome P450, family 51 1.59
10811341 Hsd17b2 Hydroxysteroid (17-beta) dehydrogenase 2 1.78
10769680 Hsd17b7 Hydroxysteroid (17-beta) dehydrogenase 7 1.88
10810867 Nqo1 NAD(P)H dehydrogenase, quinone 1 1.78
10868726 Aldh1b1 Aldehyde dehydrogenase 1 family, member B1 0.63
10807083 Ces2g Carboxylesterase 2G 0.56
10770342 Ephx1 Epoxide hydrolase 1, microsomal 0.63
10918822 Gsta2 Glutathione S-transferase A2 0.66
10863686 Nat8 N-Acetyltransferase 8 0.52
10771978 Ugt2b7 UDP glucuronosyltransferase 2 family, polypeptide B7 0.66

72 h post-TBI
10863686 Nat8 N-Acetyltransferase 8 0.65
10875324 Cyp7a1 Cytochrome P450, family 7, subfamily a, polypeptide 1 1.94
10811341 Hsd17b2 Hydroxysteroid (17-beta) dehydrogenase 2 1.74

7 days post-TBI
10719187 Sult2a1 Sulfotransferase family 2A, dehydroepiandrosterone (DHEA)-preferring, member 1 1.51
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Table IV. Effect of EPO and Anakinra on Inflammatory Genes in the Livers of TBI Animals

Affymetrix ID Gene symbol Genes EPO þ TBI
Vehicle þ TBI

a Anakinra þ TBI
Vehicle þ TBI

a

24 h post-TBI
10858408 A2m Alpha-2-macroglobulin 2.27 n.s.
10744425 Alox15 Arachidonate 15-lipoxygenase 2.86 n.s.
10894525 Cry1 Cryptochrome 1 (photolyase-like) 1.54 n.s.
10711575 Dmbt1 Deleted in malignant brain tumors 1 1.55 n.s.
10732652 Dusp1 Dual specificity phosphatase 1 1.80 n.s.
10800919 Egr1 Early growth response 1 2.09 n.s.
10878112 Jun Jun oncogene 2.13 n.s.
10742402 Ltc4s Leukotriene C4 synthase 1.57 n.s.
10907913 Mmp8 Matrix metallopeptidase 8 1.67 n.s.
10747813 Slc4a1 Solute carrier family 4 (anion exchanger), member 1 1.93 n.s.
10857314 Slc6a6 Solute carrier family 6 (neurotransmitter transporter,

taurine), member 6
1.83 n.s.

72 h post-TBI
10745670 Ccl6 Chemokine (C-C motif) ligand 6 1.65 n.s.
10940473 Cd36 CD36 molecule 2.97 n.s.
10777232 Cd38 CD38 molecule 1.61 n.s.
10767388 Cd55 CD55 molecule 1.78 n.s.
10858626 Cd163 CD163 molecule 1.81 n.s.
10803110 Cd226 CD226 molecule 1.59 n.s.
10765625 Cd244 CD244 molecule 1.67 n.s.
10764069 Chi3l1 Chitinase 3-like 1 1.75 n.s.
10897428 Csf2rb Colony stimulating factor 2 receptor, beta,

low-affinity (granulocyte-macrophage)
1.60 n.s.

10763808 Ctse Cathepsin E 1.83 n.s.
10924245 Cxcr2 Cxcr2 1.79 n.s.
10936899 Cybb Cytochrome b-245, beta polypeptide 1.66 n.s.
10711575 Dmbt1 Deleted in malignant brain tumors 1 1.59 n.s.
10820586 F2r Coagulation factor II (thrombin) receptor 1.57 n.s.
10812589 F2rl2 Coagulation factor II (thrombin) receptor-like 2 2.49 n.s.
10794734 F13a1 Coagulation factor XIII, A1 polypeptide 1.72 n.s.
10813392 Fyb FYN binding protein (FYB-120/130) 1.63 n.s.
10797527 Gadd45g Growth arrest and DNA-damage-inducible, gamma n.s. 1.67
10735317 Gp1ba Glycoprotein Ib (platelet), alpha polypeptide 1.62 n.s.
10897805 Grap2 GRB2-related adaptor protein 2 2.38 n.s.
10923036 Gulp1 GULP, engulfment adaptor PTB domain containing 1 1.53 n.s.
10821370 Gzma Granzyme A 1.61 n.s.
10860351 Hgf Hepatocyte growth factor 1.60 n.s.
10806122 Hmox1 Heme oxygenase (decycling) 1 1.95 n.s.
10862842 Hpgds Hematopoietic prostaglandin D synthase 1.78 n.s.
10729791 Ifit1 Interferon-induced protein with tetratricopeptide repeats 1 8.60 n.s.
10774141 Igfbp1 Insulin-like growth factor binding protein 1 2.08 1.92
10708015 Isg20 Interferon stimulated exonuclease gene 20 1.80 n.s.
10821851 Il7r Interleukin 7 receptor 2.24 n.s.
10909874 Il18 Interleukin 18 1.55 n.s.
10832306 Itgb2 Integrin, beta 2 1.62 n.s.
10806585 Junb Jun B proto-oncogene 1.75 n.s.
10844331 Lcn2 Lipocalin 2 3.51 n.s.
10779673 Lgals3 Lectin, galactoside-binding, soluble, 3 1.87 n.s.
10902547 Lyz2 Lysozyme 2 1.69 n.s.
10930693 Marco Macrophage receptor with collagenous structure 1.63 n.s.
10907913 Mmp8 Matrix metallopeptidase 8 4.99 n.s.
10796476 Mrc1 Mannose receptor, C type 1 1.52 n.s.
10855506 Npy Neuropeptide Y 2.20 n.s.
10775914 Pf4 Platelet factor 4 1.54 n.s.
10873341 Pla2g2a Phospholipase A2, group IIA (platelets, synovial fluid) 1.60 n.s.
10768376 Pla2g4a Phospholipase A2, group IVA (cytosolic, calcium-dependent) 1.63 n.s.
10771406 Plac8 Placenta-specific 8 1.86 n.s.
10778558 Plek Pleckstrin 2.06 n.s.
10775918 Ppbp Pro-platelet basic protein (chemokine (C-X-C motif) ligand 7) 3.56 n.s.
10810018 Prdx2 Peroxiredoxin 2 2.00 n.s.
10837381 Prg2 Proteoglycan 2, bone marrow 1.72 n.s.
10768138 Ptprc Protein tyrosine phosphatase, receptor type, C 1.63 n.s.
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concentrations were significantly lower and decreased signif-
icantly more rapidly in patients with mild/moderate TBI
(Glasgow coma scale (GCS>8)) compared to those in
patients with more severe TBI (38). Shiozaki et al. compared
patients with isolated TBI to those with TBI plus other
injuries (39). Serum concentrations of TNF-α, IL-1β, and IL-
10 at 6 h post-injury were significantly less than CSF
concentrations in patients with isolated TBI. In contrast, in
patients with TBI plus multiple injuries, serum concentrations
exceeded CSF concentrations. Seekeamp et al. (40) also
found that IL-6, IL-8, and IL-10 serum concentrations were
significantly higher in patients with multiple injuries com-
pared to TBI alone when measured out to 7 days post-injury.
IL-6 was increased to ~150 pg/mL in days 1 and 2 in the
isolated TBI patients and only stayed elevated in patients
with multiple injuries, with an average IL-6 concentration of
~350 pg/mL. IL-8 and IL-10 serum concentrations were
significantly elevated in day 1 after injury only in patients
with TBI plus multiple injuries and stayed at low concentra-
tions for at least 7 days.

In experimental rodent models of TBI, brain concentra-
tions of TNF-α, IL-1β, and IL-6 increase rapidly after TBI
and returned to below the detection limit within 24 h post-
injury (41–43). Maegele et al. compared plasma concentra-
tions in rodents with a severe TBI alone, peripheral bone
fracture alone, or TBI plus fracture (32). TNF-α peak plasma
concentrations were detectable within 30 min post-injury and

returned to baseline by 6 h for TBI alone and TBI plus
fracture. IL-1β plasma concentrations peaked at 6 and 48 h
with TBI plus fracture and TBI alone, respectively. IL-6
plasma concentrations remained elevated for at least 7 days
with significantly higher concentrations at 6 h post-injury with
TBI plus fracture. IL-10 serum concentrations were only
significantly elevated with TBI plus fracture and remained
elevated for 7 days. Therefore, in rodents, the inflammatory
response to experimentally induced TBI with and without
multiple injuries does appear to mimic the inflammatory
response found in humans with TBI. There is increased
systemic exposure to inflammatory cytokines in humans and
animals with TBI. The magnitude of exposure depends upon
the severity of the TBI and the presence or absence of other
injuries.

Clinically, the significant increase in CYP- and UGT-
dependent metabolism occurs within 2 days after the TBI,
peaking at 2–3 weeks, and is still increased at 30 days
depending on whether the patient had an isolated TBI or
had concurrent non-TBI (13). In patients receiving valproate,
the severity of the TBI, the presence of non-TBI, the
presence of ethanol at the time of injury, age, and whether
or not the patient had a neurosurgical procedure (craniotomy/
craniectomy) affected the magnitude and time course of the
increased unbound clearance (Clu) (13). The severity of the
TBI based on GCS was correlated with Clu, with the more
severe TBI having a higher increase in Clu. If patients had a

Table IV. (continued)

Affymetrix ID Gene symbol Genes EPO þ TBI
Vehicle þ TBI

a Anakinra þ TBI
Vehicle þ TBI

a

10742194 Pttg1 Pituitary tumor-transforming 1 1.75 n.s.
10817071 S100a8 S100 calcium binding protein A8 1.77 n.s.
10824695 S100a9 S100 calcium binding protein A9 2.78 n.s.
10752744 Samsn1 SAM domain, SH3 domain and nuclear localization signals, 1 1.64 n.s.
10765186 Sell Selectin L 1.90 n.s.
10759173 Selplg Selectin P ligand 1.51 n.s.
10763367 Serpinb2 Serpin peptidase inhibitor, clade B (ovalbumin),member 2 1.83 n.s.
10747813 Slc4a1 Solute carrier family 4 (anion exchanger), member 1 6.09 n.s.
10862820 Snca Synuclein, alpha (non A4 component of amyloid precursor) 2.87 n.s.
10901996 Socs2 Suppressor of cytokine signaling 2 n.s. 0.37
10833180 Srgn Serglycin 1.65 n.s.
10856525 Tacr1 Tachykinin receptor 1 2.41 n.s.
10746976 Top2a Topoisomerase (DNA) II alpha 1.91 n.s.
10709093 Ucp2 Uncoupling protein 2 (mitochondrial, proton carrier) 2.65 n.s.

7 days post-TBI
10901166 Angptl4 Angiopoietin-like 4 n.s. 0.55
10751931 Bcl6 B cell CLL/lymphoma 6 n.s. 2.30
10727260 Ccnd1 Cyclin D1 0.59 n.s.
10940473 Cd36 CD36 molecule (thrombospondin receptor) 1.98 n.s.
10828827 Cdkn1a Cyclin-dependent kinase inhibitor 1A 0.62 n.s.
10732652 Dusp1 Dual specificity phosphatase 1 n.s. 0.54
10769825 Fcer1g Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide n.s. 0.65
10729791 Ifit1 Interferon-induced protein with tetratricopeptide repeats 1 9.90 n.s.
10804463 Lox Lysyl oxidase 0.43 n.s.
10855506 Npy Neuropeptide Y n.s. 0.59
10775914 Pf4 Platelet factor 4 1.50 n.s.
10775918 Ppbp Pro-platelet basic protein (chemokine (C-X-C motif) ligand 7) 1.81 n.s.
10901996 Socs2 Suppressor of cytokine signaling 2 n.s. 0.25
10709093 Ucp2 Uncoupling protein 2 (mitochondrial, proton carrier) 2.46 n.s.

a Fold change in gene expression
n.s. not significant
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TBI in combination with other injuries, the average Clu was
51% higher at week 4 compared to patients with isolated TBI.
Patients with age≥40 years had amaximum increase in Clu 37%
greater at 3 weeks after TBI than was found in the younger
patients. The presence of ethanol at the time of TBI increased
Clu by an average of 14% for the first 3 weeks post-injury.

Although plasma concentrations of IL-6 were increased
in our CCI model, the increase was significantly less than
found clinically in TBI patients, especially those with TBI
plus multiple injuries. In both animal models and in patients,
TBI plus multiple injury patients have higher IL-6 concen-
trations and, clinically, valproate metabolism was greater in
patients with multiple injuries compared to isolated TBI (13).
Conversely, in patients receiving a bone marrow transplant,

serum IL-6 increased on average to 212 pg/mL and was
associated with a threefold decrease in Cyp3A4-dependent
cyclosporine metabolism (44). This further suggests that IL-6
does not play a role in the TBI-associated increased
metabolism. All of the patient factors associated with
increasing the magnitude and duration of Clu have been
reported to cause a shift to the anti-inflammatory mediators,
IL-4 and IL-10, from pro-inflammatory mediators in experi-
mental models (40,45–47). Therefore, the increase in hepatic
metabolism after TBI may be due to the increased presence
of anti-inflammatory mediators in contrast to the inhibition
effect of the pro-inflammatory mediators in non-TBI inflam-
mation and infection. Although the administration of IL-10
(8 μg/kg for 6 days) to healthy subjects resulted in a slight

Table V. Erythropoietin (EPO) and Anakinra Ingenuity Canonical Pathway Analysis

Pathways p value Genes

24 h post-TBI: EPO
Circadian rhythm signaling 9.55E−05 PER3, ARNTL, CRY1
IL-17A signaling in fibroblasts 4.07E−03 JUN, LCN2
IL-6 signaling 4.17E−03 IL-18, JUN, A2M
IL-12 signaling and production in macrophages 4.27E−03 ALOX15, IL18, JUN
Glucocorticoid receptor signaling 4.90E−03 JUN, DUSP1, CDKN1A, A2M
Acute phase response signaling 1.05E−02 ALOX15, IL18, JUN
Eicosanoid signaling 1.07E−02 ALOX15, LTC4S
ATM signaling 1.12E−02 JUN, CDKN1A
RAR activation 1.12E−02 CSF2RB, JUN, DUSP1
IL-10 signaling 1.58E−02 IL-18, JUN
Crosstalk between dendritic cells and natural killer cells 1.62E−02 CSF2RB, IL-18
IL-3 signaling 1.66E−02 CSF2RB, JUN
Leukotriene biosynthesis 2.57E−02 LTC4S
PPAR signaling 2.82E−02 IL-18, JUN
GADD45 signaling 4.79E−02 CDKN1A
Aryl hydrocarbon receptor signaling 5.01E−02 JUN, CDKN1A

72 h post-TBI: EPO
Eicosanoid signaling 1.62E−03 ALOX15, PLA2G4A, PLA2G2A, HPGDS, DPEP2
Fc epsilon RI signaling 5.50E−03 PLA2G4A, RAC2, GRAP2, FCER1G, MAP2K3, PLA2G2A
Phospholipases 8.71E−03 HMOX1, PLA2G4A, PLA2G2A, PLA1A
Oncostatin M signaling 1.51E−02 TIMP3, OSMR, CHI3L1
GADD45 signaling 2.95E−02 PCNA, ADD45A
Leukocyte extravasation signaling 5.75E−02 ITGB2, RAC2, TIMP3, MMP8, CYBB, SELPLG
IL-8 signaling 1.28E−01 ITGB2, HMOX1, RAC2, CXCR2, CYBB

72 h post-TBI: anakinra
PXR/RXR activation 0.0002 NR1l3, IGFBP1, CYP2B6
GADD45 signaling 0.0005 GADD45A, GADD45G
VDR/RXR activation 0.0098 GADD45A, IGFBP1
Acute phase response signaling 0.0389 IL1RN, SOCS2

7 days post-TBI: EPO
GADD45 signaling 6.76E−03 CDKN1A, CND1
TR/RXR activation 1.82E−02 UCP2, CYP7A1, NCOA4

Abbreviations: A2M alpha-2-macroglobulin; ALOX15 arachidonate 15-lipoxygenase; ARNTL aryl hydrocarbon receptor nuclear translocator-
like; CCND1 cyclin D1; CDKN1A cyclin-dependent kinase inhibitor 1A; CHI3L1 chitinase 3-like 1; CRY1 cryptochrome 1 (photolyase-like);
CSF2RB colony stimulating factor 2 receptor, beta, low-affinity; CXCR2 chemokine (C-X-C motif) receptor 2; CYP2B6 cytochrome P450,
family 2, subfamily b, polypeptide 3; CYP7A1 cytochrome P450, family 7, subfamily a, polypeptide 1; CYPP cytochrome b-245, beta
polypeptide; DUSP1 dual specificity phosphatase 1; DPEP2 dipeptidase 2; FCER1G Fc fragment of IgE, high affinity I, receptor for; gamma
polypeptide; GRAP2 GRB2-related adaptor protein 2; GADD45A growth arrest and DNA-damage-inducible, alpha; GADD45G growth
arrest and DNA-damage-inducible, gamma; IGFBP1 insulin-like growth factor 2 mRNA binding protein 1; HMOX1 heme oxygenase
(decycling) 1; HPGDS hematopoietic prostaglandin D synthase; IL1RN interleukin 1 receptor antagonist; IL-18 interleukin 18, nintegrin, beta
2; JUN Jun oncogene; LCN2 lipocalin 2; LTC4S leukotriene C4 synthase; MAP2K3 mitogen-activated protein kinase kinase 3; MMP8 matrix
metallopeptidase 8; NCOA4 nuclear receptor coactivator 4; Nr1i3 nuclear receptor subfamily 1, group I, member 3; OSMR oncostatin M
receptor; PER3 period homolog 3; PLA1A phospholipase A1 member A; PLA2G2A phospholipase A2, group IIA; PLA2G4A phospholipase
A2, group IVA; RAC2 ras-related C3 botulinum toxin substrate 2 (rho family, small GTP binding protein Rac2); SELPLG selectin P ligand;
TIMP3 TIMP metallopeptidase inhibitor 3; SOCS2 suppressor of cytokine signaling 2; UCP2 uncoupling protein 2
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TABLE VI. Effect of Erythropoietin and Anakinra on Hepatic Metabolizing Enzymes in TBI Animals. Genes Differentially Expressed (>1.5-
fold change, p<0.05)

Affymetrix ID Gene symbol Genes EPO þ TBI
Vehicle þ TBI

a Anakinra þ TBI
Vehicle þ TBI

a

Fig. 2. The effect of vehicle (V), erythropoietin (E), and anakinra (A) in animals on liver protein expression. Abbreviations CYP2D4
cytochrome P450 2D6, CYP3A1 cytochrome P450 3A1, EPHX1 epoxide hydrolase 1, UGT2B7 UDP glucuronosyltransferases 2B7. CYP2D4:
*p<0.01 compared to EPO 24 h; CYP3A1: *p<0.02 compared to EPO 7 days; EPHX1: *p<0.05 compared to EPO 24 h
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24 h post-TBI
10875324 Cyp7a1 Cytochrome P450, family 7, subfamily a, polypeptide 1 n.s. 1.93
10863686 Nat8 N-Acetyltransferase 8 1.87 1.51

72 h post-TBI
10905721 Cyp2d4 Cytochrome P450, family 2, subfamily d, polypeptide 4 0.65 n.s.
10914411 Cyp8b1 Cytochrome P450, family 8, subfamily b, polypeptide 1 0.62 n.s.
10719187 Sult2a1 Sulfotransferase family 2A, dehydroepiandrosterone

(DHEA)-preferring, member 1
n.s. 0.66

7 days post-TBI
10930766 Cyp2c12 Cytochrome P450, family 2, subfamily c, polypeptide 12 n.s. 1.51
10875324 Cyp7a1 Cytochrome P450, family 7, subfamily a, polypeptide 1 2.11 2.55
10730599 Cyp17a1 Cytochrome P450, family 17, subfamily a, polypeptide 1 0.40 n.s.
10769385 Fmo3 Flavin containing monooxygenase 3 0.61 n.s.
10855008 Gstk1 Glutathione S-transferase kappa 1 n.s. 0.66
10771936 Ugt2a3 UDP glucuronosyltransferase 2 family, polypeptide A3 0.63 n.s.

aFold change in gene expression
n.s. not significant



decrease in the activity of CYP3A4 (midazolam) and no
effect on CYP1A2 (caffeine), CYP2C9 (tolbutamide), or
CYP2D6 (dextromethorphan) on days 4 and 5 (48), the
estimated IL-10 serum concentrations after exogenous ad-
ministration would have been 1000-fold higher (ng/mL) (49)
than exogenously produced in TBI patients (pg/mL).

Clinically, there is also evidence of a selective effect
on CYP isozymes in general trauma patients; 20 of 23 did
not have a TBI (50). Probe substrates were administered
during weeks 1 to 4 after injury. The metabolism of
flurbiprofen (CYP2C9) and dapsone (CYP3A4, CYP2C9)
was increased. In contrast, the metabolism of mephenytoin
(CYP2C19) and chlorzoxazone (CYP2E1) was decreased.

In contrast to the increase in CYP and UGT activity
found in patients after TBI, in the CCI model, there was no
effect on the gene expression of any of the Cyp1, Cyp2, and
Cyp3 subfamily of enzymes or transporters and a decrease in
expression of phase II metabolism genes. Animals were only
evaluated at 24 h, 72 h, and 7 days post-injury which is a
limitation, as both early (<24 h) and delayed effects (>7 days)
were not evaluated. There is limited evidence that TBI may
alter CYP in the CCI model. Toler et al. (51) found no change
in total CYP content and CYP2C11 and CYP3A protein
amount or activity at 24 h after injury, although mRNA levels
of both were decreased. Kalsotra et al. (52) found a decrease
in total CYP450 content at 24 h and an increase at 2 weeks.

CYP3A protein and activity were not altered at 24 h and
were significantly increased at 2 weeks. Conversely, CYP1A
was decreased at both time points and there was no effect on
CYP2B, CYP2D, or CYP4F sub-families. Poloyac et al. (53)
reported a decrease in Cyp2E1 activity 24 and 48 h following
TBI.

EPO treatment also resulted in significant effects on the
expression of genes involved in the inflammatory process
similar to the effect found in the brain (27). IL-6 plasma
concentrations were decreased at 24 and 72 h. EPO increased
the expression of IL-18 at 72 h. IL-18 has been described as
an IFN-γ-inducing factor (54). IL-18 binds to the IL-18
receptor and induces cell-mediated immunity, eventually
resulting in the release of IFN-γ. IFN-γ has been associated
with decreased expression of hepatic metabolic enzymes (55).
EPO treatment decreased the gene expression of Cyp2d4 at
72 h with a corresponding decrease in CYP2D4 protein levels
at 72 h and 7 days. CYP3A1 concentration was also decreased
at 24 h compared to that at 7 days. Although there was not a
statistically significant difference between vehicle treated and
EPO treated at the corresponding time points, possibly due to
the larger variability in the vehicle-treated animals, the
concentrations are consistent with a decrease due to EPO
treatment. The lack of effect of anakinra on hepatic metabolic
enzymes was also consistent with the minimal effect on the
expression of the gene involved in the inflammatory process

Fig. 3. TaqMan-based RT-PCR validation of the microarray data for the selected genes:
Aldh1b1 (aldehyde dehydrogenase 1 family, member B1), Cyp4a1 (cytochrome P450,
family 4, subfamily a, polypeptide 1), Cyp4a2 (cytochrome P450, family 4, subfamily a,
polypeptide 2), Cyp51 (cytochrome P450, family 51), Cyp7a1 (cytochrome P450, family7,
subfamily a, polypeptide 1), Ephx1 (epoxide hydrolase 1), Fmo3 (flavin containing
monooxygenase 1), Il1b (interleukin 1 beta), Nat8 (N-acetyltransferase 8), Sult2a1
(sulfotransferase family 2A, dehydroepiandrosterone (DHEA)-preferring, member 1),
Ugt2b7 (UDP glucuronosyltransferase 2 family, polypeptide B7). The RT-PCR data shown
in the figure was normalized to the housekeeping gene β-actin
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in the liver. EPO and anakinra treatments were only
evaluated in TBI animals which is a limitation.

CONCLUSIONS

IL-6 has been shown to be the mediator most
responsible for downregulating Cyp activity in infection
and inflammation. Although plasma concentrations of IL-6
were increased in our CCI model, the increase was
significantly less than found clinically in TBI patients and
there was no effect of TBI on the expression of Cyp and
Ugt. This is in contrast to the large increase in Cyp and
UGT metabolism that occurs in patients after a TBI, with
the increased metabolism greatest in patients with the
more severe injuries and highest IL-6 concentrations. In
our CCI model, EPO treatment decreased plasma concen-
trations of IL-6 with a corresponding decrease in Cyp
expression, opposite the effect found in models of
infection and inflammation. Therefore, the pro-
inflammatory cytokines do not appear to play a major
role in the regulation of Cyp activity after TBI.
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