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Abstract The acute-phase response (APR) suppresses type
II nuclear hormone receptors and alters the expression of
their target genes involved in lipid metabolism in the liver
and heart. Therefore, we examined the expression of liver
X receptor/retinoid X receptor (LXR/RXR) and their tar-
get genes in kidney from mice treated with lipopolysac-
charide (LPS) and in human proximal tubular HK-2 cells
treated with interleukin-1

 

�

 

 (IL-1

 

�

 

) and tumor necrosis fac-
tor-

 

�

 

 (TNF-

 

�

 

). We found that LXR

 

�

 

 and RXR

 

�

 

 expression
was suppressed by LPS in kidney and by IL-1

 

�

 

 or TNF-

 

�

 

 in
HK-2 cells. The decrease in LXR

 

�

 

/RXR

 

�

 

 expression was
associated with a decrease in the expression of several LXR

 

�

 

target genes [apolipoprotein E (apoE), ABCA1, ABCG1,
and sterol-regulatory element binding protein-1c (SREBP-
1c)] and a decrease in ligand-induced apoE expression.
Moreover, IL-1

 

�

 

 and TNF-

 

�

 

 significantly reduced liver X
receptor response element (LXRE)-driven transcription
as measured by LXRE-linked luciferase activity. However,
overexpression of LXR

 

�

 

/RXR

 

�

 

 only partially restored the
cytokine-mediated reduction in LXRE-linked luciferase
activity. Additionally, expression of the LXR coactivators per-
oxisome proliferator-activated receptor 

 

�

 

 coactivator 1

 

�

 

(PGC1

 

�

 

) and steroid receptor coactivator-2 (SRC-2) was
decreased by IL-1

 

�

 

 or TNF-

 

�

 

.  We conclude that the APR
suppresses the expression of both nuclear receptors LXR

 

�

 

/
RXR

 

�

 

 and several LXR

 

�

 

 coactivators in kidney, which
could be a mechanism for coordinately regulating the ex-
pression of multiple LXR target genes that play important
roles in lipid metabolism in kidney during the APR.

 

—Wang,
Y., A. H. Moser, J. K. Shigenaga, C. Grunfeld, and K. R. Fein-
gold.
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Infection and inflammation induce the acute-phase re-
sponse (APR), which leads to dramatic alterations in lipid
and lipoprotein metabolism (1, 2). Hypertriglyceridemia

 

(3, 4), decreased high density lipoprotein cholesterol lev-
els (5, 6), enhanced lipolysis, and decreased fatty acid oxi-
dation (7, 8) are some of the changes that are often ob-
served during the APR. These alterations in lipoprotein
metabolism are believed to confer immediate protection
to the host from further detrimental damage during the
acute stage of infection (1, 2). In many instances, these
metabolic alterations are attributable to increased or de-
creased transcription of genes that control lipid metabo-
lism, and they are often induced by proinflammatory cyto-
kines such as tumor necrosis factor (TNF) or interleukin-1
(IL-1) (1, 2). Although the underlying mechanisms re-
main to be identified, we and others have shown that cyto-
kine-induced suppression of many lipid genes during the
APR is achieved through the downregulation of type II
nuclear hormone receptors (9–13).

Several nuclear hormone receptors, including peroxi-
some proliferator-activated receptor (PPAR), liver X recep-
tor (LXR), and farnesoid X receptor (FXR), belong to the
type II receptor superfamily (14). These receptors bind to
DNA as obligate heterodimers with the retinoid X recep-
tor (RXR) (15). Unlike the steroid receptors that shuttle
between the cytoplasm and the nucleus, most RXR het-
erodimers are constitutively in the nucleus. In the absence
of ligand, the heterodimers are believed to be bound to
DNA and complexed with corepressor proteins. Ligand
binding induces a structural change that dissociates the
corepressor proteins, recruits the coactivator proteins, and
promotes the transcription of target genes (16).

Among these nuclear hormone receptors, LXR plays an
important role in regulating the transcription of genes re-
sponsible for cholesterol metabolism and homeostasis, in-

 

Abbreviations: apoE, apolipoprotein E; APR, acute-phase response;
FXR, farnesoid X receptor; IL, interleukin; LPS, lipopolysaccharide;
LXR, liver X receptor; LXRE, liver X receptor response element; PGC-1,
peroxisome proliferator-activated receptor 

 

�

 

 coactivator 1; PPAR, per-
oxisome proliferator-activated receptor; PTC, proximal tubular cell;
RXR, retinoid X receptor; SRC, steroid receptor coactivator; SREBP-
1c, sterol-regulatory element binding protein-1c; TNF, tumor necrosis
factor.
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cluding apolipoprotein E (apoE), ABCA1, ABCG1, ABCG5,
ABCG8, cholesterol 7

 

�

 

-hydroxylase, and scavenger recep-
tor class B type I (17–25). In addition, LXR has been impli-
cated in the regulation of the lipogenic pathway, because
sterol-regulatory element binding protein-1c (SREBP-1c)
is a direct target of LXR (26–28).

LXR exists in two forms, LXR

 

�

 

 and LXR

 

�

 

. LXR

 

�

 

 is highly
expressed in several metabolically active tissues, such as
liver, intestine, adipose tissue, and macrophages, whereas
LXR

 

�

 

 is ubiquitously expressed in most tissues (17, 18).
The kidney plays a central role in the excretion of waste
material from the body while simultaneously maintaining
plasma metabolite homeostasis. Within the renal cortex,
the proximal tubular cells (PTCs) are known to have highly
active lipid and glucose metabolism, because these cells
need energy to reabsorb salts, water, and metabolic sub-
stances through active transport processes (29–31). There-
fore, it is likely that LXR may be involved in the regulation
of lipid and glucose metabolism within these cells. In-
deed, both LXR isoforms are expressed in the kidney, in-
cluding PTCs (32, 33). Using genome-wide expression
profiling analysis of tissues obtained from mice fed an
LXR agonist, Steffensen et al. (34) recently identified a
large number of putative LXR target genes in kidney. Al-
though most of these genes were involved in lipid, choles-
terol, and carbohydrate metabolism, LXR appeared to be
involved in a variety of previously unreported biological
functions. This implies that LXR may play a broader regu-
latory role than hitherto recognized in this metabolically
active organ.

Previously, we have shown that hepatic mRNA levels of
LXR and RXR together with their target genes were rap-
idly decreased by lipopolysaccharide (LPS) and proinflam-
matory cytokines in rodents during the APR (9). Given
the potential regulatory roles of LXR in kidney, we hy-
pothesized that LXR/RXR expression in kidney, particu-
larly in metabolically active PTCs, is also suppressed dur-
ing the APR. This may in turn affect the LXR target genes
involved in lipid metabolism. To test this hypothesis, we
examined the expression of LXR and RXR together with
their cognate target genes in kidney from mice treated
with LPS. We also examined the expression of these genes
in a human PTC line, HK-2 cells, treated with proinflamma-
tory cytokines.

MATERIALS AND METHODS

 

Materials

 

LPS (

 

Escherichia coli

 

 55:B5) was obtained from Difco and freshly
diluted to the desired concentration in pyrogen-free 0.9% saline.
Cell growth medium, which is made of keratinocyte serum-free
medium (basal medium) supplemented with 5 ng/ml recombi-
nant epidermal growth factor and 0.05 mg/ml bovine pituitary
extract, was purchased from Invitrogen. Cytokines (human TNF-

 

�

 

,
human IL-1

 

�

 

, and human IL-6) were from R&D Systems and were
freshly diluted to the desired concentrations in basal medium
containing 0.1% BSA. Tri-Reagent, 22

 

R

 

-hydroxysterol, and fatty
acid-free BSA were from Sigma. Effectene transfection reagent
was purchased from Qiagen. [

 

�

 

-

 

32

 

P]dCTP (3,000 Ci/mmol) was

purchased from Perkin-Elmer Life Sciences. Oligo(dT)-cellulose
type 77F was from Amersham Biosciences.

 

Animals

 

Eight week old female C57BL/6 mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Mice were main-
tained in a barrier room with a normal 12 h light cycle and were
provided with mouse chow and water ad libitum. For a typical ex-
periment, mice were anesthetized with halothane and were in-
jected intraperitoneally with 100 

 

�

 

g of LPS in saline or with sa-
line alone. The dose of LPS used in this study had significant
effects on triglyceride and cholesterol metabolism but was nonle-
thal, because the half-maximally lethal dose for LPS in rodents is

 

�

 

50 mg/kg body weight (35). Food was withdrawn immediately
after the injection of LPS, because LPS induces anorexia in ro-
dents (36). At the indicated time points, mice were euthanized
with an overdose of halothane and kidneys were excised and
stored at 

 

�

 

80

 

�

 

C. All experiments were performed according to
protocols approved by the Animal Studies Subcommittee of the
San Francisco Veterans Affairs Medical Center.

 

Cell culture experiments

 

HK-2, a human PTC line, was obtained from the American
Type Culture Collection (Rockville, MD). The cells were origi-
nally derived from a primary human PTC culture transformed
with human papilloma virus 16 E6/E7 genes (37). The cells re-
tain a phenotype indicative of well-differentiated PTC and have
been reported to reproduce experimental results obtained with
freshly isolated PTCs (37). The cells were maintained in growth
medium in a 75 cm

 

2

 

 flask. Fresh medium was added to cells every
3 days until confluence was achieved. All experiments were done
using cells at passage 10 or below. For experiments, cells were
seeded in 100 mm Falcon dishes at a density of 2 

 

�

 

 10

 

6

 

 cells/
dish. After 48 h of incubation, the cells were washed once with
phosphate-buffered saline, and fresh growth medium was added
in the presence of appropriate cytokine. Cells were harvested at
the indicated time points.

 

Isolation of RNA and Northern blot analysis

 

Total RNA from mouse was isolated from 100 mg of snap-fro-
zen kidney tissue using Tri-Reagent. Poly(A)

 

�

 

 RNA was purified
using oligo(dT) cellulose and quantified by measuring absorp-
tion at 260 nm. Ten micrograms of poly(A)

 

�

 

 RNA was denatured
and electrophoresed on a 1% agarose/formaldehyde gel. Total
RNA from HK-2 cells was isolated from cells in a 100 mm dish us-
ing the Tri-Reagent method and was resuspended in diethyl py-
rocarbonate-treated water. Thirty micrograms of total RNA was
denatured and electrophoresed on a 1% agarose/formaldehyde
gel. The uniformity of sample loading was checked by ultraviolet
visualization of the ethidium bromide-stained gel before electro-
transfer to Nytran membranes (Schleicher and Schuell, Keene,
NH). Prehybridization, hybridization, and washing procedures
were performed as described previously (12). Membranes were
probed with [

 

�

 

-

 

32

 

P]dCTP-labeled cDNAs using the Rediprime™
II Random Priming Labeling System (Amersham). mRNA levels
were detected by autoradiography or by Personal FX phosphoim-
ager (Bio-Rad) and quantified using Quantity One software (Bio-
Rad). RXR

 

�

 

 cDNA was a gift from Dr. Daniel D. Bikle (University
of California, San Francisco). RXR

 

�

 

, RXR

 

�

 

, LXR

 

�

 

, and LXR

 

�

 

cDNAs were kindly provided by Dr. David J. Mangelsdorf (Uni-
versity of Texas Southwestern Medical Center, Dallas, TX). ApoE
cDNA was kindly provided by Dr. Robert Raffai (University of
California, San Francisco). Sterol 27-hydroxylase cDNA was kindly
provided by Dr. David Russell (University of Texas Southwestern
Medical Center). Primer sequences used for the generation of
cDNA probes for Northern blot analysis are listed in 

 

Table 1

 

.
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Quantitative real-time PCR

 

First-strand cDNA was synthesized from 1 

 

�

 

g of total RNA
(from mouse or HK-2 cells) with random hexamer primers using
the Advantage

 

®

 

 RT-for-PCR kit (BD Biosciences Clontech, San
Diego, CA). The real-time PCR contained, in a final volume of 20

 

�

 

l, 20 ng of reverse-transcribed total RNA, 300 nM forward and
reverse primers, and 10 

 

�

 

l of 2

 

�

 

 SYBR Green PCR Master Mix
(Stratagene, La Jolla, CA). PCR was carried out on 96-well plates
using the Mx3000P™ real-time PCR System (Stratagene). The
relative amounts of all mRNAs were calculated using the compar-
ative threshold cycle (C

 

T

 

) method. 36B4 mRNA was used as the
invariant control for all experiments. All primer sequences used
for real-time quantitative PCR are listed in 

 

Table 2

 

.

 

Transfection studies and luciferase assay

 

HK-2 cells were plated on six-well plates at a density of 5 

 

�

 

 10

 

5

 

cells/well in the growth medium. After 24 h, cells were incubated
in the basal medium for 1 h and were then transfected with DNA-
Effectene complex containing 10 

 

�

 

g/ml Effectene and 2 

 

�

 

g/ml
liver X receptor response element (LXRE)-luciferase vector (pTK-
LXRE3-LUC), with or without 0.1 

 

�

 

g/ml expression vectors for
LXR

 

�

 

 and RXR

 

�

 

 (pCMX-hLXR

 

�

 

 and pCMX-hRXR

 

�

 

, respectively;
kindly provided by Dr. David J. Mangelsdorf, University of Texas
Southwestern Medical Center). Expression of pCMX-luciferase
was not affected by either IL-1

 

�

 

 or TNF-

 

�

 

. Cells were incubated
with the DNA-Effectene complex in the basal medium at 37

 

�

 

C
for 6 h. After the DNA-Effectene complex was removed, the cells
were incubated with fresh growth medium for 18 h. Transfected
cells were then treated with appropriate cytokine. After 24 h of
incubation, transfected cells were harvested with lysis buffer
(Promega, Madison, WI), and aliquots of the lysates were assayed
for luciferase using a Wallac VICTOR

 

2

 

™ 1420 Multilabel Counter
(Perkin-Elmer Life Sciences).

 

Statistical analysis

 

Data are expressed as means 

 

	

 

 SEM of experiments with four
to five animals or three to four plates for each group or time point.

The difference between two experimental groups was analyzed
using the Student’s 

 

t

 

-test. Differences among multiple groups were
analyzed using one-way ANOVA with the Dunnett’s post hoc test.

 

P

 

 

 




 

 0.05 was considered significant.

 

RESULTS

 

LPS decreases LXR

 

�

 

 mRNA level in mouse kidney

 

We first determined the effect of LPS administration in
mice on the mRNA levels of LXRs and RXRs in kidney at
various times. As shown in 

 

Fig. 1A

 

, 4 h after LPS adminis-
tration (100 

 

�

 

g/mouse), LXR

 

�

 

 mRNA level was decreased
by 

 

�

 

60%. The levels of RXR

 

�

 

 and RXR

 

�

 

 were also de-
creased by 50% and 67%, respectively. However, LXR

 

�

 

mRNA level was not significantly altered. RXR

 

�

 

 was not
detectable in kidney in either control or LPS-treated mice.

By 16 h after LPS treatment, the downregulation of LXR

 

�

 

expression was still observed (Fig. 1B). However, the sup-
pressive effect of LPS treatment on RXR

 

�

 

 and RXR

 

�

 

expression was no longer apparent by 16 h. Thus, admin-
istration of LPS in mice resulted in a rapid decrease in
LXR

 

�

 

 expression in kidney that was sustained, whereas
suppression of RXR

 

�

 

 and RXR

 

�

 

 was of relatively short du-
ration.

To determine whether the diminished expression of
LXR

 

�

 

 in kidney is associated with the reduced transcrip-
tion of LXR

 

�

 

-regulated genes, we next examined the ef-
fect of LPS on the mRNA levels of genes that are involved
in cholesterol metabolism. As shown in 

 

Fig. 2A

 

, LPS treat-
ment decreased the expression of apoE, ABCA1, and ABCG1
by 40, 75, and 90%, respectively, in mouse kidney com-
pared with controls. Furthermore, LPS treatment decreased
the LXR

 

�

 

 target gene SREBP-1c, a transcription factor that

 

TABLE 1. Primer sequences used for the generation of cDNA probes for Northern blotting

 

Gene Accession Number Forward Primers (5

 

�

 

–3

 

�

 

) Reverse Primers (5

 

�

 

–3

 

�

 

)

 

ABCA1 X75926 TCTCTGCTATCTCCAACCTCATC ACGTCTTCACCAGGTAATCTGAA
ABCG1 NM_009593 GAAGACCTGCACTGCGACATC GCTGCGAGGTGATGTAGTCATT
Thyroid receptor-associated protein 220 AF283812 GCAAGGTGTCTCAGAACCC CCAGCAGCATCTGCAATAAG
SRC-1 U40396 CCTCAGATGCAGCAGAATGTC GTGGTTATTCAGTCAGTAGCTG
SRC-2 XM_011633 GCAACCACTCCTCAGGGTAG CTGCTGGACTCCTGGCTCAG
SRC-3 NM_008679 GCGCCAGAGATATGAAACAATGC GGCTGCCCATCATCTGTACATTC
CREB binding protein NM_004380 CTGCCTCCCAAGCACTGAATC CAAACAGGACAGTCATGTCGTG
PGC-1

 

�

 

AF049330 GACCACAAACGATGACCCTCC GCCTCCAAAGTCTCTCTCAGG

PGC-1�, peroxisome proliferator-activated receptor � coactivator 1�; SRC, steroid receptor coactivator.

TABLE 2. Primer sequences used for real-time quantitative PCR

Gene Accession Number Forward Primers (5�–3�) Reverse Primers (5�–3�)

mSREBP-1a NM_011480 GGCCGAGATGTGCGAAC GTTGATGAGCTGGAGCATGT
mSREBP-1c NM_011480 AGCTGTCGGGGTAGCGTCTG GAGAGTTGGCACCTGGGCTG
mSREBP-2 AF374267 GCGTTCTGGAGACCATGGA ACAAAGTTGCTCTGAAAACAAATCA
hSREBP-1c BC063281 CGGAGCCATGGATTGCAC CTTCAAGAGAGGAGCTCAATGTGG
hPGC-1� NM_133263 CCAAGACCAGCAGCTCCTA CCACTGTCAAGGTCTGCTCA
h/m36B4 M17885 GCGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTGG

h, human; m, mouse; SREBP, sterol-regulatory element binding protein.
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enhances the expression of genes required for fatty acid
synthesis, by 78% (Fig. 2B).

Interestingly, the mRNA level of sterol 27-hydroxylase,
an enzyme responsible for the synthesis of a putative LXR
ligand, 27-hydroxycholesterol, was decreased by 43% (Fig.
2A). In contrast, the levels of two other SREBP-related
transcription factors, SREBP-1a and SREBP-2, were not
significantly altered (data not shown). Thus, a number of
LXR�-regulated genes, as well as a gene that could pro-
duce an LXR ligand, were suppressed during the LPS-
induced APR in mouse kidney.

IL-1� and TNF-� decrease LXR� mRNA in HK-2
human PTCs

Because the kidney is a heterologous organ with distinct
functions along each nephron segment, and the PTCs are
among the most metabolically active cells in the kidney,
we further examined the effect of proinflammatory cyto-
kines on the expression of LXRs/RXRs and their target

genes in PTCs. Human HK-2 cells were treated with cyto-
kines at 10 ng/ml for 24 h, and total RNA was harvested
for Northern blot analysis. As shown in Fig. 3, IL-1� and
TNF-� decreased LXR� mRNA to 25% and 38% of con-
trol values, respectively. RXR� mRNA was also reduced
significantly in the presence of IL-1� or TNF-�. However,
these cytokines did not alter the expression of LXR� and
RXR� in HK-2 cells. RXR� was not detected in these cells.
Moreover, LXR expression was not affected by treatment
of cells with IL-6 (data not shown).

IL-1� and TNF-� are mainly secreted by various im-
mune cells, including macrophages, in response to LPS
during the APR. Although unlikely, we also determined
whether LPS has a direct suppressive effect on LXR� ex-
pression in the PTCs by incubating HK-2 cells in the pres-
ence of LPS for 24 h. As expected, LXR� expression was
not changed even at the highest concentration of LPS
(100 ng/ml) (data not shown). Thus, IL-1� and TNF-�, but
not IL-6 or LPS, decreased LXR� and RXR� expression in
HK-2 cells.

Fig. 1. Effect of lipopolysaccharide (LPS) on nuclear hormone receptors in mouse kidney. Mice were injected intraperitoneally with ei-
ther saline or LPS (100 �g/mouse). The animals were euthanized at 4 h (A) or 16 h (B) after LPS administration. Poly(A)� RNA was pre-
pared from the kidneys, and Northern blot analysis was carried out as described in Materials and Methods. The calculated expression levels
in the bottom panels are based on absolute RNA loaded per lane. LXR�, liver X receptor �; LXR�, liver X receptor �; RXR�, retinoid X re-
ceptor �; RXR�, retinoid X receptor �. Data (means 	 SEM, n 
 4–5) are expressed as percentages of control values. *** P 
 0.001 versus
control.
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We also examined the dose-response curves and time
course of the effects of IL-1� and TNF-� on LXR� expres-
sion in HK-2 cells. As shown in Fig. 4, at the 24 h time
point, IL-1� induced a dose-dependent decrease in LXR�
mRNA level, with a half-maximal decrease in LXR� at
10 pg/ml. TNF-� treatment also decreased LXR� mRNA
level at very low concentrations. Thus, the decrease in
LXR� expression induced by IL-1� or TNF-� is very sensi-
tive. The concentrations of the cytokines (up to 10 ng/
ml) used in the culture experiments represent those in
the serum after LPS administration and are similar to the
levels observed with sepsis.

Furthermore, IL-1� and TNF-� were able to decrease
LXR� expression as early as 4 h after treatment (Fig. 5).
These data indicate that the suppression of LXR� expres-
sion by IL-1� and TNF-� in HK-2 cells occurred rapidly
and was sustained, similar to what is seen in vivo.

Fig. 2. Effect of LPS on genes involved in cholesterol and fatty
acid metabolism in mouse kidney. Mice were injected intraperito-
neally with either saline or LPS (100 �g/mouse). The animals were
euthanized at 16 h after LPS administration. Poly(A)� RNA was
prepared from the kidneys. Quantitation of genes involved in cho-
lesterol metabolism was carried out by Northern blot analysis (A),
and quantitation of sterol-regulatory element binding protein-1c
(SREBP-1c) mRNA was carried out by QPCR (B), as described in
Materials and Methods. ApoE, apolipoprotein E; Cyp27, sterol 27-
hydroxylase. Data (means 	 SEM, n 
 4–5) are expressed as per-
centages of control values. *** P 
 0.001, ** P 
 0.01, * P 
 0.05
versus control.

Fig. 3. Effect of interleukin-1� (IL-1�) and tumor necrosis factor-�
(TNF-�) on nuclear hormone receptors in HK-2 proximal tubular
cells. HK-2 cells were plated on 100 mm Petri dishes in growth me-
dium (2 � 106 cells/dish). After 48 h of incubation, cells were
washed once with phosphate-buffered saline, and medium was re-
placed with fresh growth medium plus the appropriate cytokine at
10 ng/ml. After 24 h of incubation, total RNA was isolated from
each dish, and Northern blot analysis was performed as described
in Materials and Methods. Data (means 	 SEM, n 
 3) are ex-
pressed as percentages of control values. *** P 
 0.001, ** P 
 0.01
versus control.
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IL-1� and TNF-� decrease LXR transcription and the 
expression of the LXR�-regulated genes SREBP-1c and 
apoE in HK-2 cells

To determine the effects of IL-1� and TNF-� on the ex-
pression of genes regulated by LXR�, we performed trans-
fection studies in HK-2 cells using an LXRE construct
linked to luciferase. As shown in Fig. 6, treatment of trans-
fected cells with IL-1� caused a 70% reduction in the ac-
tivity of luciferase linked to LXRE compared with con-
trols. TNF-� also reduced LXR-driven luciferase activity by
33%. Therefore, IL-1� and TNF-� suppressed the expres-
sion of LXRE-regulated transcription in HK-2 cells.

We next examined whether the expression of genes
that are known to be regulated by LXR� was also affected
by IL-1� and TNF-� in HK-2 cells. As shown in Fig. 7A,
treatment of cells with IL-1� and TNF-� for 24 h de-
creased SREBP-1c mRNA levels by 58% and 56%, respec-
tively. Likewise, IL-1� and TNF-� decreased apoE mRNA
levels by 69% and 32%, respectively (Fig. 7B). Moreover,
when HK-2 cells were treated with a ligand of LXR�, 22R-

hydroxysterol, apoE expression was increased by 70%, yet
IL-1� was still able to significantly inhibit 22R-hydroxy-
sterol-induced expression of apoE (Fig. 7C). These results
suggest that treatment of HK-2 cells with IL-1� and TNF-�
suppressed both the basal and ligand-induced expression
of LXR�-regulated target genes in HK-2 cells.

Overexpression of LXR�/RXR� in HK-2 cells partially 
restores the cytokine-mediated reduction in LXRE-linked 
luciferase activity

The active transcription of LXRE-driven genes depends
on the coordinated action of both LXR/RXR and coacti-
vator proteins. To determine whether the loss of LXR�/
RXR� is the sole factor responsible for the cytokine-medi-
ated reduction in LXRE-driven gene transcription, we
cotransfected LXR�/RXR� expression plasmids together
with the LXRE-linked luciferase construct in HK-2 cells,
followed by cytokine treatment. As shown in Fig. 8, in
LXRE-only transfected cells (basal group), IL-1� markedly
suppressed LXRE-linked luciferase activity to 31% of con-

Fig. 4. Concentration curve of the effect of IL-1� and TNF-� on
LXR� expression in HK-2 cells. HK-2 cells were cultured for 24 h
with various concentrations of IL-1� (A) or TNF-� (B) as indicated.
Total RNA was isolated, and Northern blot analysis was performed
as described in Materials and Methods. Data (means 	 SEM, n 

3) are expressed as percentages of control values. *** P 
 0.001
versus control.

Fig. 5. Time course response curve of the effect of IL-1� and
TNF-� on LXR� expression in HK-2 cells. HK-2 cells were cultured
with 10 ng/ml IL-1� (A) or TNF-� (B) at various time points as in-
dicated. Total RNA was isolated, and Northern blot analysis was per-
formed as described in Materials and Methods. Data (means 	 SEM,
n 
 3) are expressed as percentages of control values. *** P 

0.001, * P 
 0.05 versus control.
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trol, whereas TNF-� decreased luciferase activity to 70% of
control. Cotransfection of LXR�/RXR� (0.1 �g/ml) in
HK-2 cells (LXR� � RXR� group) resulted in a 6-fold in-
crease in the LXRE-linked luciferase activity compared with
the basal control. However, overexpression of both LXR�
and RXR� partially reversed the inhibition of LXRE
luciferase activity by either IL-1� or TNF-�; with IL-1�,
�50% of the cytokine-mediated reduction in LXRE-
luciferase activity was prevented by overexpression of
LXR�/RXR�, whereas with TNF-�, �66% was prevented.
These data suggest that cytokine-induced reduction in
LXR�/RXR� expression in HK-2 cells plays a role in the
cytokine-induced inhibition of LXRE-driven gene expres-
sion, but that other factors also contribute to the changes.

Coactivators, interacting with transcription factors, are
required for active gene transcription. Therefore, we de-
termined the effect of IL-1� and TNF-� on coactivator
mRNA levels. As shown in Fig. 9, although mRNA levels of
several coactivators [CREB binding protein, peroxisome
proliferator-activated receptor � coactivator 1� (PGC-1�),
steroid receptor coactivator-1 (SRC-1), and thyroid recep-
tor-associated protein 220] were not altered by cytokine
treatment, both PGC-1� and SRC-2 mRNA levels were de-
creased by 40–60% by either IL-1� or TNF-� treatment.
Thus, a decrease in coactivators, coupled with the de-
crease in LXR�/RXR�, together could be responsible for
the reduction in LXRE-driven gene transcription during
the APR.

DISCUSSION

During infection and inflammation, a wide range of met-
abolic changes occur as part of the APR (38, 39). These

Fig. 6. Effect of IL-1� and TNF-� on liver X receptor response el-
ement (LXRE)-linked luciferase activity in transfected HK-2 cells.
HK-2 cells were plated on six-well plates (5 � 105 cells/well) in cul-
ture medium. After 24 h of incubation, cells were transfected with a
LXRE-linked luciferase vector as described in Materials and Meth-
ods. The next day, cells were incubated in fresh growth medium in
the presence of 10 ng/ml IL-1� or TNF-� for 24 h. At the end of
the incubation, cells were harvested in a lysis buffer, and luciferase
activity was determined. Data (means 	 SEM, n 
 3) are expressed
as percentages of control values. *** P 
 0.001 versus control.

Fig. 7. Effect of IL-1� and TNF-� on SREBP-1c and apoE in HK-2
cells. HK-2 cells were plated on 100 mm Petri dishes in growth me-
dium (2 � 106 cells/dish). After 48 h of incubation, cells were
washed once with phosphate-buffered saline, and medium was re-
placed with fresh growth medium plus the appropriate cytokine at
10 ng/ml. After 24 h of incubation, total RNA was isolated from
each dish. Quantitation of SREBP-1c mRNA (A) was carried out by
quantitative real-time PCR, and quantitation of apoE mRNA (B)
was carried out by Northern blot analysis, as described in Materials
and Methods. C: Cells were pretreated with 10 �M 22R-hydroxy-
sterol (22R) for 16 h, followed with 24 h of incubation with fresh
growth medium with or without 10 pg/ml IL-1� and 10 �M 22R-
hydroxysterol. Total RNA was isolated, and Northern analysis of
apoE was performed. Data (means 	 SEM, n 
 3) are expressed as
percentages of control values. *** P 
 0.001, ** P 
 0.05 versus
control.
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changes are accompanied by alterations in the plasma lev-
els of acute-phase proteins: positive acute-phase proteins,
such as C-reactive protein and serum amyloid A, show in-
creases in plasma levels; negative acute-phase proteins,
such as albumin and transferrin, show decreases in plasma
levels (38, 39). The APR is mediated by proinflammatory
cytokines such as TNF, IL-1, and IL-6 (40). These cyto-
kines play important roles in the transcriptional regulation
of the positive and negative acute-phase proteins (40).

Although extensive studies have centered on the tran-
scriptional regulation of positive acute-phase proteins (for
reviews, see 41, 42), much less is known about the regula-
tion of negative acute-phase proteins. Recently, we and
others have shown that several type II nuclear hormone
receptors are downregulated by proinflammatory cyto-
kines during the APR, suggesting that the decreased nu-
clear hormone receptors may contribute to the changes in
the transcription of many negative acute-phase proteins

involved in lipid metabolism (1, 2). For example, we found
that the expression of PPARs and RXRs is suppressed in
liver and heart during the APR (9, 13). A decrease in
PPAR� level was associated with reduced expression of
fatty acid transport protein and carnitine palmitoyltrans-
ferase I, which are responsible for transporting fatty acids
into cytosol and further into mitochondria, respectively.
As a result, limited amounts of fatty acids within mito-
chondria are available for �-oxidation, and ATP genera-
tion is compromised. Likewise, a decrease in hepatic LXR
expression may be associated with a reduced plasma level
of cholesteryl ester transfer protein during the APR (43).
Thus, cytokine-induced suppression of nuclear hormone
receptors may provide an explanation for some of the al-
terations in lipid metabolism during the APR.

In this study, we show that LPS suppressed LXR�/
RXR� expression in mouse kidney. The decrease in LXR�
mRNA level in kidney occurred rapidly (within 4 h) and
was sustained during the late stage of the APR (up to 16 h).
Consistent with the reduction in LXR� expression, we
also found that levels of cognate LXR� target genes, such
as apoE, ABCA1, ABCG1, and SREBP-1c, were decreased
during the APR. Moreover, the expression of RXR�, the
obligate LXR� binding partner, was also decreased during
the early stage of the APR. Thus, these results, together
with our previous finding that FXR expression in mouse
kidney is reduced during the APR (12), lend further cre-
dence to our notion that downregulation of type II nu-
clear hormone receptors may be one important mecha-
nism to regulate lipid metabolism in mouse kidney during
the APR.

Because the kidney is a heterologous organ with distinct
functions along each nephron segment, we further exam-
ined the effect of proinflammatory cytokines on the ex-
pression of LXRs/RXRs and their target genes in cultured
HK-2 PTCs. In this study, we found that suppression of
LXR� in HK-2 cells was mediated by the proinflammatory
cytokines IL-1� and TNF-� in a dose- and time-dependent
manner. The decrease in LXR� mRNA levels by IL-1� and
TNF-� was accompanied by a marked reduction in LXRE-
driven transcription, as measured by LXRE-linked lu-
ciferase activity and cognate LXR� target gene expression
(SREBP-1c and apoE) in HK-2 cells. Interestingly, a recent
study by Ruan et al. (44) also demonstrated that IL-1� in-
hibits LXR expression in human kidney mesangial cells.
Therefore, IL-1 and TNF appear to be the major media-
tors for the negative regulation of nuclear hormone re-
ceptors in the kidney. It is noteworthy that in the present
study, we examined a limited number of cognate LXR�
target genes, whose biological functions have been eluci-
dated extensively in liver and macrophages. In a recent
study using genome-wide expression profiling analysis of
tissues obtained from mice fed an LXR agonist, Steffensen
et al. (34) identified a large number of putative LXR tar-
get genes in kidney. Thus, one may speculate that down-
regulation of LXR in mouse kidney may play a broader
regulatory role in many genes yet to be recognized during
the APR.

LXR�-mediated gene transcription requires the con-

Fig. 8. Partial recovery of cytokine-induced inhibition of LXRE-
linked luciferase activity in HK-2 cells cotransfected with LXR� and
RXR�. HK-2 cells were transfected with 2 �g/ml LXRE-linked lu-
ciferase plasmid with (LXR� � RXR� group) or without (basal
group) 0.1 �g/ml expression vectors for LXR� and RXR�, as indi-
cated. Top: Data (means 	 SEM, n 
 3) for the LXRE activity ex-
pressed as percentages of basal control values. *** P 
 0.001 versus
control. Bottom: LXRE activity shown as a percentage of control
values in each group. P values show the comparison between
groups in the presence of cytokines.
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certed action of transcription factors and coactivator pro-
teins. Downregulation of the transcription factors LXR�/
RXR� during the APR provides a plausible explanation
for the reduction in LXR�-mediated gene transcription.
However, our cotransfection study showed that even when
LXR�/RXR� were constitutively expressed in HK-2 cells,
cytokine-induced reduction in LXR�-mediated gene tran-
scription (measured by LXRE-linked luciferase activity)
was only partially recovered. Therefore, other factors, in
addition to LXR�/RXR�, may be required for the com-
plete recovery of LXRE-linked luciferase activity in the
presence of cytokines. Consistent with this, we found that
the expression of PGC-1� and SRC-2, two potential coacti-
vators required for active LXR�-mediated gene transcrip-
tion, were also suppressed by IL-1� and TNF-� treatment
in HK-2 cells. Thus, LXR�-mediated gene transcription
during the APR appears to be regulated at least at the lev-
els of both transcription factors and coactivators, which
leads to a coordinated biological reprogramming in re-
sponse to infection and injury. On the one hand, down-
regulation of type II nuclear hormone receptors during
the APR, such as LXR� and PPAR�, provides a sensitive
and specific pathway to regulate the expression of their
target lipid genes and thus effectively alter lipid metabo-
lism. On the other hand, selective downregulation of co-
activators during the APR, such as PGC-1 and SRC, allows
the functional integration of multiple nuclear hormone
receptors, which share common coactivators for active
transcription. This may lead to simultaneous alteration in
several interlocking pathways in a tissue- and time-specific
manner. Indeed, we observed that the expression of

PGC-1�, a coactivator for both PPAR� and LXR�, was
also suppressed in both mouse liver and kidney during
the APR (unpublished data). Apparently, gene regulation
during the APR is a multifactorial process, and further de-
tailed study is required to define the regulatory roles of
coactivators in this complex process.

A decrease in the expression of LXR� target genes may
provide an explanation for some of the changes in lipid
metabolism during the APR. Although much of the re-
search to date into the role of LXR� in the kidney has
been centered on the mesangium and glomerulus, it is in-
creasingly recognized that pathology within the tubuloin-
terstitium is ultimately more predictive of the renal out-
come (45). Indeed, in the diverse forms of acute renal
injury, including the sepsis syndrome, both free choles-
terol and cholesteryl esters accumulate within the proxi-
mal tubular epithelium (46–50). It has been suggested
that PTC cholesterol accumulation is an integral compo-
nent of the kidney’s response to tissue injury, so that PTCs
increase resistance to superimposed nephrotoxic attack
and thus acquire cytoresistance (48, 49, 51). Although the
underlying mechanisms remain to be defined, cholesterol
accumulation within PTCs during sepsis syndrome may
partly be attributable to a decrease in cellular cholesterol
efflux (46). Because LXR� regulates the expression of
genes involved in cholesterol efflux, it is possible that a
decrease in LXR�/RXR� activity would result in a de-
crease in cholesterol efflux from the PTCs. Consistent
with this notion, our current study showed that a decrease
in LXR� expression in the kidney was associated with a
decrease in the expression of apoE, ABCA1, and ABCG1,

Fig. 9. Effect of IL-1� and TNF-� on LXR� coactivators
in HK-2 cells. HK-2 cells were plated on 100 mm Petri
dishes in growth medium (2 � 106 cells/dish). After 48 h of
incubation, cells were washed once with phosphate-buff-
ered saline, and medium was replaced with fresh growth
medium plus the appropriate cytokine at 10 ng/ml. After
24 h of incubation, total RNA was isolated from each dish.
Quantitation of mRNA for peroxisome proliferator-acti-
vated receptor � coactivator 1� (PGC-1�), CREB binding
protein (CBP), steroid receptor coactivator-1 (SRC-1), SRC-2,
and thyroid receptor-associated protein 220 (TRAP220) was
carried out by Northern blot analysis, and quantitation of
PGC-1� mRNA was carried out by quantitative real-time
PCR, as described in Materials and Methods. SRC-3 mRNA
was not detected in HK-2 cells. Data (means 	 SEM, n 
 3–4)
are expressed as percentages of control values. *** P 

0.001, * P 
 0.05 versus control.
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which may contribute to a decrease in cholesterol efflux
in PTCs in the sepsis syndrome. Further functional studies
will be necessary to address the potential roles of LXR/
RXR and their putative target genes in lipid metabolism
in PTCs during the APR.

In summary, our study showed that expression of
LXR�/RXR� was suppressed by LPS in mouse kidney and
by IL-1� or TNF-� in HK-2 cells. This was associated with
reduced expression of LXR� target genes involved in cho-
lesterol metabolism and lipogenic activity. Furthermore,
this study suggests that downregulation of type II nuclear
hormone receptors, together with their coactivators, may
contribute to the negative APR in multiple metabolically
active organs, including liver and kidney. Because acute
renal failure occurs in �50% of patients with sepsis syn-
drome, unraveling the mechanisms responsible for the
changes in lipid metabolism within the kidney tubu-
lointerstitium may offer better understanding of renal
pathophysiology during the APR. Ultimately, the use of
LXR-selective agonists and antagonists may provide new
approaches to modulate renal function during sepsis.
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Lu for a critical reading of the manuscript.
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