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Abstract

Males and females show differences in the prevalence of many major diseases that have important
inflammatory components to their etiology. These gender-specific diseases, which include
autoimmune diseases, hepatocellular carcinoma, diabetes, and osteoporasis, are largely considered
to reflect the actions of sex hormones on the susceptibility to inflammatory stimuli. However,
inflammation reflects a balance between pro- and anti-inflammatory signals, and investigation of
gender-specific responses to the latter has been neglected. Glucocorticoids are the primary
physiological anti-inflammatory hormones in mammals, and synthetic derivatives of these
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hormones are prescribed as anti-inflammatory agents, irrespective of patient gender. We explored
the possibility that sexually dimorphic actions of glucocorticoid regulation of gene expression may
contribute to the dimorphic basis of inflammatory disease by evaluating the rat liver, a classic
glucocorticoid-responsive organ. Surprisingly, glucocorticoid administration expanded the set of
hepatic sexually dimorphic genes. Eight distinct patterns of glucocorticoid-regulated gene
expression were identified, which included sex-specific genes. Our experiments also defined
specific genes with altered expression in response to glucocorticoid treatment in both sexes, but in
opposite directions. Pathway analysis identified sex-specific glucocorticoid-regulated gene
expression in several canonical pathways involved in susceptibility to and progression of diseases
with gender differences in prevalence. Moreover, a comparison of the number of genes involved
in inflammatory disorders between sexes revealed 84 additional glucocorticoid-responsive genes
in the male, suggesting that the anti-inflammatory actions of glucocorticoids are more effective in
males. These gender-specific actions of glucocorticoids in liver were substantiated in vivo with a
sepsis model of systemic inflammation.

INTRODUCTION

Gender-based biology has identified physiological and pharmacological differences between
women and men at the subcellular, cellular, tissue, organ, and system levels (1), as well as
differences in the propensity for specific diseases. Indeed, gender emerges as an important
epidemiological risk factor for the incidence, presentation, and progression of several
diseases with known inflammatory components. For example, osteoporosis, rheumatoid
arthritis, systemic lupus erythematosus, and Cushing’s disease are more prevalent in females
(2-5). Conversely, males are about three to five times more likely than females to develop
hepatocellular carcinoma, kidney diseases (6, 7), and Parkinson’s disease (8). Although sex
hormones (including estrogens and androgens) have been implicated as key determinants of
this observed dimorphism, the mechanisms responsible for differences in susceptibility,
incidence, and progression of gender-prevalent disease are not fully understood.

Glucocorticoids are stress-induced steroids that regulate intermediary metabolism, vascular
tone, central nervous system function, development, and programmed cell death (9, 10).
These hormones also function as anti-inflammatory and immunosuppressive effectors,
interfering with virtually every step of the immune response. Synthetic glucocorticoids are a
mainstay in the treatment of many inflammatory and autoimmune diseases (10), for which
they are prescribed largely without consideration for patient gender. Both endogenous and
exogenous glucocorticoids inhibit inflammation by binding to the glucocorticoid receptor
and regulating gene expression through various mechanisms (10). Because inflammation
appears to be a common feature underlying many diseases that exhibit gender-based
differences in prevalence, we considered the possibility that gender may influence the anti-
inflammatory actions of glucocorticoids. With the rat liver as a model, genome-wide
complementary DNA (cDNA) microarray studies revealed that glucocorticoid treatment
expands the set of liver genes that exhibit sexually dimorphic expression. These findings,
supported by in silico analyses and in vivo experiments, suggest that glucocorticoids
selectively modulate the inflammatory response in male and female livers through distinct
signaling pathways. Based on these findings, we speculate that these gender-specific actions
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of glucocorticoids might contribute to the susceptibility to, development, or progression of
inflammatory diseases with differences in gender prevalence.

RESULTS

Liver gene expression in male and female rats

We used a whole-genome microarray approach in male and female adrenalectomized rats to
evaluate the potential for sexually dimorphic gene expression in liver, a classical target for
glucocorticoids. Comparison of significantly hybridized probe sets between the male and
female vehicle groups (female/male, P < 0.001) revealed sex specificity for 1743 probe sets.
Of these, 924 showed higher abundance in males (female/male, <1-fold change), and 819
showed higher abundance in females (female/male, >1-fold change) (Fig. 1A). We
confirmed several of these sex-specific gene expression profiles by quantitative real-time
polymerase chain reaction (QRT-PCR) analysis (Fig. 1B). In agreement with the microarray
analysis, we detected greater messenger RNA (mRNA) abundance of cytochrome P450 2al
(Cyp2a21) and cytochrome P450 2¢13 (Cyp2c13) in males and greater mRNA abundance of
cytochrome P450 2¢7 (Cyp2c7) and cytochrome P450 2¢c40 (Cyp2c¢40) in females. In
addition, genes that did not show statistical differences in expression between sexes (39,266
probe sets; female/male, P > 0.001) were confirmed by detection of CD55 molecule (CD55)
and glucose-6-phosphatase, catalytic (G6pc) mRNA. Thus, our genome-wide analyses of
control livers from adrenalectomized rats identified numerous genes that show sexual
dimorphism in mMRNA abundance, findings that are consistent with previous publications
showing different liver gene expression patterns in male and female non-adrenalectomized
mammals (11-14).

Glucocorticoid-induced increase in sexually dimorphic gene expression in the rat liver

To investigate potential sexual dimorphism in glucocorticoid-regulated liver gene
expression, we also performed microarray analysis of global gene expression on livers of
male and female rats treated with the glucocorticoid dexamethasone (DEX). Surprisingly,
we identified a higher number of significantly changed probe sets in females compared to
males (8234 and 6329 probe sets, respectively). By comparing the two sets of data (male
DEX/vehicle compared to female DEX/vehicle; P < 0.001), we detected sex-specific
differences in glucocorticoid-regulated gene expression (Fig. 2A). We identified 4293 probe
sets specifically regulated by glucocorticoids in females and 2388 distinct probe sets
specifically regulated by glucocorticoids in males. The remaining probe sets were regulated
in both sexes (3941 probe sets). Differential expression of sex-specific genes was confirmed
by qRT-PCR of DEX-responsive genes (Fig. 2B). The genes adrenomedullin 2 (Adm2) and
parathyroid hormone-like hormone (Pthlh) confirmed the patterns of expression for genes
that are DEX responsive in males but not in females (male-specific genes). The genes LIM
motif-containing protein kinase 2 (Limk2) and secretory leukocyte peptidase inhibitor (SIpi)
confirmed the pattern of expression for genes that are DEX responsive in females but not in
males (female-specific genes). The genes guanylate cyclase 2C (Gucy2c) and tyrosine
aminotransferase (Tat) confirmed the pattern of expression for genes that are DEX
responsive in males and females (common genes). About half of the common and half of the
female-specific probe sets were altered by glucocorticoid treatment in the same direction
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(increased or decreased abundance). However, in males, we identified significantly more
probe sets that were repressed by glucocorticoid treatment (Fig. 2C). Preliminary
experiments with PCR primers that quantify nascent rather than mature mRNAs yielded
similar results, suggesting that at least some of these alterations in mMRNA abundance reflect
a transcriptional response to glucocorticoids (fig. S1). This increase in sexually dimorphic
gene expression in liver in response to glucocorticoid treatment has not been previously
described and demonstrates that glucocorticoids regulate common and sex-specific genes. In
male rats, glucocorticoids appear to act predominantly by repressing gene expression in the
liver.

Canonical pathway analysis of glucocorticoid-regulated genes in male and female

To investigate the possible biological implications of sex-specific regulation of genes by
glucocorticoids, we used the Ingenuity Pathways Analysis (IPA) library to identify the most
significantly affected signaling pathways in males and females (Table 1). The significantly
regulated pathways were ranked by ratio (those with the highest percentage of genes
regulated by DEX treatment) and the highest-ranked pathways are displayed. Only one
[phosphatase and tensin homolog signaling (PTEN)] of the top five predicted
glucocorticoid-regulated pathways was the same between males and females. In addition,
several canonical pathways identified in our data set were significantly more affected by
glucocorticoids in males or in females. For example, 25 genes in the apoptosis signaling
pathway were regulated by glucocorticoids in both sexes. However, glucocorticoids
regulated 12 additional genes in males (male-specific genes) and 4 additional genes in
females (female-specific genes), suggesting that apoptosis signaling in livers in males may
be more affected by glucocorticoid treatment than livers in females. Several canonical
pathways associated with cell death, cellular growth and proliferation, immune response,
tissue morphology, cancer, and inflammatory and immunological diseases were
differentially regulated by glucocorticoid treatment in male and female rat livers. The
canonical pathway analysis of our microarray data suggests that distinct differences exist in
glucocorticoid signaling in males and females.

Sex-distinctive signature patterns of gene expression and gene networks

An alternative approach to evaluate changes in liver gene expression in response to
glucocorticoids is to identify patterns of expression that are distinct between sexes. We
applied a profile-based method called EPIG (extracting microarray gene expression patterns
and identifying coexpressed genes) to our data sets (15). EPIG identified eight distinct
patterns of gene expression (Fig. 3A and table S1). As expected, many liver genes are
regulated by glucocorticoids in both sexes in a similar manner. In pattern 1, 1667 probe sets
showed increased abundance, and in pattern 5, 1827 probe sets showed decreased abundance
in both males and females in response to glucocorticoid treatment. These first two described
patterns were validated by measurement of mRNA abundance of tritestrapolin (Ttp) and
interferon yinducible protein 47 (Ifi47) by gRT-PCR (Fig. 3B). Thus, patterns 1 and 5
represent the classic actions of glucocorticoids on gene expression, in which genes are
regulated by glucocorticoid treatment in both sexes in the same direction. However, we also
identified gene sets that showed gender-specific profiles of regulation. For example, patterns
2 and 6 are representative of probe sets with more robust regulation by glucocorticoids in
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males than females. In pattern 2, 417 probe sets showed glucocorticoid-induced increases in
abundance in males [validated by myeloid a-3-fucosyltransferase (Fut4) gene], and in
pattern 6, 640 probe sets showed glucocorticoid-induced decreases in abundance in males
[validated by sphingolipid G protein—coupled receptor, 5 (Edg5) gene]. Another distinctive
pattern of gene expression is shown in patterns 3 and 7. These probe sets were preferentially
regulated by glucocorticoids in females. In pattern 3, EPIG identified 463 female-specific
probe sets with glucocorticoid-induced increases in abundance, and in pattern 7, EPIG
identified 323 female-specific probe sets with glucocorticoid-induced decreases in
abundance. Pattern 3 was validated by gRT-PCR for phytanoyl-CoA hydroxylase (Phyh),
whereas pattern 7 was validated by gRT-PCR for achaetescute complex homolog-like 1
(Ascll). Finally, patterns 4 and 8 have probe sets that exhibited unexpected profiles. In both
patterns, each probe set selected was altered in response to glucocorticoids in males and
females, but in opposite directions (anticorrelated). Pattern 4 represents a cluster of 73 probe
sets with increased abundance in males, but decreased abundance in females, and pattern 8
represents a cluster of 199 glucocorticoid-responsive rat liver probe sets with decreased
abundance in male, but increased abundance in females. Detection of chymotrypsinogen B1
(Crtb1l) mRNA abundance by gRT-PCR confirmed pattern 4. Crtb1 mRNA abundance was
increased in males and decreased in females in response to glucocorticoids. Pattern 8 was
validated by gRT-PCR for the Egfr gene (Fig. 3B). In this pattern of anticorrelated genes,
Egfr mRNA abundance was decreased in males and increased in females in response to
glucocorticoid treatment. Because the phenomenon described in patterns 4 and 8 has not
been previously described, the mMRNA abundance of Egfr and insulin-induced gene 2
(Insig-2) was also evaluated at later time points (12 and 24 hours after DEX treatment). The
mMRNA abundance of correlated (Tat and Ttp in pattern 1) and anticorrelated genes (Egfr and
Insig-2 in pattern 8) confirmed that the phenomena persisted up to 12 hours after DEX
treatment (Fig. 3C).

To predict the effect on cellular function, we generated a gene correlation network for each
of the eight patterns of gene expression identified by EPIG analyses. Networks were
generated on the basis of direct pairwise interactions between glucocorticoid-responsive
genes. Figure 3D displays the networks with the highest number of direct pairwise
interactions generated by IPA with a maximum of 35 molecules per network. As expected,
the interaction between genes that are regulated by glucocorticoids in both sexes generated
the same network in males and females (represented by networks 1, 4, 5, and 8). As a
reflection of EPIG analysis, glucocorticoids regulated networks 1 and 5 in the same
direction in both sexes (compare networks 1 and 5 with patterns 1 and 5, respectively) and
networks 4 and 8 in opposite directions (compare networks 4 and 8 with patterns 4 and 8,
respectively). Networks 2, 3, 6, and 7 represent interactions between sex-specific
glucocorticoid-responsive genes and therefore are generated in only one gender. For
example, networks can only be generated in males for patterns 2 and 6 because genes in
these patterns are regulated by glucocorticoids preferentially in males. The same gene
network generated for males is shown for females to illustrate that genes in networks 2 and 6
are regulated weakly or not detectably by glucocorticoids in females. Finally, networks 3
and 7 represent interactions between female-specific glucocorticoid-responsive genes. The
expression values of the genes that constitute network 3 were increased, whereas those in
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network 7 were decreased by glucocorticoid treatment in females. Thus, the gene networks
generated for each pattern of gene expression represent groups of glucocorticoid-responsive
genes that are either driving the expression of each other or responding similarly to
regulatory factors. In three of the eight gene networks (networks 4, 5, and 8), the
transcription factor hepatocyte nuclear factor 4 a (Hnf4a) is the gene with the highest
number of connections (Fig. 3D), suggesting that direct or indirect glucocorticoid effects on
Hnf4a signaling might be important for establishing differences in cellular functions
between sexes.

Thus, by using this stringent approach for analysis and comparison of DEX-regulated genes
between sexes, we were able to identify several probe sets with similar profiles of
expression in each of the signature patterns extracted by EPIG. The eight patterns identified
are also organized in three major groups of probe sets (compare to Fig. 2A): (i) one that is
commonly regulated by glucocorticoids in male and female (correlated and anticorrelated
genes), (ii) another that is preferentially regulated by glucocorticoids in females, and (iii) a
group that is preferentially regulated by glucocorticoids in males. These data demonstrate
that glucocorticoids have sex-specific effects in the livers of male and female rats,
suggesting that glucocorticoids orchestrate the activity of many components that interact
with each other through gene networks in a sex-specific manner.

Comparison of common and sex-specific glucocorticoid-responsive genes implicated in
inflammatory disorders

Because glucocorticoids are key physiological anti-inflammatory hormones, and many
diseases with differences in gender prevalence have an inflammatory component, we
compared the anti-inflammatory effect of glucocorticoids in our model system. With IPA,
we identified genes implicated in inflammatory processes that are commonly and sex-
specifically regulated by glucocorticoids. Genes from each group (common, male-specific,
and female-specific DEX-responsive genes) that were significantly associated with
biological functions or diseases in the Ingenuity Pathways Knowledge Base (or both) were
considered for the analysis. Many genes were regulated by glucocorticoids in a similar
manner in male and female rats (189 genes). These included several cytokines [chemokine
(C-X-C motif ) ligand 10 (Cclx10) and chemokine (C-C motif ) ligand 4], pattern recognition
receptors (Toll-like receptor 2 and Toll-like receptor 3), and transcription factors (nuclear
factor of x light polypeptide gene enhancer in B cells 1 and signal transducer and activator
of transcription 1) that showed decreased abundance in response to DEX treatment, and are
considered classical mediators of glucocorticoid anti-inflammatory effects (Fig. 4A). We
also analyzed the genes that are regulated by glucocorticoids in a gender-specific manner.
We identified 11 additional genes that were specifically regulated in livers in female rats by
glucocorticoid treatment (Fig. 4B). In contrast, analysis of the male-specific glucocorticoid-
regulated liver genes identified 84 additional genes implicated in inflammatory disorders,
most of which showed decreased abundance in response to glucocorticoids (Fig. 4B). We
confirmed several of these sex-specific glucocorticoid-regulated genes implicated in
inflammatory disorders by gRT-PCR analysis (Fig. 4C). The genes Fk506 binding protein 5
(Fkbp5) and nuclear receptor subfamily 3, group C, member 1 (Nr3c1) confirmed the
pattern of expression for genes that were DEX responsive in both males and females, the
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genes nuclear factor of x light polypeptide gene enhancer in B cells inhibitor, 5 (Nfkbib) and
HNF1 homeobox A (Hnfla) confirmed the pattern of expression of genes that were DEX
responsive only in males, and the genes interleukin-10 (1I-10) and adenosine A2a receptor
(Adora2) confirmed the pattern of expression for genes that were DEX responsive only in
females. Thus, glucocorticoids regulate significantly more genes implicated in inflammatory
disorders in livers from male rats than in those from female animals. This finding raises the
possibility that the anti-inflammatory effect of glucocorticoids may be greater in males than
females and perhaps explain why females have a higher risk of developing some
autoimmune diseases than do males.

Anti-inflammatory effect of DEX in male and female rats during systemic inflammatory

responses

To evaluate the hypothesis that the anti-inflammatory actions of glucocorticoids are more
effective in males than in females, we injected rats with lipopolysaccharide (LPS)
intraperitoneally to trigger a systemic inflammatory response. Different doses of DEX were
injected 2 hours after LPS treatment to counteract the proinflammatory response induced by
LPS. More males (Fig. 5A, upper left panel) survived LPS injection after DEX treatment
than females (Fig. 5A, upper right panel). For example, 67% of males survived the LPS
injection when animals were treated with DEX (5 pg/kg). In contrast, only 17% of females
survived LPS injection when treated with the same dose of glucocorticoid. In this model,
many events other than inflammation also contribute to the development of a systemic
inflammatory response and, consequently, to mortality; thus, we also evaluated the ability of
DEX to prevent the induction of classical proinflammatory parameters in the plasma and in
the liver of endotoxemic animals. In agreement with the survival studies, glucocorticoid
treatment abrogated increases in the plasma concentrations of interleukin-6 (IL-6) and tumor
necrosis factor—a (TNF-a) and in the mRNA abundance of Cclx10, chemokine (C-C motif )
ligand 3 (Ccl3), and interleukin-14 (1I-1/) only in livers of males (Fig. 5, B and C). Thus, by
comparing both the survival as well as the cytokine concentrations of male and female
endotoxemic rats treated with DEX, we confirmed that the anti-inflammatory actions of
glucocorticoids are more effective in males.

The influence of sex hormones in the immune response has been extensively studied (16,
17). Estrogens, progestins, and androgens can promote or interfere with the progression of
the inflammatory response, depending on the experimental model and tissue studied (17). To
evaluate the influence of sex hormones on the anti-inflammatory actions of glucocorticoids
in our model of systemic inflammatory response, we determined the survival rate of male
and female gonadectomized rats (Fig. 5A, lower panels) using the same experimental
protocol as in the previous survival studies. The absence of endogenous testicular hormones
did not affect the survival rate of endotoxemic male rats treated with glucocorticoids, and
similarly to uncastrated male rats (Fig. 5A, left upper panels), ~60% of castrated rats treated
with DEX (5 pg/kg) survived LPS injection (Fig. 5A, left lower panel). In contrast,
ovariectomy increased the survival rate of female endotoxemic rats treated with DEX (Fig.
5A, compare upper right and lower right panels). Seventy-three percent of females treated
with DEX (5 pg/kg) survived LPS injection in the absence of endogenous ovarian hormones,
a four times higher survival rate than nongonadectomized females. Thus, in this model of
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systemic inflammatory response, ovariectomy potentiated the anti-inflammatory actions of
glucocorticoids in females, suggesting antagonism between ovarian hormones and
glucocorticoids. However, the sexually dimorphic, anti-inflammatory effect of
glucocorticoids persisted in gonadectomized animals that were treated with a lower dose of
glucocorticoid (Fig. 5A, compare male castrated and female ovariectomized panels). About
60% of males treated with DEX (1 pg/kg) survived LPS injection, whereas <20% of females
survived in the same experimental protocol. Together, these findings support the hypothesis
that the anti-inflammatory actions of glucocorticoids are more effective in males.
Furthermore, they suggest that ovarian hormones can influence the anti-inflammatory
actions of glucocorticoids in the context of a rat adrenalectomized model of sepsis.

DISCUSSION

Sexual dimorphism is ubiquitous among higher eukaryotes. In mammals, sexual
differentiation is initiated by the presence or absence of the testis-determining factor
encoded on the Y chromosome (SRY in humans and Sry in mice) and mediated by the
effects of sex hormones (18-21) and growth hormone (20, 21). These hormones produce
unique cellular environments in males and females that lead to gender-specific differences in
gene expression in many rodent tissues, including liver, adipose tissue, muscle, kidney,
brain, blastocysts, and lacrimal gland (22). These genes exhibit tissue-specific patterns of
expression and are enriched for distinct pathways represented in the Gene Ontology
database. In the rat liver, ~1000 genes (representing almost 5% of the entire rat genome)
have been reported to show sexually dimorphic expression patterns (23). Sex-specific
temporal patterns of circulating growth hormones secreted by the pituitary contribute to the
gender-specific patterns of liver gene expression through the actions of signal transducer and
activator of transcription 5B (Stat5b) (23).

Because the liver is a classic target for glucocorticoids, we explored the possibility that
glucocorticoids may regulate distinct patterns of gene expression in the livers of male and
female rats. We discovered that glucocorticoids expanded the normal set of genes that
showed sexually dimorphic expression in the liver. These genes clustered into eight patterns
of glucocorticoid-regulated genes that were specifically regulated by glucocorticoids in
livers of either male or female rats. There was also a significant number of genes that
showed glucocorticoid-induced alterations in abundance in opposite directions in both sexes
(anticorrelated genes). One gene with anticorrelated changes in abundance was Egfr, which
encodes a receptor that is abundant in the adult liver and has been proposed to play an
important role during liver development, function, and regeneration after partial
hepatectomy (24). Glucocorticoid-regulated Egfr expression in opposite directions may
contribute to the gender-specific differences in liver regeneration after partial hepatectomy
(25).

To reduce the complexity of our gene expression data and to compare the behavior of
glucocorticoid-responsive genes between sexes, we determined the dynamic interactions
among genes for each pattern of gene expression. Hnf4a was identified as the node with the
highest number of interactions in three different gene networks; a large fraction of the liver
transcriptome is thought to be regulated by Hnf4a (26). Upon binding to DNA, Hnf4da
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recruits transcriptional coactivators and other accessory proteins, leading to alterations in the
expression of target genes involved in critical metabolic pathways (such as gluconeogenesis,
glycolysis, and fatty acid metabolism) (27) that are also regulated by glucocorticoids. Thus,
based on theories of cellular network generation in which a few general transcription factors
serve as master regulators (28), Hnf4da appears to play a critical role in glucocorticoid
regulation of liver gene expression in terms of both transcriptional activation and repression.
Glucocorticoids, through direct or indirect interactions with Hnf4a, may contribute to
establishing differences in cellular stress responses between sexes.

Sexual dimorphism in the rat liver has been previously attributed to gender-specific
differences in the hypothalamic-pituitary-adrenal (HPA) axis. In addition, depending on the
estrous cycle stage, female rats can have higher plasma concentrations of corticosterone than
males (29). To avoid interference of fluctuating concentrations of endogenous
glucocorticoids in our experiments, we previously adrenalectomized all animals and cycled
females to the diestrous 1 phase of the estrous cycle (when sex steroids are low in
concentration). No differences in liver morphology between intact and adrenalectomized rats
were observed (in either sex) (fig. S2), and we found no gender- or cycle-related differences
in the mRNA or protein abundance for glucocorticoid receptor (figs. S3 and S4).
Additionally, glucocorticoid receptor binding sites and affinity were nearly identical in male
and female livers (fig. S3). These findings suggest that the unique profiles of glucocorticoid-
regulated gene expression observed between sexes were most likely due to gender-specific
mechanisms controlling glucocorticoid receptor-mediated gene expression in the liver,
rather than interference of estrous cycle or variation in the concentrations of endogenous
glucocorticoids.

Because growth hormone is a major determinant of sexual dimorphism observed in rodent
liver, we also explored the possibility that growth hormone contributed to the sexually
dimorphic response to glucocorticoids by studying the effects of glucocorticoids on isolated
hepatocytes from male and female rats (fig. S5). As expected, the profile of gene expression
in isolated hepatocytes under serum-free conditions differed from the profile in the whole
liver; however, glucocorticoid administration still elicited sex-specific differences in gene
expression. This finding suggests that the rapid effect we observed in our studies (within 6
hours) reflects direct actions of glucocorticoids on the liver rather than indirect actions
mediated by alterations in growth hormone signaling. Additionally, our preliminary studies
also show that sexually dimorphic regulation of gene expression by glucocorticoids is not
exclusive to the rat liver but is also observed in the mouse liver (fig. S6). Thus, under
various experimental paradigms, glucocorticoids regulate both common and sex-specific
genes.

We have considered several potential mechanisms to explain how glucocorticoids exhibit
their sexually dimorphic actions in regulating liver gene expression. One possible
explanation is the presence of gender-specific profiles of co-regulatory molecules that
contribute to the function of nuclear hormone receptors and other transcription factors.
Analysis of our microarray data for mRNA abundance of the known co-regulators (30)
reveals dimorphic patterns of gene expression for 12 co-regulators (fig. S7 and table S4). Of
these, the abundance of histone deacetylase 2 (HDAC2), TATA box binding protein (Thp),
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and protein arginine methyltransferase 2 (Prmt2) is higher in male livers, whereas the
abundance of prohibitin 2 (Phb2), tripartite motif-containing 24 (Trim 24), and cyclin-
dependent kinase inhibitor 1C (Cdknic) is higher in female livers (31-36). These co-
regulators have been implicated in glucocorticoid receptor signaling. Thus, dimorphic co-
regulator expression remains a viable candidate for a potential mechanism underlying the
sexual dimorphic regulation of liver gene expression by glucocorticoids. Furthermore, the
abundance of numerous co-regulators appears to be altered by gluco-corticoid treatment, and
glucocorticoids also expand the dimorphic nature of co-regulator gene expression at the
mMRNA level (fig. S7 and table S4). Given the 6-hour time frame of our experiments, it is
unlikely, however, that any of these glucocorticoid-regulated co-regulators contribute to the
dimorphic response in rat liver.

We have also performed dose-response studies that evaluate the ability of glucocorticoids to
modulate the expression of some genes discovered in our microarray analysis, which were
all performed with a glucocorticoid dose that saturates glucocorticoid receptors. Although
males and females had equivalent numbers of glucocorticoid receptors with similar affinity
for DEX (fig. S8), we observed a significant increase in the ECgq (median effective
concentration) in female animals for nondimorphic genes (fig. S8). This finding correlates
well with the requirement for higher doses of glucocorticoids to rescue female
adrenalectomized animals from an LPS challenge. Given that the males and females have
similar pharmacokinetic properties for clearance of DEX (37), it is unlikely that metabolism
is responsible for this finding. One possible explanation for the difference may reside in the
dimorphic expression of co-regulators, which can alter the potency of glucocorticoids (38).
Alternatively, estrogens have been suggested to antagonize glucocorticoid action through
alterations in phosphorylation of the glucocorticoid receptor (39). Other potential
mechanisms that could account for this gender-specific action of glucocorticoids include
RNA splicing, RNA stability, microRNAs, and posttranslational modification of the
glucocorticoid receptor.

Several canonical pathways identified in male and female rat liver are associated with cell
death, cellular growth and proliferation, immune response, tissue morphology, cancer, and
inflammatory and immunological diseases. We detected sexual dimorphism in all the
canonical pathways significantly present in our analysis, and several pathways are
implicated in diseases in which susceptibility is sex-biased. For example, ablation of IL-6
signaling in Kupffer cells abolishes sex differences in hepatocarcinogenesis in mice (40),
and our data indicate that glucocorticoids regulate sex-specific genes that encode
components of the IL-6 signaling pathway (Table 1). We also identified several pathways
implicated in innate immune response that are altered by glucocorticoids in a gender-
specific manner, such as interferon signaling and endoplasmic reticulum pathway signaling,
suggesting an important role for glucocorticoids in the liver in inflammatory stress responses
(Table 1).

Emerging evidence suggests that the liver is an important part of the body’s immune
response and should therefore be considered an immune organ (41, 42). Hepatocytes are
responsible for the biosynthesis of 80 to 90% of complement components, secreted pattern
recognition receptors, and chemokines. Our analysis of inflammatory pathways identified
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significantly more liver genes regulated by glucocorticoids in males compared to females,
raising the possibility that the anti-inflammatory effect of glucocorticoids may be greater in
males. To evaluate this hypothesis, we compared the ability of glucocorticoids to elicit an
anti-inflammatory response in a sepsis model of liver inflammation. These in vivo
experiments not only confirmed the in silico predictions made by genome-wide analysis but
also suggest that the sex-specific anti-inflammatory actions of glucocorticoids occur in the
liver. Based on our in vivo sepsis rescue experiment, the anti-inflammatory effects of
glucocorticoids in females seem to also involve some interplay with ovarian hormones,
because their presence, even at the low concentrations, alters the ability of glucocorticoids to
abrogate the inflammatory responses to LPS. Thus, we speculate that sex-based differences
in the predisposition to autoimmune diseases in females, such as rheumatoid arthritis and
systemic lupus erythematosus, might reflect differences in glucocorticoid anti-inflammatory
actions between sexes. Failure to mount an adequate glucocorticoid response to autoimmune
challenge may result in altered incidence of autoimmune diseases observed in females.

MATERIALS AND METHODS

Animals

Adult male and female adrenalectomized Sprague-Dawley rats (8 to 10 weeks of age) were
purchased from Charles River Laboratories. After operation, the animals were fed ad libitum
and were given 0.154 M sodium chloride to drink for 7 days. The estrous cycle of female
adrenalectomized rats was determined by vaginal wash (43). Females in estrous were
selected for treatment that was performed the following morning.

Glucocorticoid treatment

Male and female (diestrous 1) adrenalectomized rats were treated with vehicle (phosphate-
buffered saline) or DEX [1 mg/kg intraperitoneally (ip)] (Steraloids) on the same day. The
dose of steroid was given to the animals in a single injection to mimic situations when
plasma concentrations of endogenous glucocorticoids rapidly increase 300- to 400-fold in
response to stress (such as trauma and systemic inflammation) (44). Based on previous gene
expression studies in the rat liver evaluated from 3 to 72 hours after glucocorticoid
treatment, most genes showed altered abundance 6 hours after treatment (45). Thus, for our
microarray analyses, livers were harvested 6 hours after DEX treatment and kept in
RNAIater solution at 4°C overnight. For time course experiments, livers were harvested 6,
12, and 24 hours after treatment and kept in RNAlater solution at 4°C overnight. All
samples were frozen and stored at —80°C.

Anti-inflammatory effect of DEX in vivo

Male and female (diestrous 1) rats were injected with endotoxin (Escherichia coli LPS
0111:B4; Sigma) as a model of systemic inflammatory response. Two hours after LPS (10
ng/kg ip) injection, animals were treated with different doses of DEX (0.1, 1.0, 5.0, and 10
ug/kg ip). The mortality was recorded four times per day for up to 48 hours after LPS
challenge (n = 6 to 9 animals per group). A second group of animals was treated with LPS
and LPS + DEX following the protocol described above. Animals were euthanized (while
under anesthesia) 5 hours after LPS treatment in the LPS group and 3 hours after DEX
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treatment in the LPS + DEX group. Blood was obtained for analysis of cytokine plasma
concentrations [enzyme-linked immunosorbent assay (ELISA); Thermo Fisher Scientific],
and tissue from liver was harvested for analysis of cytokine mMRNA abundance by qRT-PCR
(n =4 to 6 animals per group). To evaluate the influence of sex hormones in the anti-
inflammatory actions of DEX in vivo, we treated adrenalectomized and gonadectomized
male and female adult (8 to 10 weeks) Sprague-Dawley rats (Charles River Laboratories)
with LPS and LPS + DEX following the protocol described above. The mortality was
recorded four times per day for up to 48 hours after LPS challenge (n = 6 to 9 animals per
group). Statistical differences between survival curves from different animal groups are
described in the text (P < 0.05). Analysis was performed by Wilcoxon signed-rank test in
SAS 9.1 (SAS Institute Inc.).

RNA isolation

Livers were homogenized and total RNA from the liver was extracted with the RNeasy Midi
Kit (Qiagen) according to the manufacturer’s instructions. All samples were treated with the
RNase-Free DNase Set (Qiagen). Samples were aliquoted and frozen at —80°C.

Microarray analysis

Three replicate microarrays were completed for each group (male control, male treated,
female control, and female treated) for a total of 12 microarrays. Each microarray was
hybridized with a pooled RNA sample, and each pool was created from equal amounts of
total RNA from three independent RNA samples, representing individual animals (n =9
animals per group). This approach provides appropriate biological replication within the
constraints of a limiting number of microarrays (46). Gene expression analysis was
conducted with Agilent Whole Genome Rat 4 x 44 multiplex format oligo arrays (014879;
Agilent Technologies).

Labeling and hybridization

Starting with a 500-ng aliquot of total RNA from each pool, Cy3-labeled complementary
RNA (cRNA) was produced with the Agilent-1 color microarray-based gene expression
protocol. For each sample, 1.65 g of Cy3-labeled cRNAs was fragmented and hybridized
for 17 hours in a rotating hybridization oven. Slides were washed and then scanned with an
Agilent Scanner. Data were obtained with the Agilent Feature Extraction software (v9.1),
using the one-color defaults for all parameters.

Identification of significantly expressed genes

The Agilent Feature Extraction Software performed error modeling and adjusting for
additive and multiplicative noise. The resulting data were processed with the Rosetta
Resolver system (version 7.1) (Rosetta Biosoftware). Replicate hybridizations were
combined into intensity experiments with an error-weighted average as described by Weng
et al. (47). Next, ratios (male DEX/vehicle, female DEX/vehicle, and vehicle female/male)
were built, and P values were generated representing the probability that a given gene was
significantly, differentially expressed. A filter (P < 0.001) was applied to the P values
obtained from the ratios described above. Thus, from the 41,012 features (probes) included
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on the array, 10,622 met the P value (P < 0.001) for at least one of the comparisons. All
microarray data are available from the Gene Expression Omnibus database with series
accession number GSE13461.

Biological pathway analysis
The lists of probe sets generated in Rosetta Resolver that were DEX responsive in males and
females were analyzed in the IPA tool (version 6.5) (Ingenuity Systems). The average
expression value of duplicate identifiers for the same molecule was used in the analyses to
eliminate redundancy. Canonical pathway analysis identified pathways from the IPA library
of canonical pathways and ranked them by ratio (number of genes from the data set that map
to the pathway divided by the total number of genes that map to the canonical pathway). The
five highest ranked pathways that met P < 0.05 (Fisher’s exact test) are displayed.

Signature pattern extraction

The extraction of gene expression patterns in male and female glucocorticoid-regulated
genes (through EPIG) was performed in the data set generated by microarray analysis.
Briefly, ratio intensity values from all of the probe sets on the arrays were log,-transformed
and adjusted by systematic variation normalization (15). Distinct patterns of gene expression
were extracted on the basis of the expression profile correlation values, the minimum cluster
size for the patterns, and the cluster-partitioning resolution (48). From the patterns and with
a signal-to-noise ratio of 3 (P < 0.006), magnitude of 0.5 (1.4-fold change), and a correlation
r value of 0.64 (P < 0.02) of the gene profiles, probe sets were selected. In this data set, the
vehicle-treated group was used as a reference state for each of the sexes. The average of the
replicates of vehicle-treated group arrays was aligned to log 0 as a baseline, with the DEX-
treated samples adjusted by the same amount.

Network generation

EPIG-selected genes that directly interact with at least one other molecule in Ingenuity
Pathways Knowledge Base were identified and overlaid onto a global molecular network
developed from information in the Ingenuity Pathways Knowledge Base. Networks of these
focus genes were then algorithmically generated on the basis of their connectivity. Duplicate
identifiers were eliminated during the process of network generation. By default, when
networks are generated in the absence of expressionvalues, the first instance of the molecule
is used in the analysis. The mMRNA abundance for various genes in males and females was
then overlaid for each network generated.

gRT-PCR analysis

Microarray results were confirmed by comparison with mRNA abundance obtained by qRT-
PCR with selected predeveloped primer sets (Applied Biosystems) and following the
manufacturer’s instructions. The genes that met the signal intensity value greater than or
equal to 50 or had a significant glucocorticoid-induced fold change in abundance (or both)
were selected for validation. Each primer set was analyzed in duplicate at least twice and
normalized to the unregulated housekeeping gene TATA box binding protein primer set.
The RNA was isolated as described above. Reverse transcription was carried out with 2 ug
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total RNA following the protocol for the Tagman Reverse Transcription Master Mix

(Applied Biosystems), and 100 ng of RNA converted into cDNA of each sample was used.
Quantification was achieved with the ABI Prism 7900HT Sequence Detection System
(Applied Biosystems). Statistical analysis was performed in Prism 5.0 (GraphPad).

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Comparison of liver gene expression profiles in male and female rats. (A) A total of 924

probe sets showed higher abundance in adult male (female vehicle compared to male
vehicle, P < 0.001), 819 probe sets showed higher abundance in adult female (female
vehicle compared to male vehicle, P < 0.001), and 39,266 probe sets showed similar

abundance in males or females (female vehicle compared to male vehicle, P > 0.001). (B)
Microarray results of representative sex-specific gene expression profiles in male (&) and
female (Q) rat liver were confirmed by gRT-PCR. Independent t tests were performed to

compare values from male vehicle compared to female vehicle (*P < 0.05).
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Fig. 2.

Selective expression of glucocorticoid-regulated genes in male and female rat liver. (A)
Probe sets regulated by DEX in male (male DEX compared to male vehicle) (left-hand
circle) are compared with probe sets regulated by DEX in female (female DEX compared to
female vehicle) (right-hand circle). The overlapping circle represents probe sets that are
common to males and females. (B) The number of genes with increased abundance (red) or
decreased abundance (green) by each sex is represented. From left to right, the first bar
represents probe sets that were DEX responsive in males extracted from the list of probe sets
regulated by DEX treatment in males and females (common; 3'Q); the second bar represents
probe sets that were DEX responsive only in males (male-specific; "); and the third bar
represents probe sets that were DEX responsive only in females (female-specific; Q). (C)
Microarray results of representative glucocorticoid-regulated genes in male and female rat
liver were confirmed by qRT-PCR. Independent t tests were performed to compare values
between male vehicle and male DEX (*P < 0.05) and between female vehicle and female
DEX (*P < 0.05).
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Fig. 3.

Patterns of DEX-responsive genes in male and female rat liver. (A) The patterns were
extracted by EPIG and are displayed in the heat map. From top to bottom are the 5609 probe
sets selected by EPIG listed in order from patterns 1 to 8. The experimental groups are
indicated in the bottom part of the figure. Red and green colors correspond to increased and
decreased abundance, respectively, with a darker color denoting smaller differences. (B)
Microarray results of representative glucocorticoid-regulated genes for each pattern of gene
expression were confirmed by gRT-PCR. Independent t tests were performed to compare
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values between male vehicle and male DEX (*P < 0.05) and between female vehicle and
female DEX (*P < 0.05). (C) Quantitative RT-PCR confirmation of glucocorticoid-regulated
correlated and anticor-related genes in male and female rat livers 6, 12, and 24 hours after
DEX treatment (1 mg/kg ip). Statistical analysis was performed by analysis of variance
(ANOVA) followed by t test subjected to the Dunnett’s correction. *P < 0.05 compared to
time 0 in males; #P < 0.05 compared to time 0 in females. (D) Network representations of
the focus genes presented in each pattern of gene expression. Networks 1 to 8 correspond to
patterns 1 to 8, respectively. Genes are represented as nodes and the biological relationship
between two nodes is represented as an edge. The color of the node indicates increased (red)
or decreased (green) abundance. The name and expression values of each gene presented in
the network are shown in table S2.
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Fig. 4.
Comparison of common and sex-specific glucocorticoid-regulated genes implicated in

inflammatory disorders. Genes from the data sets (common, male-specific, and female-
specific) that met the P < 0.001 cutoff and are associated with inflammatory disorders in the
Ingenuity Pathways Knowledge Base are displayed. (A and B) Common DEX-responsive
genes implicated in inflammatory disorders regulated in male and female (A), female-
specific DEX-responsive genes implicated in inflammatory disorders, and male-specific
DEX-responsive genes implicated in inflammatory disorders (B). Each gene is represented
by a node and is arranged on the basis of cellular localization. The color of the node
indicates increased (red) or decreased (green) abundance. The name and expression value of
each gene are shown in table S3. (C) Microarray results of representative common, male-
specific, and female-specific glucocorticoid-regulated genes implicated in inflammatory
disorders were confirmed by qRT-PCR. Independent t tests were performed to compare
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values from male vehicle to male DEX (*P < 0.05), and values from female vehicle to
female DEX (*P < 0.05).
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Fig. 5.
Anti-inflammatory effect of DEX in male and female rats during systemic inflammatory

response. (A) Survival curves of male and female rats treated with LPS and LPS + DEX.
Adrenalectomized animals are displayed in the upper panels, and adrenalectomized and
gonadectomized animals are displayed in the lower panels. (B and C) Cytokine plasma
concentrations and mMRNA abundance in livers of male and female rats treated with LPS and
LPS + DEX. Two hours after the treatment with LPS, animals were injected with DEX (5
ng/kg ip). Blood and liver were harvested 3 hours after DEX treatment for ELISA of plasma
IL-6 and TNF-a (B) and for gRT-PCR measurement of Cclx10, Ccl3, and 1I-15mRNA
abundance in the liver (C). Statistical analysis was performed by Wilcoxon signed-rank test
for survival studies (P < 0.05) and by ANOVA followed by t test subjected to the Tukey’s
multiple comparison test. *P < 0.05 compared to male LPS; P < 0.05 compared to female
LPS. CAST, castrated; OVA, ovariectomized; CON, control.
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