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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 11B-hydrox-
ysteroid dehydrogenase type 1 (113-HSD1) contribute to dysfunction
of adipose tissue. Although the pathophysiological role of 11B3-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-o, IL-1B, and LPS, with a
concomitant increase in inducible nitric oxide synthase (iNOS),
monocyte chemoallractant protein-1 (MCP-1), or IL-6 secrelion.
Pharmacological inhibition of 11R-HSD1 and RNA interference
against 113-HSD1 reduced the mRNA and protein levels of iNOS,
MCP-1, and IL-6. In contrast, overexpression of 118-HSD1 further
augmented TNF-a-induced iNOS, IL-6, and MCP-1 expression,
Moreover, 113-HSD1 inhibitors attenuated TNF-a-induced phos-
phorylation of NF-«kB p65 and p38-, INK-, and ERK1/2-MAPK,
Collectively, the present study provides novel evidence that inflam-
matory stimuli-induced 11B3-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-xB; 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-HSDI) and type 2
(11B-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, 11p-
HSD?2 inactivates cortisol mainly in tissues involved in water
and electrolyte metabolism (60). Transgenic mice overexpress-
ing 11B-HSD1 in adipose tissue display a cluster of fuel
dyshomeostasis (61). Conversely, systemic 113-HSD1 knock-
outs and adipose-specific 11B-HSD2 overexpressors, which
mimic adipose-specific 113-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 11pB-
HSDI 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
obesity-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 11B-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 11B-HSD1 in SVF cells
remains largely unclear.

In this context, the present study was designed to explore the
expression, regulation, and pathophysiological role of 11B-
HSD1 in activated preadipocytes. The results demonstrate that
inflammatory stimuli-induced 11B-HSD1 reinforces NF-«kB
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-o, IL-18, 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 (WO03/
065983, inhibitor A; Merck, Whitehouse Station, NJI; 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-«kB 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 3-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 celis (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
keal/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 obese (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 rpmy). Dispersed tissue was filtered through a nylon
mesh with a pore size of 250 wm 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/voly FBS at 37°C
under 10% CO,. After being rinsed with the medium three times, the
cells were incubated with or without TNF-«, 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. 113-HSD1 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, 113-HSD1 acts as a dehydrogenase and inactivates cortisol
to cortisone (8). 113-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-*H].-cortisone (Muromachi Yakuhin,
Kyoto, Japan) for reductase activity and 250 nM cortisol with
[1,2,6,7-*H]s-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-HSD1
with the use of FreeStyle 293 cells transiently transfected with human
11B-HSD1, the enzyme activity assay was carried out with 20 mM
Tris - HCI at pH 7.0, 50 pM NADPH, 5 pg 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-« in the absence or
presence of 113-HSD1 inhibitors (50 wM 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 - HCI, 1 mM NazVOy, 0.1 mg/ml aprotinin, 1 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 11B-HSD1 (MSS205244,
MSS205245, and MSS205246) (Invitrogen), and RNA interference (RNA1)
for mouse 113-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 113-HSD1 mRNA
level effectively in preliminary experiments. Therefore, we demon-
strated the data of MSS205244 [si(1)] and of the originally designed
siRNA [s5i(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 (Hsd11bl/pcDNA3.1) was constructed by inserting cDNA
for mouse 113-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 pg 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 r-tests for each pair of multiple comparisons.
Differences were considered significant if P < 0.05.

RESULTS

Expression of 11B-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 clevated in the MAF and SVF from both ob/ob mice and
DIO mice compared with lean littermates (Fig. 1, A and B).
Levels of 11p-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).

INF-a, IL-18, and LPS augmented 118-HSDI1 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 11B-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—ii). IL-18 (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-HSD1 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 113-HSD1 activity, TNF-a was used at
10 ng/ml in subsequent experiments. On the other hand, 11pB-
HSD2 mRNA and the corresponding dehydrogenase activity
were undetected not only at the baseline condition but with
TNF-o, IL-1B, and LPS treatments (data not shown).
Dexamethasone decreased iNOS, MCP-1, and IL-6 mRNA

and protein levels in TNF-c-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 (1071, 107, 1078, and
1077 M), representing physiological to therapeutical levels in
vivo (5). Dexamethasone (10~7 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 11B-HSDI attenuated iNOS,
MCP-1, and IL-6 mRNA and protein levels in TNF-a-treated
3T3-L1 preadipocytes. The effects of pharmacological inhibi-
tion of 113-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 113-HSD2, was used at concentrations from
5 to 300 pM (16, 17, 26). To date, an 11B-HSD1-specific
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Fig. 1. 11B-Hydroxysteroid dehydrogenase type 1 (118-HSD1) mRNA expression in stromal vascular fraction cells (SVF) and mature adipocytes fraction (MATF)
isolated from obese adipose tissue of 0b/ob mice and diet-induced obese (DIO) mice. A: 0b/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; i), IL-6
(iii), and 11B-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
118-HSD1 in 3T3-L1 preadipocytes. Cells
were treated with TNF-a (0.1, 1, and 10
ng/ml), IL-18, (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 (i1), IL-6 (iii), and
11B-HSD1 (iv) mRNA were quantified using
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real-time PCR. Values were normalized to
that of 18S rRNA. v: 11B8-HSDI reductase
activity (expressed as conversion ability of
cortisone to cortisol) was assessed in the
medium of 3T3-L1 cells treated with 10
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inhibitor, inhibitor A, has not been used for in vitro studies;
however, another 113-HSDI-specific inhibitor (compound
544) sharing almost the same structure as inhibitor A was used
at a concentration of 5 uM (62). Therefore, in the present
study, 10-50 pM CBX and 2.5-10 uM inhibitor A were used.

Before using these inhibitors in intact cells, we validated
inhibitory potency of compounds against 11p-HSD1 in the
microsome fraction assay. We verified that inhibitor A (10 nM)
and CBX (1 M) inhibited 11B-HSD1 activity as little as 25%
vs. control, respectively, and that both of the 113-HSD inhib-
itors suppressed 11R-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 113-HSDI reductase activity, both of
them suppressed TNF-a-induced reductase activity of 11p-
HSDI1 in a dose-dependent manner (Fig. 34). CBX (50 uM)
and inhibitor A (10 wM) markedly attenuated 11p-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 iINOS, 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 pM;
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 TNFua IL18 LPS Ref.

representative autoradiograph of thin-layer
(RI) chromatography in 113-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 [*Hlcor-
tisol as size marker. Data are means = SE of
triplicate experiments. *P < 0.05, ¥*P < 0.01,
compared with vehicle (V)-treated group.

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-HSD1 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 113-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 11B3-HSDI 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 118-HSD1. Knockdown of 113-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(1):
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Fig. 3. Effects of pharmacological inhibition of 118-HSD1 on glucocorticoid receptor (GR), MCP-1, IL-6, and iNOS expression in and secretion from
TNF-o-treated 3T3-L1 preadipocytes. A: 118-HSD1 activity assay for validation of 118-HSD1 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-HSD1 activity assay (top)
and quantification of 11B-HSD1 activities (bortom). Intensities of cortisol signals correspond to the reductase activity. The y-axis shows percent 113-HSD1
reductase activity compared with TNF-a (10 mg/ml)-treated cells. carbenoxolone (CBX; 10-50 pM) and inhibitor A (A; 2.5-10 uM) substantially reduced
11B-HSD1 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 (i), MCP-1 (iii), and IL-6 (iv) mRNA levels were determined using real-time PCR. Values were
normalized to that of 188 rRNA and expressed relative to TNF-a-treated cells. Concentrations of MCP-1 () 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 11B8-HSD1 augmented iNOS, MCP-1,
and IL-6 in TNF-a-treated 3T3-L1 preadipocytes. We exam-
ined whether overexpression of 113-HSD1 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 113-HSD1 mRNA levels and
reductase activity (Fig. 54). As expected, 11p-HSD1 mRNA
level was increased by treatment of the 113-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 118-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 113-HSD1 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 113-HSDI attenuated TNF-o-
induced NF-kB and MAPK signaling in 3T3-L1 preadipocytes.
We examined the possible involvement of 113-HSD1 in proin-
flammatory signaling pathways. 3T3-L.1 preadipocytes were in-
cubated with TNF-a (10 ng/ml), with or without CBX (50 uM)
and inhibitor A (10 uM) for 24 h. After a 2-h serum starvation, the
cells were incubated with TNF-a (10 ng/ml), with or without
CBX (50 upM) and inhibitor A (10 pM) 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. 64). Regarding
MAPK signaling, augmented phosphorylation of p-38, JNK, and
ERK with the TNF-o 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,
INK: 72 = 5% decrease, and ERK: 36 = 11% decrease vs.
TNF-a-treated cells; Fig. 6B).

Pharmacological inhibition of 11B8-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-HSD1 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 uM) and inhibitor A (10 wM) did not change the
expression level of 118-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.

AJP-Endocrinol Metab » VOL 298 + MAY 2010 « www.ajpendo.org

66

0102 ‘9 aunr uo Bio ABojoisAyd-opuad(e wol papeojumod




E936

A

i) 118-HSD1 mRNA ii) 11B-HSD1 activity

cortisone=3» “» s om . w

cortisoF> I

Ref. emp HSDemp HSD Ref.
(RN} v TNFo (R)

2

=]
-
(4]

3
S

113-HSD1 mRNA level
(fold vs. empty vector control)
8
(=2
118-HSD1 reductase activity
(fold vs. empty vector control)
<]

ol . Y S
emp HsSp emp HSD emp HSD emp HSD
v TNFa v TNFa

11B-HSD1 AUGMENTS PREADIPOCYTE INFLAMMATION VIA NF-kB AND MAPK

~——
emp HSD emp HSD 0 emp HSD emp HSD
v TNFo \' TNFa

(-]

B
3 1] i) GR o 3 ii) INOS
> [
5 ¢ 8
2] 1 58
8 1 2> 2
3 £p
'<'> 'q;m under
£50s EF o |eucee
ES S8
¢ €3
- w
- 4
o =

iii) MCP-1—% iv) IL-6

-
o

=3
(=]

mRNA level
(fold vs. empty vector control)
3]

mRNA level
(fold vs. empty vector control)

0 emp HSD emp HSD emp HSD emp HSD

\ TNFa \ TNFo
(pglmglz V) MCP-1 (pg/mi) Vi) IL-6
60

30

07emp HsD emp

emp HSp emp

v TNFa v TNFa

Fig. 5. Effects of overexpression of 118-HSD1 on MCP-1, IL-6, and iNOS expression in and secretion from TNF-a-treated 3T3-L1 preadipocytes. A: efficiency
of electroporation-mediated gene transfer. 3T3-L1 preadipocytes were transfected with the expression vector for 118-HSD1 or a corresponding empty vector
using electroporation. After 48 h, cells were treated with or without 10 ng/ml TNF-o for 24 h. Cells were assayed for 118-HSD1 mRNA (7) and reductase activity
(é). B: effects of overexpression of 118-HSD1 on MCP-1, IL-6, and iNOS expression in and secretion from TNF-a-treated 3T3-L1 preadipocytes. 3T3-L1
preadipocytes were transfected as above, and 48 h after the infection, cells were treated with or without 10 ng/ml TNF-a for 24 h. Levels of mRNA for GR (i),
iNOS (i), MCP-1 (iif), and IL-6 (iv) were determined using real-time PCR. Values were normalized to those of 185 rRNA and expressed as a relative level vs.
the vehicle control (V). Concentrations of MCP-1 (v) and IL-6 (vi) in the medium were measured with ELISA. Data are means *+ SE of triplicate experiments.
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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 11B3-HSD1 attenuated NF-kB
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 pM) and inhibitor A (10 uM) for 10 min. Acti-
vation of NF-kB (p65) and MAPK (p38, JNK, and ERK)
signaling did occur in SVF cells from 0b/ob mice compared
with lean control (Suppl. Fig. S3). In 0b/0b mice, phosphor-
ylation of these signaling without TNF-a 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 ob/ob and lean
control mice (Suppl. Fig. S3).

DISCUSSION

Here we provide novel evidence that inflammatory stim-
uli-induced 11p-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 11B-
HSD1 in activated preadipocytes demonstrate that TNF-a-
induced 11B8-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 paticnts 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 113-HSD1 inhibitors. Because 113-HSD2 mRNA
and corresponding dehydrogenase enzyme activity (8, 27) were
undetected in 3T3-L1 preadipocytes even after the treatment
with TNF-« (unpublished observations), CBX virtually serves
as a specific inhibitor against 113-HSD1 in the present study.
To further verify the effect of 11B3-HSD1 inhibition on acti-
vated preadipocytes, we confirmed that an 113-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 11p-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-HSD1
(44, 61), a considerable amount of 113-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 113-HSD1 knockout mice provided
evidence that 11B-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-HSD1 are critical for normal adipose
differentiation (33). On the other hand, TNF-«a augments 110-
HSD1 expression in preadipocytes (Fig. 2). Of note, in proin-
flammatory milieu, TNF-« inhibits adipocyte differentiation by
decreasing PPARy expression (43, 46, 64). Depending on the
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hormonal milieu, it is therefore conceivable that 113-HSD1
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,
PPAR~y2, and GLUT4 (a set of representative markers for
differentiated adipocytes; Refs. 32 and 59) in preadipocytes
overexpressing 11p-HSD1. Consequently, forced augmenta-
tion of 113-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, 113-HSD1 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 11p-
HSD1 ameliorated diabetes, dyslipidemia, and even arterio-
sclerosis (1, 23).

PPAR‘y 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-kB
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 11R-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 11f3-
HSD1 (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 11p-HSDI1 reinforces NF-«B
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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p300 Plays a Critical Role in Maintaining Cardiac
Mitochondrial Function and Cell Survival in
Postnatal Hearts

Yasuaki Nakagawa, Koichiro Kuwahara, Genzo Takemura, Masaharu Akao, Masashi Kato, Yuji Arai,
Makoto Takano, Masaki Harada, Masao Murakami, Michio Nakanishi, Satoru Usami, Shinji Yasuno,
Hideyuki Kinoshita, Masataka Fujiwara, Kenji Ueshima, Kazuwa Nakao

Rationale: It is known that the transcriptional coactivator p300 is crucially involved in the differentiation and
growth of cardiac myocytes during development. However, the physiological function of p300 in the postnatal
hearts remains to be characterized.

Objective: We have now investigated the physiological function of p300 in adult hearts.

Methods and Results: We analyzed transgenic mice exhibiting cardiac-specific overexpression of a dominant-
negative p300 mutant lacking the C/H3 domain (p300AC/H3 transgenic [TG] mice). p300AC/H3 significantly
inhibited p300-induced activation of GATA- and myocyte enhancer factor 2-dependent promoters in cultured
ventricular myocytes, and p300AC/H3-TG mice showed cardiac dysfunction that was lethal by 20 weeks of age.
The numbers of mitochondria in p300AC/H3-TG myocytes were markedly increased, but the mitochondria were
diminished in size. Moreover, cardiac mitochondrial gene expression, mitochondrial membrane potential and
ATP contents were all significantly disrupted in p300AC/H3-TG hearts, suggesting that mitochondrial
dysfunction contributes to the progression of the observed cardiomyopathy. Transcription of peroxisome
proliferator-activated receptor y coactivator (PGC)-1¢, a master regulator of mitochondrial gene expression,
and its target genes was significantly downregulated in p300AC/H3-TG mice, and p300AC/H3 directly repressed
myocyte enhancer factor 2C-dependent PGC-1a promoter activity and disrupted the transcriptional activity of
PGC-1« in cultured ventricular myocytes. In addition, myocytes showing features of autophagy were observed

in p300AC/H3-TG hearts.

Conclusions: Collectively, our findings suggest that p300 is essential for the maintenance of mitochondrial integrity
and for myocyte survival in the postnatal left ventricular myocardium. (Circ Res. 2009;105:746-754.)

Key Words: mitochondrial function m autophagy m transcription m cardiac dysfunction

he transcriptional coactivator p300 interacts directly

with components of the basal transcriptional apparatus
and various enhancer-binding proteins, thereby modulating
enhancer-mediated transcription.t2 Several lines of evi-
dence suggest that p300 plays a critical role in the
differentiation and growth of cardiac myocytes during
development. For example, mice lacking a functional p300
gene die in utero, between embryonic days 9 and 11.5,
because of disruption of cardiac muscle differentiation
and trabeculation.® Within the myocardium, p300 serves as
a coaclivator of several transcription factors enriched in
cardiac tissue, including GATA-4, myocyte enhancer fac-
tor (MEF)2, and serum response factor, and is required for
these factors to exhibit their full transcriptional activi-

ties.4-¢ Notably, these molecules are also known to func-
tion as hypertrophy-responsive transcription factors during
the pathogenesis of cardiac hypertrophy and heart failure
in adults, and transgenic mice expressing p300 under the
control of the cardiac-specific «-myosin heavy chain
(MHC) promoter exhibit eccentric cardiac hypertrophy and
increased mortality,” whereas cardiac-specific overexpres-
sion of p300 exacerbates adverse cardiac remodeling after
myocardial infarction.® These findings imply that in some
cases a therapeutic benefit may be obtained through
inhibition of p300.° On the other hand, p300 appears to be
essential for normal cardiac development1© and important
for cardiac myocyte survival under some conditions.!!
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Consequently, inhibiting the activity of p300 could have
adverse effects on the adult heart.

Peroxisome proliferator-activated receptor (PPAR)y coac-
tivator (PGC)-1a,!2 estrogen-related receptor (ERR)«,!3 and
PPARa!* are 3 mediators recently shown to regulate mito-
chondrial biogenesis and gene expression.’®> PGC-la was
cloned based on its ability to interact with PPARy!S and
appears to be a critical regulator involved in the control of
cardiac mitochondrial function in response to energy de-
mands.'2 ERRa reportedly acts as an effector of PGC-1« and
is an important regulator of genes involved in oxidative
phosphorylation and mitochondrial biogenesis.!? Further-
more, PPARa was shown to regulate expression of genes
involved in mitochondrial fatty acid oxidation.'* It is known
that p300 forms complexes with PGC-1a and PPARq,!8-20
but the precise function of p300 in mitochondrial gene
expression and function remains unclear.

Our aim in the present study was to examine the physio-
logical function of p300 in the postnatal heart. To accomplish
that, we developed a transgenic (TG) mouse that overex-
presses a dominant-negative p300 mutant lacking the C/H3
domain (p300AC/H3) under the control of the cardiac-
specific @-MHC promoter. Notably, these p300AC/H3 trans-
genic (p300AC/H3-TG) mice showed severe cardiomyopathy
and died prematurely, and our findings demonstrate that
p300 is essential for the maintenance of mitochondrial
integrity and for the survival of cardiac myocytes in the
postnatal heart.

Methods

Plasmid Constructs

A fragment containing full-length wild-type (WT) p300 or p300AC/
H3, in which the C/H3 domain was deleted, was inserted into the
pCMVB. Constructs containing the luciferase gene driven by the
—452 bp of the proximal enhancer-promoter region of the atrial
natriuretic peptide (ANP) gene (—452hANPluc) or by the —1812 bp
of the enhancer-promoter region of the brain natriuretic peptide
(BNP) gene (—1812hBNPluc) were described previously 2122 Lucif-
erase reporter genes driven by the promoter region of the PCGla
gene, tandem GATA sites (GATA-Iuc), and tandem MEF2 sites
(3xMEF2-luc) were kindly provided by M. D. Schneider (Baylor
College of Medicine, Houston, Tex), R. S. Viger (University Laval,
Ontario, Canada), and E. N. Olson (University of Texas Southwest-
ern Medical Center, Dallas, Tex), respectively. A luciferase reporter
gene driven by multiple PPAR response element sites and an
expression vector encoding ERRa were kindly provided by D. P.
Kelly (Washington University, St Louis, Mo).

Cell Culture, Transfection, and Luciferase Assay
Neonatal rat ventricular myocytes were prepared and transiently
transfected by electroporation as described previously 2324

Western Blotting Analysis

To evaluate autophagy, we used an antimicrotubule-associated
protein 1 light chain 3 (LC3) antibody kindly provided by N.
Mizushima (Tokyo Medical and Dental University, Japan)252¢ and
an anti—cathepsin D antibody (Santa Cruz Biotechnology).

Tetramethylrhodamine Ethyl Ester Staining of
Isolated Adult Mouse Cardiomyocytes and Whole
Hearts Ex Vivo

Isolated ventricular myocytes were suspended in DMEM supple-
mented with 10 mmol/L HEPES and plated in 6-well dishes.

p300 and Mitochondrial Gene Expression 747

Non-standard Abbreviations and Acronyms

ANP atrial natriuretic peptide

BNP brain natriuretic peptide

ERRa estrogen-related receptor o

H&E hematoxylin/eosin

LC3 microtubule-associated protein 1 light chain 3

LV left ventricular

MEF2 myocyte enhancer factor 2

MHC myosin heavy chain

PGC-1a peroxisome proliferator-activated receptor -y coactivator-1ea
PPAR peroxisome proliferator-activated receptor

SERCA2 sarcoplasmic/endoplasmic reticulum calcium ATPase 2
SRPK3 serinefarginine-rich protein-specific kinase 3

TG transgenic

TMRE tetramethylrhodamine ethyl ester

WT wild type

Tetramethylrhodamine ethyl ester (TMRE) (100 nmol/L; Molecular
Probes, Eugene) was then added to the medium for 30 minutes, after
which the intensity of TMRE fluorescence was evaluated using
confocal microscopy.

For TMRE staining of whole hearts ex vivo, we analyzed
Langendorff-perfused mouse hearts using a modification of the
Langendorff method previously described for use with rat hearts.2’

Statistical Analysis
Data are presented as means*SEM. Unpaired ¢ tests were used for
comparisons between 2 groups, and ANOVA with post hoc Fisher’s
tests was used for comparison among groups. Values of P<<(.05
were considered significant.

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org,

Results

p300AC/H3 Inhibits the Activities of Cardiac
Transcription Factors and Cardiac Gene
Transcription in a Dominant-Negative Fashion

A well-conserved C/H3 domain is necessary for the interac-
tion of p300 with multiple DNA-binding factors,+28-3¢ and
p300 lacking its C/H3 domain reportedly acts as a dominant-
negative mutant.> With that in mind, we initially tested
whether a p300 C/H3 deletion mutant (p300AC/H3) would
exert a dominant-negative effect on the cardiac-enriched
transcription factors MEF2 and GATA4, both of which are
known to functionally interact with p300.428 p300AC/H3
dose-dependently inhibited GATA 4- and MEF 2-induced
transcriptional activation of the reporter genes (Figure 1A and
1B), and also inhibited p300-induced enhancement of
GATA4- and MEF2-mediated transcription, confirming its
dominant-negative effect (Figure 1C and 1D).

To examine the effect of p300AC/H3 on the expression of
cardiac genes, we cotransfected cultured rat neonatal ventric-
ular myocytes with p300AC/H3 and —452hANPLuc or
—1812hBNPLuc, and found that p300AC/H3 dose-
dependently inhibited the activities of both —452hANPLuc
and—1812hBNPLuc (Figure 1E and 1F), as well as GATA4-
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Figure 1. p300AC/H3 acts as a dominant
negative form of p300 that inhibits cardiac
gene transcription. A and B, Luciferase
activity of GATA-luc (A) and 3xMEF-luc (B) in
CV1 cells cotransfected with p300AC/H3
and GATA4 (A) or MEF2C (B). C and D,
Luciferase activity of GATA-luc (C) and
3xMEF-luc (D) in C2C12 cells cotransfected
with WT p300, p300AC/H3, and GATA4 (C)
or MEF2C (D). E and F, Luciferase activity of
ANP-luc (E) and BNP-luc (F) in cultured neo-
natal rat ventricular myocytes (NRVM})
cotransfected with p300AC/H3. G and H,

+
10

+ o+
30 100

Luciferase activity of ANP-luc (G} and BNP-luc (H) in C2C12 cells cotransfected with GATA4 and p300AC/HS3. In all experiments, lucif-
erase activities in cells transfected with the reporter construct alone were assigned a value of 1.0. Bars represent means+SEM.

induced activation of —452hANPLuc and —1812hBNPLuc
in C2C12 cells (Figure 1G and 1H).

Cardiac Overexpression of p300AC/H3 Causes
Heart Failure and Premature Death
Having confirmed the dominant-negative effect of p300AC/
H3, we sought to evaluate the physiological function of p300
in adult heart using p300AC/H3-TG mice, in which
p300AC/H3 was expressed under the control of the cardiac-
specific aMHC promoter (Figure 2A). We obtained and
investigated 2 independently derived p300AC/H3-TG
founders (TG1 and TG2). The data obtained from TG1 were
essentially the same as those obtained from TG2 shown in
Online Figure I (A through H) and are presented below.
Expression of the protein encoded by the transgene was
confirmed by Western blotting with an anti-hemagglutinin
tag antibody (Figure 2B). Moreover, Western blotting with
antibodies recognizing both WT mouse p300 and mutant
human p300AC/H3 showed that the level of p300AC/H3
expression was 1.9-fold higher than that of endogenous p300
(Figure 2C).

p300AC/H3-TG mice appeared normal at birth, but by 12
weeks after birth, their survival rate was significantly lower
than that of WT mice (survival rate at 12 weeks of age: WT
[n=40], 100%; TG [n=28], 71%; Figure 2D), and almost all
had died by 20 weeks of age (survival rate at 20 weeks of age:
WT [n=40], 100%; TG [n=28], 3.5%; Figure 2D). The
survival rate among p300AC/H3-TG mice was also much

lower than that among TG mice overexpressing exogenous
WT p300 in their hearts, which showed 76% survival at 42
weeks of age.” At 12 weeks of age, the hearts of p300AC/
H3-TG mice were much larger than those of WT mice
(Figure 2E, 2F and 2G). Likewise, the lung weight/body
weight ratios were significantly higher in p300AC/H3-TG
mice (Figure 2H). Echocardiographic analysis revealed the
ejection fraction to be significantly reduced and the left
ventricular (LV) end-systolic diameter to be significantly
increased in p300AC/H3-TG mice (Table). In another
transgenic mouse, TG2, which expressed the transgene at a
lower level than TG1, we found similar but milder LV
dysfunction and dilatation (Online Figure I, A through F).
Hemodynamic analysis of 12-week-old p300AC/H3-TG
mice also indicated LV dysfunction, as reflected by mark-
edly elevated LV end-diastolic pressure and significant
depression of both the maximal and minimal rates of LV
pressure development (dP/dt-max and dP/dt-min, respec-
tively) (Table).

When we then used real-time PCR to examine the expres-
sion of cardiac stress markers in p300AC/H3-TG mice, we
found that expression of both ANP and BNP was markedly
upregulated, and expression of sarcoplasmic/endoplasmic
reticular calcium ATPase (SERCA)2 was significantly
downregulated in p300AC/H3-TG hearts (Figure 2I
through 2K; Online Figure I, G).21-32 Although p300AC/H3
inhibited ANP and BNP gene transcription in cultured
cardiac myocytes, this suggests that endogenous p300 is
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Figure 2. Premature death and cardiomyopathy in p300AC/H3-TG mice. A, Schematic representation of the construct for the aMHC-
p300AC/H3 transgene. B, Western blot analysis of p300AC/H3 in the indicated tissue was performed using anti-hemagglutinin HA)
antibody. G, Western blot analysis of WT mouse p300 and mutant human p300AC/H3 in the heart was performed using an antip300
antibody able to detect both WT mouse p300 and mutant human p300AC/H3. D, Kaplan-Meier survival analysis of p300AC/H3-TG and
WT mice showing a significant difference in survival rates. E, Gross appearance of hearts from 12-week-old p300AC/H3-TG and WT
mice. Scale bars=10 mm. F through H, Body weights (BW) (F), heart weight/body weight (HW/BW) ratios (G), and lung weight/body
weight ratios (LUW/BW) (H) in 12-week-old p300AC/H3-TG and WT mice. *P<0.05. | through K, Relative levels of ANP (), BNP (), and
SERCA2 (K) mRNA quantified by real-time RT-PCR in ventricles of WT and p300AC/H3-TG hearts. *P<0.05 vs WT. Relative mRNA lev-

els in WT were assigned a value of 1.0. Bars represent means+SEM.

not required for pathological induction of these fetal
cardiac genes in adult hearts.

Histological examination of cross-sections confirmed en-
largement of the atrial and ventricular chambers in 12-week-

Table.

12-Week-0ld WT and p300AC/H3-TG Mice

Echocardiographic and Hemodynamic Analysis in

Analysis Wild Type Transgenic P
Echographic data
N 8 11
LVDd (mm) 4.24+0.63 5.26+0.11 <0.0001
LVDs {mm) 3.05%+0.07 461+0.14 <0.0001
VST (mm) 0.63x0.04 0.56+0.04 0.202
PWT (mm) 0.59:£0.03 0.56+0.41 0.555
FS (%) 29.88+0.93 12.82+1.20 <0.0001
EF (%) 65.501.48 33.09+2.59 <0.0001
Hemodynamic data
N 3 3
LVSP (mm Hg) 100.07+0.87 86.67+8.75 0.202
LVEDP (mm Hg) 5.87+0.353 2.93+3733 0.133
dP/dt (mm Hg/sec) 4913.3396.84 3768.00+322.86 0.0274
—dP/dt —5146.67+327.48 —2853.33+233.33 0.0047
(mm Hg/sec)
HR (bpm) 581.67+18.33 481.67+42.33 0.0242

Values are means==SEM. dP/dt indicates first derivative of pressure; EF,

ejection fraction; FS, fractional shortening; HR, heart rate; IVST, interventricular
septal thickness; LVEDP, left ventricular end diastolic pressure; LVDd, left
ventricular end diastolic dimension; LVDs, left ventricular end systolic diameter;
LVSP, left ventricular systolic pressure; PWT, posterior wall thickness.

old p300AC/H3-TG hearts (Figure 3A, 3B, 3C, and 3D). At
higher magnification, hematoxylin/eosin (H&E)-stained ven-
tricular myocytes from p300AC/H3-TG hearts were highly
variable in size (Figure 3E and 3F). In addition, Sirius red
staining revealed the presence of significant interstitial fibro-
sis in p300AC/H3-TG ventricles (Figure 3G and 3H),
whereas electron microscopic examination revealed vacuol-
ization of the ventricular myocytes and myofibrillar degen-
eration, features typical of human cardiomyopathy (Figure
3I). We also performed 0il-O-red staining to compare the
lipid droplets in the ventricular myocardia of WT and
p300AC/H3-TG mice and found there to be no difference
between the 2 genotypes (data not shown).

p300AC/H3 Directly Inhibits the Expression and
Function of PGC-la

Electron microscopic examination also revealed that the
numbers of mitochondria were dramatically increased in
p300AC/H3-TG myocytes, but that they were much smaller
in size than those in WT myocytes (Figure 3I). This prompted
us to assess the expression and function of mitochondrial
genes in p300AC/H3-TG mice. Using quantitative real-time
RT-PCR, we evaluated the transcription of genes related to
mitochondrial fatty acid oxidation and mitochondrial replica-
tion. Expression of nuclear respiratory factor (NRF)1 and
mitochondrial transcription factor A mRNAs was signifi-
cantly downregulated in p300AC/H3-TG hearts, as compared
to WT hearts (Figure 4A). Expression of genes involved in
fatty acid oxidation, including carnitine palmitoyltransferase-I
and -II and medium- and long-chain acyl-coenzyme A
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Figure 3. Pathological changes in p300AC/H3-TG hearts. A
through H, Histological analysis of hearts from 12-week-old
p300AC/H3-TG and WT mice. A through D, Hearts from WT (A
and C) and p300AC/H3-TG (B and D) mice were sectioned lon-
gitudinally (A and B) or coronally (C and D) and stained with
H&E. Scale bars=2.5 mm. E through H, Higher magnification of
histological sections of WT (E and G) and p300AC/H3-TG (F and
H) hearts stained with H&E (E and F) or Sirius red (G and H).
Scale bars=50 pm. |, Transmission electron micrographs of car-
diac myocytes from 12-week-old WT (left) and p300AC/H3-TG
{right) hearts.

dehydrogenase, was also diminished in P300AC/H3-TG
hearts (Figure 4A; Online Figure I, H). Given these
reductions in mitochondrial gene expression in p300AC/
H3-TG hearts, we also evaluated the expression of genes
encoding PGC-la, ERRe, and PPARq, 3 mediators
thought to be involved in regulating mitochondrial gene
expression. As shown in Figure 4B and Online Figure I
(H), expression of all 3 was significantly downregulated in
p300AC/H3-TG mice.

It was recently reported that PGC-la induces the ex-
pression of ERRa and then interacts with the expressed
protein, enabling it to activate transcription.!” In addition,
ERRa« reportedly activates PPARa gene expression by
directly binding to the PPARa promoter.t3 Therefore, to
determine whether p300AC/H3 directly inhibits transcrip-
tion of PGC-1a, the upstream activator of ERRa and
PPAReq, we carried out reporter assays using a PGC-la
promoter-luciferase reporter gene. In neonatal rat ventric-
ular myocytes, p300AC/H3 significantly and dose-
dependently inhibited the activity of the PGC-1a promoter
(Figure 4C).

Because MEF2, a muscle-enriched transcriptional activator
that interacts with p300, was previously shown to regulate

PGC-1a promoter activity,3>3* we next tested the effect of
p300AC/H3 on MEF2C-inducible PGC-1a promoter activity
in CV1 cells. We found that MEF2C-induced PGC-la
promoter activity was significantly inhibited by p300AC/H3
(Figure 4D), suggesting that p300AC/H3 directly inhibits
PGC-la gene expression in p300AC/H3-TG hearts. The
mRNA expression of serine/arginine-rich protein-specific
kinase (SRPK)3, another MEF?2 target gene, was also signif-
icantly downregulated in p300AC/H3-TG hearts (Figure 4E).
In addition, because p300 reportedly acts as a coactivator
of PGC-1« and ERRa, we also tested whether p300AC/H3
directly inhibits PGC-la-mediated activation of ERRa,
which would in turn inhibit PPAR« gene expression. That
p300AC/H3 significantly inhibited PGC-1a- and ERRe-
induced activation of the PPARa promoter (Figure 4F)
means that p300AC/H3 exerts inhibitory effects on both
the expression and function of PGC-1«, thereby suppress-
ing expression of multiple mitochondrial genes in p300AC/
H3-TG mice.

Abnormal Mitochondrial Function in
p300AC/H3-TG Hearts

To evaluate the function of mitochondria in p300AC/H3-TG
hearts, we initially stained isolated ventricular myocytes with
TMRE, a fluorescent dye whose accumulation in active
mitochondria is dependent on the mitochondrial membrane
potential. Examination of individual mitochondria revealed
that TMRE fluorescence reflecting the mitochondrial mem-
brane potential was disorganized and sparse, whereas mean
TMRE signals from individual mitochondria were signifi-
cantly weaker in ventricular myocytes isolated from p300AC/
H3-TG mice than in those from WT mice (Figure SA and
5B). We also used 2-photon laser microscopy to examine the
mitochondrial membrane potential ex vivo in Langendorff-
perfused p300AC/H3-TG hearts.?” Again the fluorescent
signals from the mitochondria in p300AC/H3-TG myocytes
were significantly weaker than those from WT myocytes
(Figure 5C and 5D), which confirmed the disruption of
mitochondrial function in p300AC/H3-TG hearts. In addition,
we subjected p300AC/H3-TG and WT hearts perfused with
TMRE to global ischemia by clamping off the perfusion
line and then monitored TMRE fluorescence in the ische-
mic hearts (Figure 5E). We observed a time-dependent loss
of TMRE fluorescence, indicating depolarization of the
mitochondrial membrane, in all of the ischemic hearts
(Figure 5F). Notably, however, both the time course of the
change in TMRE fluorescence (Figure SF) and the average
TMRE signals from individual cells (Figure 5G and 5H) in
WT and p300AC/H3-TG hearts subjected to ischemia
clearly showed that the depolarization was significantly
greater in p300AC/H3-TG hearts than in WT hearts (Figure
5F, 5G and SH). Moreover, the ATP content of p300AC/
H3-TG hearts was significantly lower than in WT hearts
(Figure SI).

Increased Autophagic Myocardial Cell Death

in p300AC/H3-TG

Mitochondrial dysfunction can lead to cell death through
induction of apoptosis by release of cytochrome ¢ and

Downloaded from circres.ahajournals.org at KYOTO UNIV Igaku Toshokan on June 6, 2010

76



Nakagawa et al

p300 and Mitochondrial Gene Expression 751

E 1.0 21 0
< <
Z s Zos
& 5
g 0 g0
=2 SW W 4W 12W AW 1IW AW W AW W 4W W 4w W S AW W 4W 12W  4W 12W
] 1
= NRF1  mflFA  CPTI  CPTI  MCAD LCAD ATP ®  $GCia TPARy ERRm
synthase
C : 159wwm D g 10qcw E
3 3 2 1.0
E‘ 21.0 ) .E’ =
o E O&s ps
£ =3 g
£ <o0s 2 B
= ?, ®
] L &
g g E g 2
300AC/H. MEF2C (100ng) - &
P 3mg 0 3 10 p300AC/H3(ng) - 10 30 100
F £ 3w
3
2 24
g
E o1
@
g
& ¢

p300AC/H3(ng)- 10 30 100 . 10 30 10]0 C 10 30 10|0 v 10 30 10?

+PGCla (300ng) +ERRa (300ng) I%GCICL (300ng)

RRo. (300ng)

Figure 4. Reduced expression of mitochondrial genes in p300AC/H3-TG ventricles. A and B, Levels of mRNA expression of mito-
chondrial genes in p800AC/H3-TG normalized to the level in WT hearts were examined using real-time quantitative RT-PCR. The
graphs show the relative levels of the indicated mRNAs normalized to the level of GAPDH mRNA in p300AC/H3-TG hearts and
then further normalized to the levels in age-matched WT controls. P<0.05 between WT and p300AC/H3-TG hearts in all genes at
both 4 and 12 weeks of age. CPT indicates carnitine palmitoyltransferase; LCAD, long-chain acyl-coenzyme A dehydrogenase;
MCAD, medium-chain acyl-coenzyme A dehydrogenase. C and D, Luciferase activity of PCG-1a-luc in neonatal ventricular myo-
cytes (NRVM, C) or CV1 cells (D) cotransfected with p300AC/H3 (C) or p300AC/H3+MEF2C (D). E, Levels of SRPK3 mRNA in
p300AC/H3-TG hearts relative to those in WT hearts were examined using real-time quantitative RT-PCR. P<0.05 between WT
and p300AC/H3-TG hearts. F, Luciferase activity of PPARa-luc in CV1 cells, cotransfected with p300AC/H3, PGC-1a and ERRa.
In all of these experiments, luciferase activities in cells transfected with the reporter construct alone were assigned a value of 1.0.

In all graphs, bars represent means+=SEM.

subsequent activation of the caspase cascade, or through
autophagic cell death mediated by cross-talk between the
mitochondria and Golgi apparatus.?S We then carried out
Evans blue dye assays to compare the incidences of
myocardial cell death in p300AC/H3-TG and WT hearts.3¢
As shown in Figure 6A and 6B, intraperitoneally injected
Evans blue labeled numerous cells in p300AC/H3-TG
hearts, indicating the presence of ongoing cell death, but
not in WT hearts. Electron microscopic examination of
several degenerative myocytes in p300AC/H3-TG hearts
revealed the presence of cytosolic vacuoles containing
lipid droplets, myelin fibers, and degenerated mitochon-
dria, typical features of autophagosomes (Figure 6C).
Finally, Western blot analysis showed increased expres-
sion of LC3-II and cathepsin D, 2 markers of autophagic
cell death, in p300AC/H3-TG hearts (Figure 6D). By
contrast, agarose gel electrophoresis of genomic DNA
provided no evidence of the DNA laddering characteristic
of apoptosis (Figure 6E). In addition, there was no increase
in the cleavage of caspase 3, a critical event in the
activation of mitochondrial apoptotic pathways (Figure 6F).

Discussion

To evaluate the physiological function of p300 in postnatal
hearts, we analyzed mice overexpressing a dominant neg-
ative p300 mutant (p300AC/H3) under the control of the
a-MHC promoter. We found that LV function was dis-
rupted in p300AC/H3-TG mice and that almost all died of
heart failure by 20 weeks of age. p300AC/H3-TG hearts
showed several mitochondrial abnormalities affecting both
their structure and function. Expression of PGC-le, a
master regulator of mitochondrial gene expression,!s and
its target genes were markedly diminished in p300AC/
H3-TG hearts. p300AC/H3 directly inhibited both the
expression of PGC-1a and its transcriptional activity and
also inhibited the transcriptional activity of ERRe, another
regulator of mitochondrial gene expression. Consistent
with these findings, mitochondrial membrane potential
was severely depolarized in p300AC/H3-TG mice. Thus
p300 appears to play an essential role in maintaining
mitochondrial integrity in postnatal hearts, and its inhibi-
tion in adult hearts can lead to mitochondrial and LV
dysfunction and death.
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