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Ishii-Yonemoto T, Masuzaki H, Yasue S, Okada S, Kozuka C,
Tanaka T, Noguchi M, Tomita T, Fujikura J, Yamamoto Y,
Ebihara K, Hosoda K, Nakao K. Glucocorticoid reamplification
within cells intensifies NF-kB and MAPK signaling and reinforces
inflammation in activated preadipocytes. Am J Physiol Endocrinol
Metab 298: E930—E940, 2010. First published September 23, 2009;
doi:10.1152/ajpendo.00320.2009.—Increased expression and activity
of the intracellular glucocorticoid-reactivating enzyme 11p-hydrox-
ysteroid dehydrogenase type 1 (113-HSD1) contribute to dysfunction
of adipose tissue. Although the pathophysiological role of 118-HSD1
in mature adipocytes has long been investigated, its potential role in
preadipocytes still remains obscure. The present study demonstrates
that the expression of 118-HSD1 in preadipocyte-rich stromal vascu-
lar fraction (SVF) cells in fat depots from ob/ob and diet-induced
obese mice was markedly elevated compared with lean control. In
3T3-L1 preadipocytes, the level of mRNA and reductase activity of
118-HSD1 was augmented by TNF-a, IL-18, and LPS, with a
concomitant increase in inducible nitric oxide synthase (iNOS),
monocyte chemoattractant protein-1 (MCP-1), or IL-6 secretion.
Pharmacological inhibition of 11B-HSD1 and RNA interference
against 11B-HSD1 reduced the mRNA and protein levels of iNOS,
MCP-1, and IL-6. In contrast, overexpression of 113-HSD1 further
augmented TNF-a-induced iNOS, IL-6, and MCP-1 expression.
Moreover, 118-HSD1 inhibitors attenuated TNF-a-induced phos-
phorylation of NF-kB p65 and p38-, JNK-, and ERK1/2-MAPK.
Collectively, the present study provides novel evidence that inflam-
matory stimuli-induced 113-HSD1 in activated preadipocytes inten-
sifies NF-kB and MAPK signaling pathways and results in further
induction of proinflammatory molecules. Not limited to 3T3-L1 prea-
dipocytes, we also demonstrated that the notion was reproducible in
the primary SVF cells from obese mice. These findings highlight an
unexpected, proinflammatory role of reamplified glucocorticoids
within preadipocytes in obese adipose tissue.

11B-hydroxysteroid dehydrogenase type 1; preadipocyte; nuclear fac-
tor-kB; mitogen-activated protein kinase; adipose inflammation

OBESE ADIPOSE TISSUE IS CHARACTERIZED by low-grade, chronic
inflammation (24, 58). In humans and rodents, it has been
shown that intracellular glucocorticoid reactivation is exagger-
ated in obese adipose tissue (38). Two isoenzymes, 11B-
hydroxysteroid dehydrogenase type 1 (113-HSD1) and type 2
(113-HSD2), catalyze interconversion between hormonally ac-
tive cortisol and inactive cortisone (2). In particular, 11B-
HSD1 is abundantly expressed in adipose tissue and preferen-
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tially reactivates cortisol from cortisone (2). In contrast, 113-
HSD2 inactivates cortisol mainly in tissues involved in water
and electrolyte metabolism (60). Transgenic mice overexpress-
ing 11B-HSDI in adipose tissue display a cluster of fuel
dyshomeostasis (61). Conversely, systemic 118-HSD1 knock-
outs and adipose-specific 113-HSD2 overexpressors, which
mimic adipose-specific 11B-HSD1 knockouts, are completely
protected against diabetes and dyslipidemia on a high-fat diet
(14, 30, 31, 42). Interestingly, 11B-HSD1 knockout mice on a
high-fat diet showed preferential accumulation of subcutane-
ous adipose tissue, whereas wild-type mice accumulated con-
siderable fat pads also in visceral (mesenteric) adipose tissue
(39). These findings suggest that increased activity of 11B-
HSD1 in adipose tissue contributes to dysfunction of adipose
tissue and subsequent metabolic derangement.

Adipose tissue is composed of mature adipocytes (~50—
70% of total cells), preadipocytes (~20-40%), macrophages
(~1-30%), and other cell types (22). Biopsy studies of human
adipose tissue demonstrated that the distribution of adipocyte
diameter is bimodal, consisting of populations of very small
adipocytes (“differentiating preadipocytes”) and mature adipo-
cytes (28, 35). Interestingly, the proportion of very small
adipocytes was higher in obese people compared with the lean
controls (28). Notably, insulin resistance was associated with
an expanded population of small adipocytes and decreased
expression of differentiation marker genes, suggesting that
impairment of adipocyte differentiation may contribute to
cbesity-associated insulin resistance (35). In this context, a
potential link between preadipocyte function and pathophysi-
ology of obese adipose tissue has recently attracted research
interest (53, 57).

Many of the genes overexpressed in mature adipocytes are
associated with metabolic and secretory function, whereas the
most representative function of the genes overexpressed in
nonmature adipocytes, i.e., stromal vascular fraction (SVF)
cells, is related to inflammation and immune response (9).
Macrophage infiltration into obese adipose tissue contributes to
local and systemic inflammation in subjects with obesity (63,
65). Furthermore, recent research (12, 48) highlights a patho-
physiological role of preadipocytes in obese adipose tissue. In
the proinflammatory milieu, preadipocytes act as macrophages
(11, 13), share in phagocytic activities (11), and secrete an
array of inflammatory substances (13).

A pharmacological dose of glucocorticoids is widely used
for anti-inflammatory therapies in human clinics (49). On the
other hand, recent research is highlighting the stimulatory
effects of glucocorticoids on inflammatory response. Such
effects are observed at lower concentrations relevant to phys-
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iological stress in vivo (35, 55, 66). Therefore, the potential
role of 113-HSD1 in a variety of inflammatory responses has
stimulated academic interest (10, 26). Furthermore, it is known
that mature adipocytes abundantly express 113-HSD1, which
is related to adipocyte dysfunction in obese adipose tissue (44,
61). On the other hand, the role of 11p-HSDI in SVF cells
remains largely unclear.

In this context, the present study was designed to explore the
expression, regulation, and pathophysiological role of 11B-
HSDI1 in activated preadipocytes. The results demonstrate that
inflammatory stimuli-induced 118-HSDI1 reinforces NF-«B
and MAPK signals and results in induction of proinflammatory
molecules.

MATERIALS AND METHODS

Reagents and chemicals. All reagents were of analytical grade
unless otherwise indicated. TNF-a, IL-13, LPS, and carbenoxolone
(3, 52), a nonselective inhibitor for 113-HSD1 and 113-HSD2, were
obtained from Sigma-Aldrich (St. Louis, MO). The recently devel-
oped 11B-HSD1 selective inhibitors 3-(1-adamantyl)-5,6,7.8,9,10-
hexahydro[1,2,4]triazolo[4,3-a]azocine trifluoroacetate salt (WOO03/
065983, inhibitor A; Merck, Whitehouse Station, NJ; Ref. 23) and
2.4,6-trichloro-N-(5,5-dimethyl-7-0x0-4,5,6,7-tetrahydro-1,3-benzothi-
azol-2-yl) benzenesulfonamide (BVT-3498; Biovitrum, Stockholm,
Sweden; Ref. 25) were synthesized according to the patent information.

Polyclonal antibodies against NF-«B p65, phospho-p65, p38
MAPK, phospho-p38, ERK1/2, phospho-ERK1/2, JNK, phospho-
JNK, Akt, and phospho-Akt were purchased from Cell Signaling
Technology (Beverly, MA). Polyclonal antibodies against SHIP1,
PP2A, and MKP-1 were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). An antibody against B-actin was purchased from
Upstate Biotechnology {Lake Placid, NY). Horseradish peroxi-
dase-conjugated anti-mouse, anti-rat, and anti-rabbit IgG antibod-
ies and ECL Plus Western blotting detection kits were purchased
from Amersham Biosciences (Piscataway, NJ).

Cell culture. 3T3-L1 cells (kindly provided by Dr. H. Green and
Dr. M. Morikawa, Harvard Medical School, Boston, MA) were
maintained in DMEM containing 10% (vol/vol) calf serum at 37°C
under 10% CO,.

Animals. Seventeen-week-old male C57BL/6 and nine-week-old
ob/ob mice were used for the experiments. Mice were maintained on
a standard diet (F-2, 3.7 kcal/g, 12% of kcal from fat, source soybean;
Funahashi Farm) or a high-fat diet (Research Diets D12493, 5.2
kcal/g, 60% of kcal from fat, source soybean/lard) under a 14:10-h
light-dark cycle at 23°C. The high-fat diet was administered to the
diet-induced abese (DIO) mice from 3 to 17 wk of age. Animals were
allowed free access to food and water. All animal experiments were
undertaken in accordance with the guidelines for animal experiments
of the Kyoto University Animal Research Committee.

Isolation of SVF and the mature adipocyte fraction. Subcutaneous
(SQ), mesenteric (Mes), and epididymal (Epi) fat deposits were
chopped using fine scissors and digested with 2 mg/ml collagenase
(Type VIII; Sigma-Aldrich) in DMEM for 1 h at 37°C under contin-
uous shaking (170 rpm). Dispersed tissue was filtered through a nylon
mesh with a pore size of 250 pm and centrifuged. Digested material
was separated by centrifugation at 1,800 rpm for 5 min. The sedi-
mented SVF and cell supernatant [mature adipocyte fraction (MAF)]
were both washed with DMEM. For primary culture experiments,
SVF cells from epididymal fat pads were plated in sixwell plates and
cultured overnight in DMEM containing 10% (vol/vol) FBS at 37°C
under 10% CO,. After being rinsed with the medium three times, the
cells were incubated with or without TNF-a, carbenoxolone, or
inhibitor A for 24 h.

Quantitative real-time PCR. Total RNA was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA), and cDNA was synthesized using
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an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to
the manufacturer’s instruction. The sequences of probes and primers
are summarized in Suppl. Table S1 (supplemental data for this article
are available at the Am J Physiol Endocrinol Metab website). Tagman
PCR was performed using an ABI Prism 7300 sequence detection
system following the manufacturer’s instructions (Applied Biosys-
tems, Foster City, CA). mRNA levels were normalized to those of 185
rRNA.

11B-HSDI enzyme activity assay. 11B-HSDI acts as a reductase
and reactivates cortisol from cortisone in viable cells (54). In certain
substrates, however, such as tissue homogenates or the microsome
fraction, 11B-HSDI1 acts as a dehydrogenase and inactivates cortisol
to cortisone (8). 11B-HSD1 reductase activity in intact cells was
measured as reported previously (8). Cells were incubated for 24 h in
serum-free DMEM, with the addition of 250 nM cortisone and
tritium-labeled tracer [1,2-3H]o-cortisone (Muromachi Yakuhin,
Kyoto, Japan) for reductase activity and 250 nM cortisol with
[1,2,6,7-*H]4-cortisol (Muromachi Yakuhin) for dehydrogenase activ-
ity. Cortisol and cortisone were extracted using ethyl acetate, evapo-
rated, resuspended in ethanol, separated using thin-layer chromatog-
raphy in 95:5 chloroform/methanol, and quantified using autoradiog-
raphy.

To validate inhibitory potency of compounds against 113-HSDI
with the use of FreeStyle 293 cells transiently transfected with human
11B-HSDI, the enzyme activity assay was carried out with 20 mM
Tris - HCI at pH 7.0, 50 pM NADPH, 5 ug protein of microsomal
fraction, and 300 nM [*H]cortisone for 2 h. The reaction was stopped
by 18B-glycyrrhetinic acid. The labeled cortisol product was captured
by mouse monoclonal anti-cortisol antibody, bound to scintillation
proximity assay beads coated with protein A, and quantified in a
scintillation counter.

ELISA. Monocyte chemoattractant protein-1 (MCP-1) and IL-6
concentrations in the cultured media of 3T3-L1 preadipocytes were
measured using ELISA according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN).

Western blot analysis. Two days after confluence, 3T3-L1 preadi-
pocytes were stimulated with 10 ng/ml TNF-a in the absence or
presence of 113-HSD1 inhibitors (50 pM carbenoxolone or 10 pM
inhibitor A) for 24 h.

For primary culture experiments, SVF from epididymal fat pads
were plated in sixwell plates and cultured overnight in DMEM
containing 10% (vol/vol) FBS at 37°C under 10% CO>. After being
rinsed with the medium three times, the cells were incubated with or
without TNF-a, carbenoxolone, or inhibitor A for 24 h.

After 2-h serum starvation, cells were treated with TNF-a for 10
min to detect NF-kB and MAPK signals. Cells were washed with
ice-cold PBS and harvested in lysis buffer (1% wt/vol SDS, 60 mM
Tris - HC], 1 mM NasVQys, 0.1 mg/ml aprotinin, ] mM PMSF, and 50
nM okadaic acid at pH 6.8) and boiled at 100°C for 10 min. After
centrifugation, supernatants were normalized to the protein concen-
tration via the Bradford method and then equal amounts of protein
were subjected to SDS-PAGE and immunoblot analysis.

RNA interference. We tested four different small interfering RNA
(siRNA) sequences. Stealth RNAi for mouse 11-HSD1 (MSS205244,
MSS205245, and MSS205246) (Invitrogen), and RNA interference (RNAI)
for mouse 11B-HSD1 originally designed by an siRNA Design Support
System (TaKaRa Bio, Shiga, Japan; sense: 5'-GAAAUGGCAUAUCAU-
CUGUTT-3' and antisense: 3'-TTCUUUACCGUAUAGUAGACA-5").
MSS205245 and MSS205246 did not suppress the 11B-HSD1 mRNA
level effectively in preliminary experiments. Therefore, we demon-
strated the data of MSS205244 [si(1)] and of the originally designed
siRNA [si(2)] in this study. According to the manufacturer’s protocol,
3T3-L1 preadipocytes were transfected with 10 nM siRNA in antibi-
otic-free medium using Lipofectamine RNAIMAX (Invitrogen). We
assessed the ransfection efficiency using green fluorescent protein
(GFP) detection (pmaxGFP), according to the manufacturer’s instruc-
tions (Amaxa, Cologne, Germany). Fluorescent microscopic observa-
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tion revealed that more than two-thirds of the cells expressed GFP
(data not shown).

Expression vector. A mammalian expression vector encoding
Hsd11bl (Hsd11b1/pcDNA3.1) was constructed by inserting cDNA
for mouse 11B3-HSD1 into pcDNA3.1 (Invitrogen). 3T3-L1 preadipo-
cytes were detached from culture dishes using 0.25% trypsin. Cells
(5 X 10°) were mixed with 2 p.g plasmid in the solution provided with
the cell line Nucleofector Kit V (Amaxa). pcDNA3.1/11B3-HSD1 or a
control vector was introduced into the cells using electroporation with
a Nucleofector (Amaxa) instrument according to the manufacturer’s
instructions.

Statistical analysis. Data are expressed as the means = SE of
triplicate experiments. Data were analyzed using one-way ANOVA,
followed by Student’s t-tests for each pair of multiple comparisons.
Differences were considered significant if P < 0.05.

RESULTS

Expression of 113-HSDI was elevated in the MAF and in
SVF isolated from fat depots in ob/ob mice and DIO mice.
Genetic (ob/ob) and dietary (DIO) obese models were ana-
lyzed. Expression of iNOS, MCP-1, and IL-6, all of which are
obesity-related proinflammatory mediators (19, 29, 45, 56),
was elevated in the MAF and SVF from both 0b/0b mice and
DIO mice compared with lean littermates (Fig. 1, A and B).
Levels of 113-HSD1 mRNA in the MAF from obese mice
were substantially elevated compared with their lean litter-
mates (ob/ob: SQ, 5-fold; Mes, 62-fold) (DIO: SQ, 24-fold;
Mes, 460-fold; Fig. 1, A and B). On the other hand, levels of
11B-HSD1 mRNA in SVF from ob/ob mice and DIO mice
were also elevated compared with their lean littermates (ob/ob:
SQ, 3-fold; Mes, 3-fold; and DIO: SQ, 8-fold, Mes, 4-fold; Fig.
1, A and B).

TNF-«, IL-1B, and LPS augmented 11B-HSDI mRNA ex-
pression and reductase activity in 3T3-L1 preadipocytes.
When 3T3-L1 preadipocytes were treated with TNF-a (10
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ng/ml) for 24 h, mRNA levels of 113-HSD1 markedly in-
creased (~4-fold; Fig. 2iv). Levels of iNOS, MCP-1, and IL-6
mRNA were concomitantly increased (50-, 70-, and 200-fold,
respectively; Fig. 2, i—iii). IL-1B (1 ng/ml) and LPS (1,000
ng/ml) substantially augmented 113-HSD1 mRNA expression
in 3T3-L1 preadipocytes (10- and 3-fold vs. control, respec-
tively) (Fig. 2iv). Reductase activity of 118-HSDI was aug-
mented by TNF-«, IL-1B, and LPS compared with the control
(2-, 9-, and 6-fold vs. control, respectively; P < 0.05; Fig. 2v).
Based on the results of 118-HSD1 activity, TNF-a was used at
10 ng/ml in subsequent experiments. On the other hand, 11B-
HSD2 mRNA and the corresponding dehydrogenase activity
were undetected not only at the baseline condition but with
TNF-a, IL-1p3, and LPS treatments (data not shown).

Dexamethasone decreased iNOS, MCP-1, and IL-6 mRNA
and protein levels in TNF-a-treated 3T3-L1 preadipocytes.
The effects of glucocorticoid on proinflammatory gene expres-
sion in TNF-a-treated 3T3-L1 preadipocytes were examined
over a wide range of concentrations (107!°, 10°°, 108, and
1077 M), representing physiological to therapeutical levels in
vivo (5). Dexamethasone (1077 M) decreased mRNA levels of
iNOS, MCP-1, and IL-6 (iNOS: 85 = 2%, MCP-1: 40 *+ 16%,
and IL-6: 97 * 1% reduction vs. TNF-a-treated cells) and
protein levels in the media (MCP-1: 48 + 5% and IL-6: 83 *+
1% reduction) in TNF-a-treated 3T3-L1 preadipocytes (Suppl.
Fig. S1).

Pharmacological inhibition of 11B3-HSDI attenuated iNOS,
MCP-1, and IL-6 mRNA and protein levels in TNF-a-treated
3T3-LI preadipocytes. The effects of pharmacological inhibi-
tion of 11B-HSD1 on proinflammatory gene expression were
examined in TNFa-treated 3T3-L1 preadipocytes. In previous
in vitro studies, carbenoxolone (CBX), a nonselective inhibitor
of 113-HSD1 and 11B-HSD2, was used at concentrations from
5 to 300 uM (16, 17, 26). To date, an 11B-HSDI-specific

iv) 11p-HSD1
iii) IL-6 . =60 ) 1B

:30 § g " 'ﬂ‘ *k
5% s |2 I_I
2520 £34

g g% o
5 si oan ob
T * 2420
é‘g — * l_' %g £33
320 e <g 0
< ¢ leanobleanoblean objeanch F g =22027'€aN O¥lean 9D lean OF
2o SQ Mes sSQ Mes EQ SQ Mes SQ Mes
ES SVF MAF SVF MAF

_ i) IL-6 " _§§ iv) 118-HSD1
HE) gg [CETaET
Ea ?u'- 10
=0 > 5
i | E* £2 o
°> 19 £3 C DIOC DIO
RPN B

- SVF

HEH IFIFY =S
53 °cmog DICC DIOC D0 € < DIO.C DIOG DIO_G DIO
ES SQ Mes SQ Mes SQ Mes SQ Mes

SVF MAF SVF MAF

Fig. 1. 118-Hydroxysteroid dehydrogenase type 1 (11B-HSD1) mRNA expression in stromal vascular fraction cells (SVF) and mature adipocytes fraction (MAF)
isolated from obese adipose tissue of ob/ob mice and diet-induced obese (DIO) mice. A: ob/ob and lean littermates [control (C) 9 wk of age; n = 6]. B: DIO
and littermates on a chow diet (17 wk of age; n = 6). Levels of inducible nitric oxide synthase (iNOS; i), monocyte chemoattractant protein-1 (MCP-1; ii), IL-6
(iti), and 113-HSD1 (iv) mRNA in SVF and MAF in subcutaneous abdominal fat depots (SQ) and mesenteric fat depots (Mes). *P < 0.05, **P < 0.01 compared

with lean littermates.
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Fig. 2. TNF-a, IL-1B, and LPS augment the
expression of proinflammatory mediators and
11B-HSD1 in 3T3-L1 preadipocytes. Cells
were treated with TNF-a (0.1, 1, and 10
ng/ml), IL-1B, (0.01, 0.1, and 1 ng/ml) or
LPS (10, 100, and 1,000 ng/ml) for 24 h.
Levels of iNOS (i), MCP-1 (ii), IL-6 (iii), and
11B-HSDI (iv) mRNA were quantified using
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activity (expressed as conversion ability of
cortisone to cortisol) was assessed in the
medium of 3T3-L1 cells treated with 10
ng/ml TNF-e, 1 ng/ml IL-18, or 1,000 ng/ml
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inhibitor, inhibitor A, has not been used for in vitro studies;
however, another 11B-HSDI1-specific inhibitor (compound
544) sharing almost the same structure as inhibitor A was used
at a concentration of 5 wM (62). Therefore, in the present
study, 10-50 uM CBX and 2.5-10 uM inhibitor A were used.

Before using these inhibitors in intact cells, we validated
inhibitory potency of compounds against 113-HSD1 in the
microsome fraction assay. We verified that inhibitor A (10 nM)
and CBX (1 wM) inhibited 11B-HSD1 activity as little as 25%
vs. control, respectively, and that both of the 113-HSD inhib-
itors suppressed 11B-HSD activity in a dose-dependent manner
(Suppl. Fig. S2).

In 3T3-L1 preadipocytes, although CBX and inhibitor A did
not change the level of 11B-HSDI reductase activity, both of
them suppressed TNF-a-induced reductase activity of 113-
HSDI1 in a dose-dependent manner (Fig. 34). CBX (50 uM)
and inhibitor A (10 wM) markedly attenuated 113-HSD1
activity (78 and 60% reduction vs. TNF-a-treated cells, respec-
tively; Fig. 3A).

Without TNF-a-treatment, CBX and inhibitor A did not
affect mRNA or protein levels of iNOS, MCP-1, and IL-6. On
the other hand, in TNF-a-treated cells, these inhibitors reduced
the mRNA and protein levels of proinflammatory genes. CBX
decreased iNOS, MCP-1, and IL-6 mRNA levels (50 puM;
iNOS: 83 £ 5%, MCP-1: 27 * 4%, and IL-6: 47 = 10%
reduction vs. TNF-a-treated cells without compounds) and
protein levels in the media (MCP-1: 17 = 1% and IL-6: 34 =
6% reduction) in TNF-a-treated 3T3-L1 preadipocytes (Fig.

Ref. V TNFa IL18 LPS Ref.

representative autoradiograph of thin-layer
chromatography in 11B-HSD reductase ac-
tivity assay (fop) and quantification (bottom).
Intensities of cortisol signals correspond to
the enzyme activity of reductase. Ref. (RI),
reference samples of [*H]cortisone or [*H]cor-
tisol as size marker. Data are means * SE of
triplicate experiments. *P < 0.05, **P < 0.01,
compared with vehicle (V)-treated group.

(RI)

%%

V TNFa IL1B LPS

3B). Similarly, inhibitor A reduced iNOS, MCP-1, and IL-6
mRNA (10 pM; iNOS: 47 £ 13%, MCP-1: 32 = 12%, and
IL-6: 33 * 9% reduction) and protein levels in the media
(MCP-1: 47 = 3% and IL-6: 14 = 3% reduction) (Fig. 3C).

Effect of 11B-HSDI knockdown on proinflammatory prop-
erties in 3T3-LI preadipocytes. To explore the potential role of
11B-HSDI1 in cytokine release from activated preadipocytes,
11B-HSD1 was knocked down using siRNA. We tested four
different siRNA sequences as described in MATERIALS AND
METHODS; however, two of them did not suppress 113-HSD1
mRNA level significantly in the preliminary experiments. Thus
we demonstrated the data on si(1) and si(2).

When 3T3-L1 preadipocytes were transfected with 11B-
HSD1 siRNA, TNF-a-induced expression of 118-HSD1 was
markedly attenuated [si(1): 60 * 9% and si(2): 88 = 7%
reduction vs. negative control siRNA; Fig. 44, i]. 11p-HSD1
reductase activity was also decreased by 113-HSD1 siRNA
[si(1): 81 = 9% and si(2): 84 * 3% reduction vs. negative
control siRNA; Fig. 44, ii]. 113-HSD2 mRNA levels and the
corresponding dehydrogenase activity were under detectable
with or without siRNA treatments in 3T3-L1 preadipocytes
(data not sown). Negative control RNAI did not influence the
expression of 113-HSD1. Knockdown of 118-HSD1 in TNF-
a-treated 3T3-L1 preadipocytes effectively reduced iNOS,
MCP-1, and IL-6 mRNA levels [si(1): IL-6: 32 = 7% reduc-
tion; and si(2): iNOS: 37 * 8%, MCP-1: 22 *= 5%, and IL-6:
59 = 3% reduction] and protein levels in the media [si(l):
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Fig. 3. Effects of pharmacological inhibition of 11B-HSD1 on glucocorticoid receptor (GR), MCP-1, IL-6, and iNOS expression in and secretion from
TNF-a-treated 3T3-L1 preadipocytes. A: 118-HSDI activity assay for validation of 118-HSDI inhibitors. 3T3-L1 preadipocytes were incubated for 24 h in
serum-free DMEM, adding 250 nM of cortisone with tritium-labeled cortisone. A representative autoradiograph of TLC for the 118-HSDI activity assay (fop)
and quantification of 113-HSDI activities (bottom). Intensities of cortisol signals correspond to the reductase activity. The y-axis shows percent 11B-HSD1
reductase activity compared with TNF-a (10 mg/ml)-treated cells. carbenoxolone (CBX; 10-50 pM) and inhibitor A (A; 2.5-10 pM) substantially reduced
11B-HSDI activity in 3T3-L1 preadipocytes. CBX (B; 10-50 M) and inhibitor A (C; 2.5-10 pM) 3T3-L1 preadipocytes were treated with TNF-a (10 ng/ml)
or cotreated with CBX and inhibitor A for 24 h. GR (i), iNOS (ii), MCP-1 (iii), and IL-6 (iv) mRNA levels were determined using real-time PCR. Values were
normalized to that of 18S rRNA and expressed relative to TNF-a-treated cells. Concentrations of MCP-1 (v) and IL-6 (vi) in the medium were measured with
ELISA. Data are means * SE of triplicate experiments. *P < 0.05, ** P < 0.01, compared with TNF-a-treated cells.

MCP-1: 13 = 1% and IL-6: 17 = 1% reduction; and si(2):
MCP1: 19 = 7% and IL-6: 30 = 1% reduction; Fig. 4B].
Overexpression of 11B-HSDI augmented iNOS, MCP-I,
and IL-6 in TNF-a-treated 3T3-L1 preadipocytes. We exam-
ined whether overexpression of 113-HSDI1 is relevant to the
augmentation of proinflammatory molecules in activated prea-
dipocytes. The extent of 113-HSD1 overexpression in 3T3-L1
preadipocytes was assessed by 118-HSD1 mRNA levels and
reductase activity (Fig. SA). As expected, 113-HSD1 mRNA
level was increased by treatment of the 11B8-HSD1 vector
(~20-fold) or 10 ng/ml TNF-a (~300-fold) compared with the

vehicle. TNF-a-induced expression of 113-HSD1 was further
augmented by the introduction of the 113-HSD1 vector (1.6-
fold vs. empty vector). Reductase activity of 11B-HSD1 was
also increased by the introduction of the vector (2-fold) or 10
ng/ml TNF-a (10-fold). Notably, TNF-a-induced enzyme ac-
tivity was further augmented by the vector (1.3-fold vs. empty
vector).

Expression of iNOS, MCP-1, and IL-6 did not differ be-
tween the 11B-HSD1 vector and the empty vector. On the other
hand, TNF-a-induced expression of iNOS, MCP-1, and IL-6
was augmented in 11B-HSDI1 transfectants (MCP-1: 172 =+
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88%, IL-6: 194 * 64%, and iNOS: 187 * 47% vs. the empty
vector; Fig. 5B, ii-iv). Similarly, protein levels of MCP-1 and
IL-6 in the media were increased in transfectants (MCP-1:
206 * 32% and IL-6: 156 = 17% vs. the empty vector; Fig.
5B, v and vi).

Pharmacological inhibition of 11B-HSDI attenuated TNF-a-
induced NF-kB and MAPK signaling in 3T3-L1 preadipocytes.
We examined the possible involvement of 113-HSD1 in proin-
flammatory signaling pathways. 3T3-L1 preadipocytes were in-
cubated with TNF-a (10 ng/ml), with or without CBX (50 uM)
and inhibitor A (10 M) for 24 h. After a 2-h serum starvation, the
cells were incubated with TNF-a (10 ng/ml), with or without
CBX (50 wM) and inhibitor A (10 uM) for 10 min. TNF-a-
induced p-65 phosphorylation was markedly attenuated by CBX
(30 * 12% decrease vs. TNF-a-treated cells) and inhibitor A
(51 % 11% decrease vs. TNF-a-treated cells; Fig. 6A). Regarding
MAPK signaling, augmented phosphorylation of p-38, INK, and
ERK with the TNF-a treatment was substantially attenuated by

CBX (p-38: 26 * 8% decrease and JNK: 48 * 3% decrease vs.
TNF-a-treated cells) and inhibitor A (p-38: 51 = 9% decrease,
JNK: 72 *= 5% decrease, and ERK: 36 = 11% decrease vs.
TNF-a-treated cells; Fig. 6B).

Pharmacological inhibition of 11B-HSDI attenuated iNOS,
MCP-1, and IL-6 mRNA levels in SVF cells from ob/ob mice.
We examined the effects of pharmacological inhibition of
11B-HSDI1 on proinflammatory gene expression in primary
cultured SVF cells isolated from epididymal fat depots in obese
ob/ob mice or lean control mice.

CBX (50 pM) and inhibitor A (10 uM) did not change the
expression level of 11B-HSD1 (Fig. 7i). CBX decreased
mRNA level of iNOS, MCP-1, and IL-6 in both the basal state
(INOS: 69 = 4%, MCP1: 42 * 7%, and IL-6: 56 = 14%
reduction vs. vehicle control) and TNFa-stimulated state
(iNOS: 58 = 11%, MCP-1: 63 * 5%, and IL-6: 53 *= 8%
reduction vs. TNFa-treated cells without compounds) in SVF
cells from ob/ob mice.
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*P < 0.05, **P < 0.01.

Without TNF-a-treatment, CBX did not change mRNA
levels of iNOS, MCP-1 and IL-6 in SVF cells from lean control
mice. However, CBX reduced the mRNA levels of iNOS,
MCP-1, and IL-6 (iNOS: 64 = 18%, MCP-1: 67 = 14%, and
IL-6: 58 = 12% reduction vs. TNF-a-treated cells without
compounds) in TNF-a-treated SVF cells from lean control
mice (Fig. 7).

Pharmacological inhibition of 11B-HSD1 attenuated NF-«B
and MAPK signaling in SVF cells from ob/ob mice. SVF cells
from ob/ob or lean control mice were incubated with TNF-a
(10 ng/ml), with or without CBX (50 wM) and inhibitor A
(10 pM) for 24 h. After a 2-h serum starvation, the cells
were incubated with TNF-a (10 ng/ml), with or without
CBX (50 wM) and inhibitor A (10 wM) for 10 min. Acti-
vation of NF-kB (p65) and MAPK (p38, JNK, and ERK)
signaling did occur in SVF cells from ob/ob mice compared
with lean control (Suppl. Fig. S3). In 0b/0b mice, phosphor-
ylation of these signaling without TNF-« treatment was
attenuated by CBX and inhibitor A. TNF-a-induced p-65,

p38, INK, and ERK phosphorylation was also attenuated by
CBX and inhibitor A in SVF cells from both 0b/ob and lean
control mice (Suppl. Fig. S3).

DISCUSSION

Here we provide novel evidence that inflammatory stim-
uli-induced 11B3-HSD1 in activated preadipocytes intensifies
NF-kB and MAPK signaling pathways and the resultant
augmentation of proinflammatory molecules. Not limited to
3T3-L1 preadipocytes, we also demonstrated the notion was
reproducible in the primary SVF cells from obese mice.
Previous works focused on the metabolically beneficial impact
of 11B-HSD1 deficiency on adipose tissue distribution, fuel
homeostasis, and insulin sensitivity. On the other hand, clearly
distinct from previous works, our present study is the first to
highlight an unexpected, proinflammatory role of reamplified
glucocorticoids within activated preadipocytes in obese adi-
pose tissue.
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Suppression and overexpression experiments with 11(3-
HSD1 in activated preadipocytes demonstrate that TNF-a-
induced 11B-HSD1 further augments the expression of proin-
flammatory genes including iNOS, MCP-1, and IL-6. Eleva-
tion of iNOS, MCP-1, and IL-6 in adipose tissue is commonly
observed in obese subjects, linking to dysfunction of adipose
tissue (19, 29, 45, 56). For example, iNOS-deficient mice are
protected against obesity-induced insulin resistance and glu-
cose intolerance (45). Moreover, transgenic mice overexpress-
ing MCP-1 in adipose tissue exemplify insulin resistance and
exaggerated infiltration of macrophages into adipose tissue
(29). Previous studies (20, 36) showed that adipose tissue is a
primary production site for IL-6 in humans. In fact, circulating
IL-6 levels are shown to elevate in patients with insulin-
resistance (19, 56), impaired glucose tolerance (40), and type 2
diabetes (47). Taken together, the present study provides novel
evidence for proinflammatory role of 113-HSD1 in activated
preadipocytes.

To optimize experimental condition, the present study was
designed to eliminate possible toxic effects and nonspecific
effects of 11B-HSDI inhibitors. Because 11B-HSD2 mRNA
and corresponding dehydrogenase enzyme activity (8, 27) were
undetected in 3T3-L1 preadipocytes even after the treatment
with TNF-a (unpublished observations), CBX virtually serves
as a specific inhibitor against 113-HSDI in the present study.
To further verify the effect of 118-HSD1 inhibition on acti-
vated preadipocytes, we confirmed that an 11B-HSD1-specific
inhibitor A exerted similar effects to CBX (Fig. 3). Of note, the
expression level of the glucocorticoid receptor did not vary by

the treatment with 113-HSD1 inhibitors (unpublished obser-
vations). The notion that TNF-a-induced 11B-HSD1 would
reinforce the expression of proinflammatory genes was en-
dorsed by the results of RNAi experiments (Fig. 4) and over-
expression experiments (Fig. 5). It should be emphasized that
forced overexpression of 11B-HSD1 per se did not influence
the expression level of proinflammatory genes in nonactivated
preadipocytes (Fig. 5B). These findings led us to speculate that
11B-HSD1-mediated active glucoorticoids within cells rein-
force inflammation under proinflammatory conditions com-
monly seen in obese adipose tissue.

The present study demonstrated that 113-HSD1 was highly
expressed in SVF cells from obese adipose tissue (Fig. 1).
Although mature adipocytes abundantly express 113-HSDI1
(44, 61), a considerable amount of 11B-HSD1 expression was
detected in SVF from adipose tissue (Fig. 1). Potential link
between preadipocyte function and pathophysiology of obese
adipose tissue has recently attracted research interest (53, 57).
A recent study (14) using 11B-HSD1 knockout mice provided
evidence that 118-HSD1 in preadipocytes may affect fat dis-
tribution under overnutrition. In 3T3-L1 cells, the expression
level of 11B-HSD1 is lower in preadipocytes but is dramati-
cally increased during the course of differentiation into mature
adipocytes (51). In fact, active glucocorticoids generated in-
tracellularly by 11B-HSDI are critical for normal adipose
differentiation (33). On the other hand, TNF-a augments 113-
HSDI1 expression in preadipocytes (Fig. 2). Of note, in proin-
flammatory milieu, TNF-« inhibits adipocyte differentiation by
decreasing PPAR'y expression (43, 46, 64). Depending on the
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hormonal milieu, it is therefore conceivable that 113-HSDI
plays a role in both adipogenesis and inflammatory response in
preadipoytes.

We assessed the expression of Pref-1 (a representative mo-
lecular marker for preadipocytes; Ref. 7) as well as aP2,
PPARY2, and GLUT4 (a set of representative markers for
differentiated adipocytes; Refs. 32 and 59) in preadipocytes
overexpressing 113-HSD1. Consequently, forced augmenta-
tion of 11B-HSD1 did not affect the expression level of these
genes (Suppl. Fig. S4), supporting that a line of our observation
was not a facet of mature adipocytes but of preadipocytes.

Previous studies demonstrated that chronic inflammation is
closely associated with insulin resistance in insulin-sensitive
organs (24, 64). Glucocorticoids are widely used as anti-
inflammatory agents in a clinical setting (49). On the other
hand, this hormone simultaneously causes insulin resistance (4,
50). Regarding this apparent paradox, recent studies (34, 55)
suggest that reactivated glucocorticoids within cells have the
potential to enhance inflammatory or immune responses in a
variety of cells. In the present study, replenished dexametha-
sone in the culture media at pharmacological doses did de-
crease the synthesis and secretion of proinflammatory mole-
cules in preadipocytes in a dose-dependent manner (Fig. 3). On
the other hand, in activated preadipocytes, 11B-HSDI intensi-
fies TNF-a-induced activation of NF-kB and the MAPK sig-
naling cascade (Fig. 6). In this context, it is possible that
intracellular activation of glucocorticoids within physiological
range would likely cause proinflammatory responses in certain

cell types. It should be noted that preadipocytes possess very
few insulin receptors (51). Instead, preadipocytes express a
large number of IGF-1 receptors (18). Insulin can bind to the
IGF-1 receptor only at supraphysiological concentrations.
However, it is likely that increased release of inflammatory
cytokines from activated preadipocytes may aggravate insulin
receptor signaling in adjacent mature adipocytes in obese
adipose tissue. This notion is supported by a line of mouse
experiments showing that pharmacological inhibition of 11B-
HSD1 ameliorated diabetes, dyslipidemia, and even arterio-
sclerosis (1, 23).

PPARy agonists potently suppress the activity of 113-HSD1
exclusively in adipose tissue (6). The present finding that
amplified glucocorticoids within activated preadipocytes may
enhance inflammatory responses does not contradict the notion
that PPAR+y agonists exert potent anti-inflammatory effects in
a variety of cell types (37).

Recent studies showed that phosphoinositide 3-kinase (PI3K)-
Akt pathways, IL-1 receptor-associated kinase-M (IRAK-M), and
suppressors of cytokine signaling-1 (SOCS-1) are negative regu-
lators of NF-«kB and MAPK signaling (21). Under inflammatory
stimuli, a physiological dose of glucocorticoids positively reg-
ulates the expression of SHIP1, a phosphatase that negatively
regulates PI3K signaling, resulting in the activation of NF-xB
and MAPK in activated macrophages (67). Considering the
close biological similarities between activated preadipocytes
and activated macrophages (11, 13), we explored whether
PI3K-Akt pathways, SHIP1, or other phosphatases could be
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involved in the 11B-HSD1-induced NF-kB and MAPK activa-
tion. Western blot analyses indicated that phosphorylation of
Akt or protein levels of SHIP1, PP2A, or MKP-1 did not
change significantly with inhibition or overexpression of 11[3-
HSDI1 (Suppl. Fig. S5). Further studies are warranted to un-
ravel the entire mechanism.

In summary, the present study provides novel evidence that
inflammatory stimuli-induced 11B-HSD1 reinforces NF-«kB
and MAPK signaling pathways and results in further induction
of proinflammatory molecules in activated preadipocytes. Our
findings highlight an unexpected, inflammatory role of reacti-
vated glucocorticoids within preadipocytes in obese adipose
tissue.
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a-Klotho (-KI) and its homolog, p-Klotho (8-KI) are key regulators of
mineral homeostasis and bile acid/cholesterol metabolism, respec-
tively. FGF15/ humanFGF19, FGF21, and FGF23, members of the
FGF19 subfamily, are believed to act as circulating metabolic regula-
tors. Analyses of functional interactions between «- and g-KlI and
FGF19 factors in wild-type, a-k/~'~, and g-kI~'~ mice revealed a com-
prehensive regulatory scheme of mineral homeostasis involving the
mutually regulated positive/negative feedback actions of a-Kl,
FGF23, and 1,25(0H).D and an analogous regulatory network com-
posed of p-Kl, FGF15/humanFGF19, and bile acids that regulate bile
acid/cholesterol metabolism. Contrary to in vitro data, g-Kl is not
essential for FGF21 signaling in adipose tissues in vivo, because (i)
FGF21 signals are transduced in the absence of p-KI, (i) FGF21 could
not be precipitated by p-Kl, and (ii/) essential phenotypes in Fgf21~/~
mice (decreased expressions of Hs/ and Atgl in WAT) were not repli-
cated in #-kI~'~ mice. These findings suggest the existence of Klotho-
independent FGF21 signaling pathway(s) where undefined cofactors
are involved. One-to-one functional interactions such as a-Klotho/
FGF23, B-Klotho/FGF15 (humanFGF19), and undefined cofactor/
FGF21 would result in tissue-specific signal transduction of the
FGF19 subfamily.

bile acid | cholesterol | mineral homeostasis | Cyp genes | energy source

he physiological roles of the Klotho family have remained

puzzling since the original mutant mouse was developed (1).
«-Kl deficiency in mice led to a characteristic phenotype resem-
bling premature aging symptoms in human (1). Thereafter, we
found that the overproduction of 1,25(OH),D and altered min-
eral-ion homeostasis are the major cause of these premature
aging-like phenotypes observed in a-k/'~ mice, because the low-
ering of 1,25(0OH),D activity by dietary restriction (a regimen in
which a-kI~/~ mice are fed a vitamin D-deficient diet) (2) is able to
rescue the premature aging-like phenotypes and enable a-ki-
deficient mice to survive normally without obvious abnormalities.
Recently we have reported that o-Kl interacts with fibroblast
growth factor 23 (FGF23) in kidney and plays an essential role in
maintaining serum 1,25(OH),D levels by regulation of key active
vitamin D-metabolizing enzymes, 1a-hydroxylase (Cyp27b1), and
24-hydroxylalse (Cyp24) (3). We also found that o-Kl binds to
Na*,K*-ATPase in choroid plexus, parathyroid glands, and the
distal convoluted tubules (DCT) of the kidney where extracellular
calcium concentration is coordinately regulated (4). In these tis-
sues, Na* K*-ATPase activity is controlled in an a-Kl-dependent
manner for transepithelial calcium transport in the choroid plexus
and DCT, and for regulated PTH secretion in the parathyroid
glands. By associating with both Na* ,K*-ATPase and circulating
FGEF23, a-Kl plays a multifunctional role in a-Kl expressing tissues
to regulate calcium and phosphate concentrations in vivo. This led
to the concept that a-Kl is a regulator that integrates mineral
homeostasis (5).

1666-1671 | PNAS | January 26,2010 | vol. 107 | no.4
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We next identified p-kl, which shares structural identity and
characteristics with a-k/ (6). f-Kl is predominantly expressed in the
liver, pancreas, and adipose tissues (6) distinct from a-Kl
expressing tissues (1, 2). To understand the biological role(s) of
p-KI1, we generated a mouse line lacking g-kI (7). Althou%h there
were no gross abnormalities in the appearance of f-kI™'~ mice,
these mice exhibited an altered metabolism of bile acids, a group of
structurally diverse molecules that are primarily synthesized in the
liver from cholesterol, promote absorption of dietary lipids in the
intestine, and stimulate biliary excretion of cholesterol (8). The
enterohepatic circulation of bile acids is regulated largely in hep-
atocytes where bile acid biosynthesis is regulated by rate-limiting
enzymes; cholesterol 7a-hydroxylase (Cyp7al) and sterol 12a-
hydroxylase (Cyp8bl) (8). Bile acids and oxysterols act as ligands
to nuclear receptors regulating the expression of important genes
in cholesterol homeostasis (9). Particularly, bile acids bind to the
promoter region of the farnesoid X receptor (FXR), which indu-
ces transcription of small heterodimer partner (SHP), a negative
regulator of Cyp7al and Cyp8bl, resulting in suppression of bile
acids synthesis in a negative feedback manner (9).

Simultaneously, Inagaki et al. reported that FGF15 dramati-
cally suppresses expression of Cyp7al through a gut-liver signal-
ing pathway that is different from the FXR/SHP-mediated
negative feedback system (10). Moreover, the association of bile
acids with FXR leads to the increase of Fgfl5 expression in
intestine, resulting in repression of Cyp7al in the liver. Impor-
tantly, this negative feedback effect was not observed in Fgf15~/~
and Fgfr4”'~ mice, and highlighted a concept that the binding of
FGF15 with FGFR4 is involved in a second negative feedback
system in bile acid metabolism. Taken together, analogous to the
role of «-Kl in FGF23/FGFR1-mediated signal transduction, it
was hypothesized that p-Kl plays a critical role in FGF15/FGFR4
mediated negative feedback regulation of Cyp7al and Cyp8bl
expression in the liver (11).

The mammalian FGF family currently consists of 22 members
subdivided into seven subfamilies based on their structural
similarity and modes of action (12). Most FGFs play an important
role as paracrine factors regulating cell growth, regeneration,
differentiation, and morphogenesis (13). However, it has been
established that members of the FGF-19 subfamily, which also
includes FGF21 and FGF23, differ in two important aspects from
other FGF proteins. First, they have no or very small mitotic
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effects; and second, they exert their action via systemic, hormone-
like effects as metabolic regulators. In fact, human FGF19
(hFGF19) and its murine ortholog FGF15, as well as FGF23, are
secreted from ileal enterocytes and bone, respectively, and then
circulate in the bloodstream to target tissues (12-14). The third
member, FGF21 is predominantly synthesized in the liver (15) and
has beneficial effects on several metabolic parameters in different
animal models of obesity; recently, FGF21 has been postulated to
be a newly found regulator of glucose metabolism through
induction of glucose transporter 1 (GLUT 1) (16).

As first shown for FGF23 and subsequently for FGF19, FGF21
has been predicted to require a specific cofactor for its binding to a
certain type of FGFR and subsequent activation of FGF21/FGFR
signaling pathway. p-K1 has been reported as a candidate cofactor
essential for bioactivity of FGF21 in in vitro studies (16-22).
However, these have not been confirmed in in vivo studies. It is
particularly important to examine (i) whether FGF21 signal
transduction is abolished in f-kI”"~ mice and (ii) whether the
phenotypes of f-kI”~ mice significantly overlap with those of
Fgf21-deficient mice (Fgf217'") (23, 24).

Recent advances in understanding the signaling of FGF19
subfamilies have mainly been based on conventional in vitro
experiments (13, 17, 19, 22), whereas in vivo verification of the
association of FGF ligands and FGF receptor or of FGF ligands
and Klotho family proteins, as well as the signal transduction
(phosphorylation) cascades triggered by FGF 19 subfamilies
have yet to be confirmed.

In the present study, we demonstrate the first manifest evidence
revealing that whereas a-Kl and $-Kl are required for FGF23 and
FGF15/hFGF19-mediated signaling pathways in vivo, respec-
tively, B-Kl appears not to be essential for FGF21-mediated signal
transduction in vivo.

Results

a-Kl-Dependent Vitamin D Regulation by FGF23. FGF23 is derived
from bone and is essential for maintaining phosphate homeostasis
and regulation of vitamin D metabolism. In WT mice, admin-
istration of hFGF23 results in remarkable suppression of serum
1,25-dihydroxyvitamin D [1,25(OH),D] through the repression of
Cyp27b1 and induction of Cyp24 in the kidney. As we previously
reported, serum concentrations of 1,25(OH),D in both a-kl”'~ and
Fgf237'~ mice were remarkably higher than that of WT mice
(2, 25). Intriguingly, serum FGF23 in a-k/~'~ mice was >8,000-fold
that of WT mice (Fig. 14). To analyze how o-Kl and FGF23
coordinately regulate vitamin D metabolism in the kidney, we
analyzed the interactive actions of FGF23 and o-Kl in vivo. The
FGFs used in these experiments (hFGF23, hFGF19, hFGF21)
were prepared from CHO cell culture media, and their activities
were estimated by measuring Egr-I-promotor directed Luciferase
activities using Peak rapid cells with or without exogenous
expression of a-kl or p-kl (Fig. S1). Furthermore the activity of
hFGF21 was confirmed by up-regulation of Glut] mRNA in 3T3-
L1 adipocyte. To minimize the effects of hypervitaminosis D, a
major cause of the abnormalities observed in a-k/ ™'~ mice, we used
a-ki~'~ mice fed with a vitamin D-deficient diet, in which serum
1,25(0OH),D levels were normal and consequently most of the
premature aging-like phenotypes were alleviated (2).

hFGF23 administration induced a significant decrease in serum
1,25(0OH),D levels in WT mice, whereas no effect was observed in
a-kI”~ mice (Fig. 1B). Consistently, in WT kidneys injected with
hFGF23, Cyp27b1 expression was reduced >13-fold, whereas Cyp24
expression was induced >5-fold (Fig. 1 C and D). However, no sig-
nificant effect of hFGF23 was found on the expression of Cyp27b1
and Cyp24 in a-kI”~ mice. These results offer direct evidence that
a-Kl is essential for FGF23-derived repression of Cyp27bI and
induction of Cyp24 in vivo. In addition, we found that the admin-
istration of hFGF23 resulted in down-regulation of «-Kl expression
(Fig. 1E), probably because o-Kl is a target of FGF23 signal trans-
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Fig. 1. FGF23 is dependent on a-Kl for regulation of vitamin D synthesis in
kidney (A—E). (A) Serum concentrations of FGF23 in WT and a-kI”~ were
measured by ELISA. WT (open bars) and a-kI™’~ (filled bars) mice (n = 4/group)
were injected with recombinant hFGF23 (0.2 mg/kg) or PBS control. Mice were
killed 4 h after injection, and serum concentrations of 1,25(0H),D (B) were
measured. Cyp27b1 (C), Cyp24 (D), and a-k/ () mRNA levels in kidney were
analyzed by RT-quantitative PCR. In this and all other figures, error bars rep-
resent mean + SD and are plotted as fold change. Data were derived from 8- to
10-week-old male mice on vitamin D-deficient diets. *P < 0.05; **P < 0.01.
FGFR1 binds to a-Kl and is phosphorylated by FGF23 in the kidney (F-/). (F)
Kidney lysates were precipitated with anti-FGFR1 antibody or with control IgG.
Input is 0.01% of the kidney whole extract used for the immunoprecipitation.
(G) Kidney lysates were precipitated with anti-FGFR4 antibody or with control
1gG. Input is 0.2% of the kidney whole extract used for the immunoprecipita-
tion. (H) The kidney lysates of WT and a-k/~"~ mice were immunoprecipitated
with the anti-phospho-FGFRs or the anti-FGFR1 antibody. The immunoprecipi-
tates were separated by SDS/PAGE and blotted with anti-FGFR1 antibody. (/)
Kidney lysates of WT mice were immunoprecipitated with the anti-phospho-
FGFRs or the anti-FGFR4 antibody and then blotted with anti-FGFR4 antibody.

duction and/or because of a secondary effect of decreased 1,25
(OH),D, an inducer of a-Kl gene expression (2). These data implicate
an elaborate mutual negative feedback system composed of a-Kl,
FGF23, and 1,25(0OH),D in mineral-ion maintenance (Fig. 54).

a-KI-Dependent FGFR1 Phosphorylation by FGF23 in Vive. Generally
FGFs can bind to and activate cell surface tyrosine kinase FGF
receptors and transduce signals to downstream molecules
including MAP kinase (26). The FGF receptor family consists of
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four members, FGFR1-4. With the exception of FGFR4, splic-
ing variants in the third Ig-like domain (IIIb and IIlc types) have
been identified for each member (12, 26). Recently, it has been
reported that a-Kl binds to FGFRs in cultured cells (19) and
converts the canonical FGFR1(III)c to a receptor specific for
FGF23 (3). We therefore tested whether the above observations
were valid in vivo. We first examined the interactions between
a-KI and FGFR1, and o-Kl and FGFR4 in the kidney. As ob-
served in in vitro experiments, o-Kl was coprecipitated not only
with FGFR1 but also with FGFR4 in the kidney (Fig. 1F and G).
We then investigated whether these two receptors are activated
by hFGF23 in the kidney (procedures are as in S/ Text and Fig.
S2). In WT mice, FGFR1 was activated in the kidney 10 min
after injection of hFGF23 (Fig. 1H). In contrast, phosphorylation
of FGFR4 was not detectable even after the injection of hHFGF23
(Fig. 17), suggesting that FGFR4 is not a major receptor re-
sponsible for FGF23 signaling in the kidney. As expected, we
could not detect phosphorylation of FGFR1 in the kidney of
a-kI™'~ mice even after hFGF23 injection (Fig. 1H). In summary,
we concluded that FGFRI is preferentially activated by FGF23
in a a-Kl-dependent manner in the kidney.

B-KlI-Dependent Bile Acid Regulation by FGF15. Because the unusu-
ally elevated expression of Cyp7al was observed not only in g-kl™/~
mice (7) but also in FgfI5~~ and Fgfr4”~ mice (10, 27), we pre-
dicted that $-Kl was involved in FGF15/FGFR4-signaling system.
Based onstudiesin cultured cells, it was recently proposed that p-Kl1
is necessary for FGF15/hFGF19-mediated signal transduction in
the liver (18, 22). To confirm this hypothesis in vivo, we first
measured the mRNA levels of Fgf15 in the terminal ileum of WT
and f-kI”"~ mice. Interestingly, Fgf15 expression levels were ~12-
fold increased in 8-kl "~ mice compared with those of WT (Fig. 24),
analogous to the elevation of FGF23 expression in a-ki™'~ mice
(Fig. 14). To evaluate the effect of FGF15 in vivo, we administered
hFGF19 and analyzed Cyp7al and Cyp8b1 expression. In WT mice,
the expression levels of Cyp7al and Cyp8bI 6 h after hFGF19
injection resulted in >100-fold and >10-fold reductions, respec-
tively (Fig. 2 B and C). These were comparable to findings in a
previous study examining FGF15 (10), and thus we concluded
hFGF19 could be used to evaluate bile acid regulation in mice. In
contrast, the expression levels of Cyp7al and Cyp8bI remained
elevated in -kl livers even after the administration of hFGF19
(Fig. 2 B and C), demonstrating that p-Kl is essential for the neg-
ative regulation of Cyp7al and Cyp8b1 by FGF15/hFGF19 in vivo.
p-Kl-regulated bile acid synthesis by FGF15/hFGF19 is further
described in ST (Fig. S3).

B-KI/FGFR4 Coexpression Is Required for FGF15 Signaling in Vivo. To
monitor whether FGF15/hFGF19 signals are transduced in tissues
other than the liver, we verified Egr-1 (a zinc-finger transcription
factor identified as an immediate-early gene induced by cellular
stimulation) mRNA levels in p-Kl-expressing tissues (liver, adipose,
pancreas, and salivary gland) as well as several B-Kl-nonexpressing
tissues, since hFGF23 administration remarkably increased Egr-1
expression and induced phosphorylation of 44/42 MAP kinase
(ERK1/2) in the kidney where a-Kl is expressed (3). In WT liver,
Egr-1 expression level increased by >120-fold 30 min after hFGF19
administration compared with vehicle (Fig. 2D). With respect to
other tissues, we observed a faint, but statistically significant Egr-/
increase in pancreas (>5-fold) and in white adipose tissue (WAT)
(~3-fold). Nonetheless, no remarkable changes were observed in
other tissues including brown adipose tissue (BAT) and salivary
gland despite p-Kl expression. As expected, in -k/~ mice injected
with hFGF19, no significant induction of Egr-1 was observed in any
of the tissues evaluated (Fig. 2D), demonstrating that f-Kl is nec-
essary but not sufficient for FGF15/hFGF19-mediated signal
transduction. To address the question of why FGF15/hFGF19 signal
is transduced in the liver, pancreas, and WAT, but not in BAT and
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Fig. 2. FGF19isdependent on p-Kl for regulation of bile acid synthesis in liver
(A-D). (A) mRNA levels of Fgf15 in terminal ileum in WT and p-kI~'~ were
measured by RTQ-PCR. WT mice (open bars) and g-k/~'~ mice (filled bars) (n =5/
group) were injected with recombinant hFGF19 (1 mg/kg) or control medium.
Mice were killed 6 h after injectionand Cyp7a7 (B) and Cyp8b1 (C) mRNA levels
in liver were measured by RT-quantitative PCR. Data were derived from 14-to
16-week-old male mice on standard diet. Egr-1 induction mediated by FGF19
in liver (D). hFGF19 (1 mg/kg) or control medium were injected into WT and
p-kI”"~ male mice (12-14 weeks old) on standard diet. Thirty minutes after
injection, tissues in WT (Upper) and g-kI™"~ (Lower) mice (n = 4/group) were
excised. Egr-1 mRNA levels were measured by RT-quantitative PCR. The
expression levels of FGF19-injected mice (filled bars) and vehicle injected mice
(open bars) are plotted as fold change. *P < 0.05; **P < 0.01.

salivary glands, we profiled the expression of various FGF receptors
(FGFRYs) in p-Kl-expressing tissues. As reported previously (10),
FGFR4 is postulated to be the major receptor responsible for
FGF15-mediated signal transduction in the liver. As for the pan-
creas and WAT, we did observe >2-fold and >6-fold lower Fgfr4
expression compared with that in the liver, respectively. On the
contrary, Fgfr4 mRNA was not detected in the salivary glands and
BAT (Fig. S4). Hence Egr-1 up-regulation by hFGF19 could be
observed in tissues where p-KI and FGFR4 are coexpressed.

To further demonstrate the contribution of B-Kl in the hepatic
FGF15/hFGF19-mediated signaling cascade, we evaluated the
phosphorylation of FGFR4 and downstream signaling molecules in
vivo using the methods shown in Fig. 1 (Fig. S2 and SI Text). p-KI
could be efficiently precipitated by an anti-FGFR4 antibody (Fig.
34) and the phosphorylation of FGFR4 was confirmed after
hFGF19 treatment in WT liver (Fig. 3B). Unexpectedly, the
amount of FGFR4 protein was significantly reduced in livers of
pB-kI”'~ mice (Fig. 3C). To obtain an amount of FGFR4 equivalent to
that obtained from WT mice, we concentrated the liver lysates from
B-kI”"~ mice and performed immunoprecipitation (Fig. S2 and SI
Text). However, we could not detect enhanced activation of FGFR4
in f-ki™'~ livers even after injection of hFGF19 (Fig.3D). Consistent
with a previous report (18), clear phosphorylation of ERK1/2 was
observed in WT livers 10 min after hAFGF19 injection, whereasit was
undetectable in g-kI”'~ livers (Fig. 3E), demonstrating that p-Kl
is essential for the FGF15/hFGF19 directed activation of FGFR4
and downstream signaling cascade in the liver.

p-Kl Is Not Essential for FGF21-Mediated Signaling in Adipose Tissues.
FGF21, amember of the FGF19 subfamily that is synthesized in the
liver, has been reported to be a newly found regulator of glucose
metabolism (16) and B-K1 has been postulated to be essential for its
activity in in vitro studies (17, 20, 21). To examine the possible
contribution of p-KI in the FGF21 signaling system in vivo, we first
administered recombinant hFGF21 to WT mice and analyzed Egr-1
mRNA levels in multiple tissues (Fig. 44). Before its use, we con-
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Fig. 3. FGFR4 binds to p-Kl and is phosphorylated by FGF19 in liver. (A) Liver
lysates were precipitated with anti-FGFR4 antibody or with control IgG. Input is
1% of the liver whole extract used for the immunoprecipitation. The immu-
noprecipitates were separated by SDS/PAGE and blotted with anti-FGFR4
antibody. (B, D, and E) Ten minutes after injection of hFGF19 or control medium,
livers were excised. Liver lysates from WT mice (B) and g-k/™ '~ mice (D) were
immunoprecipitated with the anti-phospho-FGFRs or the polyclonal anti-FGFR4
antibody. Immunoprecipitates were blotted with anti-FGFR4 antibody. The
arrowhead indicates a nonspecific band (Fig. $2). (C) Whole liver extracts of WT
and f-kI~'~ mice were blotted with anti-FGFR4 antibody or anti-p-actin antibody
for aloading control. (E) Liver lysates from WT and -k~ were immunoblotted
with anti-phospho-ERK 1/2 or anti-ERK1/2 antibodies (n = 2 in each case).

firmed the biological activity of the synthesized hFGF21. As shown
in Fig. S5, our hFGF21 could enhance Egri-derived luciferase
reporter expression in a f-Kl-dependent manner at doses that were
equivalent to those previously reported (17, 21). Moreover the
hFGF21 up-regulated Glut] mRNA in 3T3-L1 adipocyte (Fig. S5)
(16). Consistent with the in vitro results, in WT mice, Egr-I
expression levels were significantly up-regulated by ~10-fold in
WAT and >6-fold in BAT 30 min after injection of hFGF21 (Fig. 44
and Fig. S5). However, administration of hFGF21 also resulted in
significant up-regulation of Egr-I mRNA levels in WAT and BAT
from pB-kI”'~ mice (Fig. 4B). We next analyzed the serum levels of
FGF21 and hepatic mRNA levels of Fgf2] in WT and B-ki~~ mice.
Unexpectedly, there was no significant genotype-dependent dif-
ference in mean serum protein concentrations of FGF21 nor hep-
atic Fgf21 mRNA levels (Fig. 4 C and D). We also confirmed that
-kl expression was not affected by FGF21 administration (Fig. 4E).
These results suggest that p-Kl is not essential for FGF21-mediated
signaling in WAT and BAT. In addition, our prediction was further
supported by the following experiments. First, to address the bind-
ing properties between p-KI and FGF21, we performed pull-down
assays using recombinant proteins. Although FGF19 was sig-
nificantly bound by -Kl in the presence of FGFR4, FGF21 could
not be precipitated by B-Kl even with 10 fold amounts of FGF21
(Fig. 4 F and G and SI Text). Second, we compared the phenotypes
of Fgf217"~ and p-kI”"~ mice. Recently, Hotta et al. developed
Fgf217'~ mice and reported that expression levels of hormone-
sensitive lipase (Fs/) and adipose triglyceride lipase (Argl) in WAT
were decreased in Fgf21™~ mice to almost 50% compared with
those of WT mice (23). The adipose phenotypes in Fgf21 ~~ mice
may be an outcome of a deficiency in FGF21 signaling. Thus we
analyzed the expression levels of these genes in the adipose tissues
of ﬂ-kl‘/ ~ mice. Consequently, in both WAT and BAT, mRNA
levels of Hsl and Atgl were not significantly altered between WT and
f-kI”'~ mice (Fig. 4 H and I). These data suggest that p-K1 may not
necessarily be involved in the phenotypes observed in FGF21-
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Fig. 4. p-Klis notessential for FGF21-mediated signaling (A-/). Thirty minutes
after injection, tissues in WT (n = 5/group) (A) and -kI~"~ mice (n = 4/group) (B)
were excised. Egr-1 mRNA levels were measured by RT-quantitative PCR. The
expression levels of hFGF21 injected mice (filled bars) and vehicle injected mice
(open bars) mice are plotted as fold change. Data were derived from 7-to 10-
week-old male mice on standard diet. (C) Serum FGF21 concentrations of WT
and g-kI~ '~ mice (n= 5-6/group) were measured by RIA. (D) Fgf21 mRNA levels
in livers of WT and g-kI~~ mice (n = 5-6/group) were measured by RT-quan-
titative PCR and are plotted as fold change. Data were derived from 15-to 20-
week-old male mice on standard diet. hFGF21 (0.4 mg/kg) or control medium
were injected into WT and p-ki~’~ mice. (E) WT mice were injected with
recombinant hFGF21 (0.4 mg/kg) or control medium (n = 5/group). Mice were
killed 4 h after injection and f-kl mRNA levels in WAT were analyzed by RT-
quantitative PCR. Data were derived from 10-week-old male mice on standard
diet. (F) A 15-ng quantity of each FGF was pulled down (PD) by a-/B-Kl in the
presence (R1, R3, or R4) or absence (-) of FGFRs. Input was 8% of samples used
for the pull-down assay. Samples of pulled down by a-/B-KI were analyzed by
SDS/PAGE and blotted with antibodies (anti-His for FGFs, anti-Human Fc for
FGFRs, and anti-GFP for a-/g-Kl). Arrowhead indicates a nonspecific band. (G) A
50-ng quantity of FGF19, 150 ng of FGF23, or 500 ng of FGF21 was precipitated
by p-Kl in the presence or absence of FGFR4. Input was 1% of samples used for
the assay. (H and /) hs/ and atg/ mRNA levels in WAT and BAT were analyzed by
RT-quantitative PCR. Data were derived from 9-to 14-week-old female g-k/***
and g-kI~'~ mice (n = 5/group). *P < 0.05; **P < 0.01.

deficient mice. Taken together, these results provide strong evi-
dence that p-Kl is not essential for FGF21-mediated signaling in
WAT and BAT. We therefore asked whether FGF21 signaling
might require other unidentified components than p-KI. We also
analyzed Glut] mRNA levels 4 h after hFGF21 injection at con-
centrations that could induce Egr-1 expression in WAT and BAT,
but no apparent induction was observed, suggesting that Glut. isnot
a direct target of FGF21 signaling (28, 29).

Discussion

Various roles of Klotho family members have been reported (18,
22, 30); however, a consensus on the molecular functions of «-KI
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and B-KI has not been reached. Based on these findings, we propose
a comprehensive regulatory scheme of mineral homeostasis that is
illustrated by the mutually regulated positive/negative feedback
actions of o-Kl, FGF23, and 1,25(OH),D (Fig. 54). In the present
study, we found that FGF23 represses the expression of a-Kl and
identified an essential role of a-Kl in FGF23-mediated phosphor-
ylation of FGFR1 in the kidney. This leads to Cyp27bI down-
regulation and Cyp24 up-regulation, and results in inhibition of the
synthesis of 1,25(OH),D, an active form of vitamin D (3). 1,25
(OH),D has prominent effects on the kidney, intestine, and bone. In
the kidney, 1,25(OH),D activates vitamin D receptor (VDR) by
binding to its ligand binding domain and negatively regulates the
expression of Cyp27b1 while positively regulating Cyp24 and o-KI
expression (2). In the bone, 1,25(OH),D binds to VDR and induces
FGF23 synthesis in osteocytes and osteoblasts (31) in hours/days. In
turn, secreted FGF23 suppresses 1,25(OH),D synthesis and inor-
ganic phosphate reabsorption in the kidney to adjust extracellular
mineral concentrations. Collectively, a-Kl, in combination with
FGF23, is involved in a signaling cascade that maintains extrac-
ellular calcium/phosphate levels within a narrow range.

The roles of p-Kl, FGF15, and FGFR4 in bile acid/cholesterol
metabolism are schematically summarized in Fig. 5B. Consistent
with a previous study (10, 22), i.v. injection of hFGF19 dramat-
ically represses the expression of Cyp7al and Cyp8bI and results
in the inhibition of bile acid synthesis from cholesterol in WT
livers. This suppression of Cyp7al and Cyp8bI was not observed
in -kI”'~ mice. Indeed, phosphorylation of FGFR4 and ERK1/2
was not detected in f-kI™~ livers even after hFGF19 admin-
istration. Our findings provide conclusive evidence proving the
essential role of B-Kl in FGF15/hFGF19-mediated activation of
FGFR4 and subsequent signal transduction that regulates bile
acid synthesis. Particularly, by binding to FXR, bile acid induces
SHP expression in the liver and FGF15 transcription in the
terminal ileum. In turn, increased SHP and secreted FGF15
differentially suppress Cyp7al/Cyp8bl expression to down-
regulate bile acid synthesis (8, 9, 11). In addition, we found
mutual negative feedback regulations between p-Kl and FGF15,
namely, a decrease in g-kl after hFGF19 administration and an
increase in Fgf15 in p-kl deficiency. In other words, $-kl ablation
leads to impaired negative feedback regulation of bile acid
metabolism, resulting in the overflow of bile acid pools. Con-
sequently, in the f-kI~'~ terminal ileum, chronic stimulation by
elevated bile acid would lead to an unusual increase in Fgfl5
mRNA. We propose a scheme illustrating the bile acid/choles-
terol homeostasis regulated by mutual negative/positive feedback
actions of p-Kl, FGF15, and bile acids (Fig. 5B).

As shown in Fig. 5, the scheme for bile acid regulation by p-KI/
FGF1S5 is conceptually analogous to that of vitamin D metabolism,
which involves a-Kl and FGF23. Both systems are regulated by the

A\

(OH),VD*—25(0I E
24,25(0H), u(mvn-ﬂﬁty,

Fig. 5. Schematic representation of «-KI/FGF23 and -KI/FGF15 systems. (A)
Regulatory network of mineral homeostasis illustrated by the mutual positive/
negative feedback actions of «-K|, FGF23, and 1,25(OH),D. (B) Regulatory net-
work of bile acid/cholesterol metabolism represented by the mutual positive/
negative feedback actions of §-KI, FGF15, and bile acids.
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coordination of two types of feedback mechanisms mediated by
end-metabolites, 1,25(OH),D or bile acids, that are in situ neg-
ative feedback regulation and target tissue mediated negative
feedback loop. In the former pathway, the end-metabolite func-
tions as a nuclear receptor ligand and negatively feeds back by
repressing the expression of key regulatory enzymes (Cyp27b1 in
the kidney or Cyp7al/Cyp8bl in the liver) in the relevant meta-
bolic pathway responsible for the generation of end-metabolite
itself. In the latter system, the end-metabolite is transported to the
target tissue (bone or intestine) from a distal site and enhances the
expression of FGF (FGF23 or FGF15) by binding to the nuclear
receptor; VDR or FXR. Subsequently, secreted FGF acts as the
regulator of a target tissue-mediated negative feedback loop in
collaboration with «-Kl or f-Kl. The next question to be addressed
is how these two pathways are coordinately involved in the rapid
adjustment and long term maintenance of mineral homeostasis
and bile acid metabolism.

In a previous report, we showed that iv. injection of hFGF23
induces phosphorylation of ERK1/2 and specifically up-regulates
the expression of Egr-1 in the murine kidney (3). Here we demon-
strate that a-Kl is required for FGF23 signal transduction in vivo.
Likewise, i.v. injection of hFGF19 results in ERK1/2 phosphor-
ylation and up-regulation of Egr-1 in the liver in a -Kl-dependent
manner. Among p-Kl-expressing organs, significant up-regulation
of Egr-1 was observed in tissues where p-KI and FGFR4 are coex-
pressed. Although induction of Egr-1 in pancreas and WAT are
slight, it occurs in a p-Kl-dependent manner. FGF15-mediated
signal in pancreas and WAT could therefore be involved in bile acid
homeostasis, but its functional importance has yet to be elucidated.
Furthermore, the very high Egr-1 induction in the liver strongly
suggests that other elements, in addition to the coexpression of f-KI
and FGFR4, may endow this prominent hepatic signal activation.
Recently, several groups have reported that «-Kl and p-Kl can bind
to certain types of FGFRs. Those studies report preferences and
differences for this binding that might be dependent on assay con-
ditions. a-Kl solely binds to FGFR1(I11¢) in vitro (3), however a-Kl
binds to not only FGFR1(IlIc) but also FGFR4 and weakly to
FGFR3(IIIc) in cultured cells (30). Even though FGFR4 could
precipitate o-Kl in the kidney, activation of FGFR4 by hFGF23
could not be detected. Further studies are required to understand
how FGFR(s) is definitively and preferentially used for a particular
FGF signal in vivo.

Serum levels of FGF23 and ileac Fgfl5 mRNA expression were
intensively increased in a-kI™'~ and -kl mice, respectively.
Furthermore, administrations of hAFGF23 and hFGF19 apparently
suppressed the expression of a-k! and f-kl, respectively. In con-
trast, the serum levels of FGF21 and hepatic Fgf2l mRNA
expression were not increased in f-kI~'~ mice, and -kl expression
was not significantly suppressed by hFGF21 in adipose. Consistent
with a previous report that FGF21 induces ERK1/2 phosphor-
ylation specifically in WAT (17), administration of FGF21 to WT
mice significantly induced Egr-I mRNA expression in WAT and
BAT, suggesting that WAT and BAT were the possible target
tissues of FGF21. However, surprisingly, remarkable Egr-I
inductions in WAT and BAT were also observed in f-kl/~ mice,
indicating that p-Kl is not essential for FGF21 signal transduction
invivo. These in vivo results contrasted with those obtained from in
vitro assays, as B-Kl is essential for FGF21-mediated signal
transduction in vitro. We reproduced the direct binding of a-Kl
and hFGF23 and also confirmed tricomplex formation of p-KI,
hFGF19, and FGFR4 but were unable to detect binding of a-/p-Kl
and hFGF21 in our pull-down assay (Fig. 4G). Furthermore, we
confirmed that the adipose phenotypes in Fgf21 ™'~ mice did not
overlap with those of -kI”~ mice. This inconsistency leads to a
postulation that p-Kl is not necessary for FGF21 signaling.

Currently, p-Kl is believed to be a common player essential for
FGF15- and FGF21-mediated signal transduction. However, our
present results, together with the data from Hotta et al. (23), do
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not support this hypothesis. Possible explanations are that the
response found in cultured cells might be caused by: (i) an
artificial abundance of B-Kl and/or FGF21, (ii) peculiar charac-
teristics of the cultured cells used in these experiments, and/or
(i) a combination of these two factors (17, 20, 21).

Recent studies have reported that FGF21 stimulates lipolysis in
WAT and ketogenesis in the liver (32, 33). However, those results
represent the pharmacological effects of sustained FGF21 treat-
ment and thus include consequences that are secondary and indi-
rectlyinduced by FGF21. We propose a p-Kl-independent response
directly triggered by hFGF21 administration. Significant Egr-1 up-
regulation in WAT and BAT are indicative that FGF21 mediates
lipid metabolism in adipose tissues. The physiological target(s) of
FGF21 signaling need to be clarified to understand how FGF21
functions as a regulator of lipid metabolism. Observations using
genetic manipulation will lead us to a precise understanding of the
roles of the FGF19 subfamily in metabolic homeostasis in vivo.
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Materials and Methods

Measurement of Serum Parameters. Blood samples were collected from orbital
cavities or hearts under anesthesia and were centrifuged to obtain sera.
Serum FGF23 levels were measured by sandwich ELISA (Kainos Laboratory),
which can quantify the intact form or FGF23 using human recombinant FGF23
as a standard. Serum 1,25(0H).D levels were analyzed by SRL, Inc. Serum
FGF21 levels were measured by specific RIA (Phoenix Pharmaceuticals, Inc.).

Statistical Analysis. Unless otherwise noted, all values are expressed as mean +
SD. All data were analyzed by the Mann-Whitney U test. P values less than
0.05 were considered to be statistically significant.

More details are described in S/ Materials and Methods.
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The rat demyelinatlon (dmy) mutation serves as a unlque model system to mvestlgate the mamtenance of myelin, because it
_ provokes severe myelin breakdown in the central nervous system (CNS) after normal postnatal completion of myelination.
 Here, we report the molecular characterlzatron of this mutation and discuss the possible pathomechanisms underlying
demyelination. By positional cloning, we found that a G-to-A transition, 177 bp downstream of exon 3 of the Mrs2 (MRS2
| eastasis factor (Saccharomyces cerevisiae)) gene, generated a novel splice acceptor site which resulted in
vation of the mutant allele. Transgsmc rescue wlth wild-type Mrs2-cDNA validated our findings. Mrs2
encodes an essential component of the major Mg~* influx system in mitochondria of yeast as well as human cells. We
showed that the dmy/dmy rats have major mitochondrial deficits with a markedly elevated lactic acid concentration in the
eduction in ATP, and increased numbers of mitochondria in the swollen cytoplasm of
MRSZ-GFP recombinant BAC transgenic rats showed that MRS2 was dominantly expressed in neurons
. rather than oligodendrocytes and was ultrastructurally observed in the inner membrane of mitochondria. Our observations
_ led to the conclusion that dmy/dmy rats suﬁ’er from a mitochondrial disease and that the maintenance of myelin has a
 different mechanism from i o established that Mg homeostaS|s in CNS mitochondria is
ssentnal for the malntenan
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Introduction the many defects of myelination or myelin turnover. It has also
benefited from researches carried out on animal models, mostly

Mpyelin is an essential component of the nervous tissue of higher mutant mice and rats, including those that have been induced by
vertebrates. It acts as a natural insulator of axonal segments transgenesis or genetic engineering in ES cell lines [1,2]. Some of
allowing, at the same time, the maintenance of axonal integrity these models have even allowed therapies to be developed in a
and the fast conduction of action potentials. It also reduces ionic preclinical setting [3]. Unfortunately, only a small number of the

currents across the axonal membrane and stabilizes the extracel- many genes that are directly or indirectly involved in the myelination
lular milieu within rapidly-firing axon bundles. process have been identified and only a few of these genes have been

In the central nervous system (CNS), myelin is produced by functionally annotated, for example, by the characterization of one or
oligodendrocytes, while in the peripheral nervous system (PNS), more mutant alleles. For this reason, any new mutation occurring
this function is achieved by Schwann cells. Myelination is spontaneously or after mutagenesis is of potential interest for
completed within a relatively short period of time during unraveling the molecular mechanisms involved in myelin assembly.
mammalian development and requires a high rate of production In an earlier paper we reported the discovery and pathology of a
and transport of different kinds of molecules, mostly proteins and rat mutation designated demyelination (symbol dmy), which is
lipids. In adult life, myelin is constantly remodeled and the characterized by severe and progressive myelin breakdown in
maintenance of functional myelin sheaths requires a careful the CNS. We mapped the locus responsible for this myelin
balance of de novo synthesis and turnover. It is quite clear that any disorder to rat chromosome (Chr) 17, very close to the prolactin
event generating an imbalance in the myelination or remyelination (Prl) locus, in a region homologous to human Chr 6p21.1-22.3 and
process has the greatest chance of inducing dys- or demyelination mouse Chr 13 [4,5]. Based on its pathological features, as well as
of either the central or peripheral nervous system. its genetic localization, this demyelination syndrome appeared to

Our knowledge of the myelination process has benefited from be unique, with no homologue so far reported in any other

careful observations conducted on human patients affected by one of =~ mammalian species, including humans.
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