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Evodiamine is an alkaloidal compound with antiobesity ef- scription factors such as peroxisome proliferator-activated
fects that have been thought to be due to uncoupling protein-1 receptor-v, and strongly inhibited adipocyte differentiation.
(UCP1) thermogenesis similar to the effects of capsaicin, but Evodiamine treatment also reduced insulin-stimulated phos-

the underlying mechanisms are poorly understood. To clarify phorylation of Akt, a crucial regulator of adipocyte differen-
the mechanisms, we first examined whether the antiobesity tiation; and the reduction of phosphorylated-Akt and aug-
effect of evodiamine could be attributed to the involvement of mentation of phosphorylated ERK were reversed by blockade
UCP1. When UCP1-knockout mice were fed a high-fat diet of the MAPK kinase/MAPK signaling pathway, restoring ad-
with 0.03% evodiamine (wt/wt) for 2 months, the increases in ipogenesis in the cultures. The changes in ERK and Akt phos-
body weight, adiposity, and the serum levels of leptin and phorylation levels were also observed in white adipose tissues

insulin were reduced in a manner indistinguishable from con- of UCP1-knockout mice fed the evodiamine diet. These find-
trol mice fed a high-fat diet with evodiamine, suggesting that ings suggest that evodiamine has a potential to prevent the
evodiamine triggered a UCP1-independent mechanism to pre- development of diet-induced obesity in part by inhibiting adi-
vent diet-induced obesity. By using preadipocyte cultures, we pocyte differentiation through ERK activation and its nega-
found that evodiamine, but not capsaicin, increased phos- tive cross talk with the insulin signaling pathway. (Endocri-

phorylation of ERK/MAPK, reduced the expression of tran- nology 149: 358-366, 2008)

BESITY, THE STATE of excess fat deposition in the  poic acid has these potentials because it causes weight loss
body, is a serious health problem in industrialized  in rodents by reducing food intake and enhancing energy
societies because it is associated profoundly with type'2  expenditure through a hypothalamic AMP-activated protein
diabetes mellitus, coronary heart disease, atherosclerosis,  kinase pathway (6).
and certain cancers (1, 2). Because obesity develops as the The regulation of adipogenesis also appears to be a po-
result of energy imbalance when energy intake exceeds en-  tential strategy for the treatment of obesity because the ex-
ergy expenditure, intervention to reduce caloric intake  cessive growth of adipose tissue in obesity has been sug-
through hormonal regulation and/or to increase energy ex- ~ gested to result from adipocyte hypertrophy and the
penditure by thermogenic function such as uncoupling pro- ~ récruitment 'of‘ new adipocytes from precursor cells (4, 7).
tein 1 (UCP1) would be reasonable ways for preventing or Adipogenesis is a complex process that is highly regulated

curing obesity (3-5). It has been recently reported that o-li- by positive and negative stimuli, including molecules in-
volved in the insulin signaling pathway and various tran-

» scription factors (8, 9). ERK/MAPK signaling is a. pathway
First Published Online September 20, 2007 activated by insulin. To date, many studies including one
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er-binding protein; CS, calf serum; HF, high fat; IGF-IR, IGF-Ireceptor; ~ vances in our understanding of the molecular mechanism of
IPGTT, ip glucose tolerance test; IR, insulin receptor; IRS, insulin re-  adipogenesis. Although contradictory results on the role of
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i liferator-activated tor; UCP, lin, tein; . . g
5\?:’-1)-(’1 ighmifei:j‘)ip:;: g;sice' valed receptor uncoupling protein. tained, recent results indicate that ERK activation is neces-
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www.endo-society.org), the foremost professional society serving the into adipocytes and that, thereafter, this signal pathway
endocrine community. needs to be shut off for adipoctye differentiation to proceed
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(10-13). Despite the high potential for antiobesity interven-
tion, however, safe and effective agents inhibiting adipocyte
differentiation, thereby preventing obesity, are not yet
available.

Evodiamine, a major alkaloidal compound in the fruit of
Evodia fructus (Evodia rutaecarpa Bentham, Rutaceae) was pre-
viously reported to exhibit capsaicin-like antiobesity effects
(14). The major mechanism eliciting the effect was postulated
to be enhancement of energy dissipation by UCP1 thermo-
genesis, probably through p3-adrenergic stimulation in
brown adipose tissue (BAT). Capsaicin, the pungent main
principle of red pepper, has also been reported to decrease
body weight by reducing food intake in rats (15), although
the molecular basis on this antiobesity effect of capsaicin is
still obscure. If evodiamine has a high potential for prevent-
ing obesity, this compound may be suitable for dietary sup-
plementation because it has no perceptible taste, unlike cap-
saicin. However, the mechanisms underlying the antiobesity
effects of evodiamine are still not clear. In this report, we
demonstrate that evodiamine inhibited adipocyte differen-
tiation through stimulation of an ERK/MAPK pathway and
that dietary supplementation with this nonpungent com-
pound could ameliorate diet-induced obesity in animals
lacking UCP1 thermogenesis. This work may lead to the
development of drugs and therapeutic strategies for treat-
ment of obesity in adult humans who are virtually UCP1
deficient. :

Materials and Methods
Experimental animals

Ucp'™ knockout (KO) mice on a C57BL/6J background (16) were

kindly provided by Dr. Leslie Kozak (Pennington Biomedical Research

Center, Baton Rouge, LA), and N13-N15 generations were used in the

experiments. The mice were maintained according to our institutional -

guidelines for animal care under artificial lighting for 12 h/d and pro-
vided a standard chow (11.6% kcal from fat; Diet CE-2; CLEA Japan, Inc.,
Tokyo, Japan) and tap water ad libitum in our animal facility at 23 = 1
C. In the experiments on the effects of evodiamine, UCP1-KO and the
control (wild-type and hetero-type) littermates mice were fed the stan-
dard chow until they were 4 months old and then were fed a high-fat
diet (HF: 41.9% kcal from fat, Diet B15040; CLEA Japan) (17) with or
without 0.03% evodiamine (wt/wt; Kishida Chemical, Osaka, Japan) for
2 months. The 6-month-old mice were sampled to determine the effects
of evodiamine on body weight, adiposity, blood biochemical parame-
ters, histology of tissues, and/or gene expression.

Cell culture

3T3-L1 cells, which were provided kindly by Dr. Masayoshi Imagawa
(Nagoya City University, Nagoya, Japan), were grown in DMEM (In-
vitrogen, Grand Island, NY) containing 10% calf serum (CS; ICN Bio-
medicals, Aurora, OH). The adipocyte differentiation was performed as
described (18). Briefly, 2 d after confluence, the medium was changed
to DMEM containing 10% fetal bovine serum (ICN Biomedicals), 10 ug
/ml insulin, 1 pm dexamethasone, and 0.5 mm 3-isobutyl-1-methylx-
anthine. Dexamethasone and 3-isobutyl-1-methylxanthine were with-
drawn after 2 d of exposure, and insulin was withdrawn after 4 d. To
determine the effect of evodiamine, we induced 2-d postconfluent prea-
dipocytes to differentiate in the presence of evodiamine or capsaicin
(Wako Pure Chemical, Osaka, Japan) for 4 d and then in its absence for
6 d. After 10 d of differentiation, the cells were stained with oil Red O
(Muto Pure Chemicals, Tokyo, Japan). Similarly, we determined the
effects of evodiamine on the protein and mRNA expression and tri-
glyceride content of the cultured cells.

For the preparation of primary cultures of adipocyte precursor cells,
small pieces of epididymal white adipose tissue (WAT) of C57BL/6]
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mice were incubated at 37 C for 30 min in PBS containing 0.9 mm CaCl,,
0.49 mm MgCl,, 0.2% collagenase (Sigma, St. Louis, MO), 5 mm glucose,
and 1.5% BSA (Sigma). The mixture was then passed through a 70-um
nylon filter (Falcon, Becton Dickinson Labware, Franklin Lake, NJ) and
centrifuged at 130 X g for 3 min. After the upper (lipid) layer had been
removed, the lower layer and pellets were suspended and passed
through a 40-pm nylon filter (Falcon). After the filtrate had been mixed
with an equal volume of DMEM supplemented with 10% CS, the mixture
was centrifuged at 170 X g for 6 min, and the cell pellet including the
stromal vascular fraction was recovered for use as the primary culture.
The cells were inoculated into 6-well plates (7 X 10° cells/well) and
cultured in 10% CS/DMEM. The conditions for adipocyte differentiation
were the same as those in the experiment using 3T3-L1 cells.

Human hepatoma HepG2 cells were obtained from the European
Collection of Cell Cultures (Wiltshire, UK). Cells were cultured in 10%
fetal bovine serum/DMEM containing 5.5 mm D-glucose as described
previously (19). After HepG2 cells reached approximately 70% confiu-
ence in 60-mm-diameter dishes, the cells were maintained in serum-free
medium overnight and then incubated in DMEM containing 24.75 mm
p-glucose for an additional 24 h. To determine the effect of evodiamine
on ERK phosphorylation, the cells were treated with or without
evodiamine.

Biochemical analysis

Blood samples were collected from a tail vein and used immediately
to determine the glucose level by use of a glucometer (NovoAssist Plus,
Novo Nordisk, Tokyo, Japan). The following other parameters were
measured by using serum and commercial assay kits: insulin (ultrasen-
sitive insulin ELISA; Mercodia, Winston-Salem NC, or immunoassay kit;
Shibayagi, Gunma, Japan) and leptin (Enzyme Immunoassay kit, Cay-
man, Ann Arbor, MI). The concentrations of protein and triglyceride in
the tissue lysate and cultured cells were measured by using a BCA
protein assay (Pierce Biotechnology, Rockford, IL) and Triglyceride E
test (Wako Pure Chemical), respectively. An ip glucose tolerance test
(IPGTT) using 1.5 mg of glucose per gram body weight was performed
after 17 h of starvation. The blood glucose level was measured by the
glucometer before glucose injection (0 min) and at 30, 60, and 120 min

- after that. Hepatic lipids were extracted with CHCI3/MeOH (2:1) ac-

cording to the method of Folch et al. (20) and were dissolved in 2-pro-
panol. Triglyceride or cholesterol concentrations in the lipids were de-
termined by using commercially available kits: triglyceride G-Test Wako
(Wako Pure Chemical) or Determiner TC555 (KYOWA MEDEX Co.,
Ltd., Tokyo, Japan).

Northern blot analysis

Total RNA was prepared from tissues and cultured cells with TRIzol
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol.
Northern blot analysis was performed by using total RNA (WAT: 20 ug,
3T3-L1 cells: 10 pg), as described earlier (17). Blots were hybridized
successively with probes (labeled with [*2P]dCTP) for the mRNAs of
UCP2, B3-adrenergic receptor (AR), PPARY, leptin, adipocyte fatty acid-
binding protein (aP2), resistin, and 185 rRNA. In the analysis of 83-AR,
three transcripts of 2.1,2.8, and 3.6 kb were detected in WAT, as reported
(21). Like probes for UCP2, B3AR, aP2, and leptin mRNAs and 185 rRNA
(16, 17), probes for PPARy and resistin mRNAs were produced by the
RT-PCR technique. The sequences used were the following: PPARY,

positions 464-1945 of the mouse sequence (GenBank accession no. .

U01841), and resistin, positions 38-558 of the mouse sequence (GenBank
accession no. AF323080). The PCR products were sequenced after sub-
cloning into the pCRII vector (Invitrogen). Hybridization signals were
quantified with Bioimage (FUJIFILM; Fuji, Tokyo, Japan).

Histological analysis

Tissues were fixed immediately in 10% formaldehyde in neutral
buffer solution (Kishida Chemical) and embedded in paraffin. Tissue
sections of 3 um were cut and then stained with hematoxylin and eosin.

Immunoblotting and immunoprecipitation

Total cell lysates were prepared and analyzed as described previously
(22). Briefly, cells in 100-mm dishes were washed with ice-cold PBS
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containing 1 mM Na;VO, and lysed with a lysis buffer (pH 7.2) con-
sisting of 50 mum Tris-HCl, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 1 mm EGTA, 25 mm NaF,
1 mm NaVO,, and 0.25% protease inhibitor mixture solution (Sigma).
The proteins of cell lysates were separated by 4-20% SDS-PAGE and
electrotransferred onto a polyvinylidene difluoride membrane. Immu-
noblotting and immunoprecipitation were performed by using cell ly-
sates (30 and 500 ug, respectively) and specific antibodies against
CCAAT/enhancer-binding protein (C/EBP)-B, PPARY, insulin receptor
(IR)-B, IGF-I receptor B(IGF-IRB), phosphatidylinositol 3-kinase (PI3K)
p85 (Santa Cruz Biotechnology, Santa Cruz, CA), phospho-tyrosine
(4G10; Upstate, Charlottesville, VA), insulin receptor substrate (IRS)-1,
p44/42 MAPK, phospho-p44/42 MAPK, serine/threonine kinase Akt,
and phospho-Akt (Cell Signaling Technology, Danvers, MA). The im-
munoreactive bands were visualized with an enhanced chemilumines-
cence reagent (Amersham Biosciences, Buckinghamshire, UK).

Statistical analysis
Data were expressed as the mean * st. Significant differences be-
tween groups were assessed by ANOVA or Student’s ¢ test.

Results

Effects of evodiamine on the development of diet-induced
obesity in UCPI-KO mice

We provided UCP1-KO and the control mice with a HF
diet with or without éevodiamine for 2 months. Body weight
gain and adiposity index were significantly lower in the mice
with evodiamine (+Evo) than in the mice without it (—Evo)
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in both groups (Fig. 1, A and B), even though there was no
significant difference in food intake between the +Evo and
—Evo groups (0.43 * 0.02 and 0.43 £ 0.02 kcal/dg body
weight in the control mice, 0.45 £ 0.01 and 0.48 = 0.01
kcal/d'g body weight in the KO mice, respectively). The
serum leptin levels in the +Evo group were reduced to 27
and 43% of the —Evo group in the control and KO mice,
respectively (Fig. 1C). Although the nonfasting glucose level
in the mice was not changed by the evodiamine diet (Fig. 1D),
the insulin levels in mice treated with evodiamine were de-
creased to about one third of those without it in both groups
(Fig. 1E). Moreover, the evodiamine diet improved the im-
paired glucose tolerance in UCP1-KO mice fed the HF diet,
bringing it close to that in the mice fed the standard chow diet
(Fig. 1F). A

In addition to the data on adiposity (Fig. 1B), histological
analysis supported the effectiveness of evodiamine in re-
ducing fat accumulation in WAT and BAT, as well as fatty
liver, in the mice fed the HF diet in both groups (Fig. 2). Liver
mass in the ~Evo group and +Evo group was 1.535 = 0.113
and 1.286 *+ 0.056 g in the control mice and 1.540 + 0.119 and
1.391 = 0.100 g in the KO mice, respectively. When the
accumulation of hepatic lipids was evaluated, the triglycer-
ide content tended to be reduced in the +Evo group, com-
pared with that in the —~Evo group (16.4 = 2.9 and 57.5 = 22.2
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Fic. 1. Effects of evodiamine on body weight gain (A), @ e
adiposity (B), leptin (C), nonfasting levels of blood §' °E
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glucose (D) and insulin (E), and glucose tolerance (F)
in the mice fed HF diet. Four-month-old control (Cont)
and KO mice were fed the HF diet with or without
evodiamine (Evo, 0.03% (wt/wt)] for 2 months. Data
are expressed as the mean * SE. The Cont/—Evo
group contains four wild-type and one hetero-type
mice. The Cont/+Evo group contains four wild-type
and two hetero-type mice. The KO/—Evo and KO/
+Evo groups contain six mice each. *, P < 0.05 and
** P <(.01vs. —Evodiet in the same group (ANOVA
with Fisher’s protected least significant difference
test). F,IPGTT in Cont and KO mice after Evo feeding
for 7 wk. The data in mice fed HF +Evo diet (open
circle) were compared with those of age-matched mice
fed the standard chow (open square) or HF diet (closed
circle). Data are expressed as mean * SE (chow: n =
9and 8, HF: n = 8 and 9, HF +Evo: n = 6 and 6 for
Cont and KO mice, respectively). *, P < 0.05 and **,
P < 0.01 vs. HF group.
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F16. 2. Histological analysis of BAT, retroperitoneal WAT, and liver
in the mice fed the HF diet with or without evodiamine (Evo). Tissue
sections of the control (Cont) and KO mice were stained with hema-
toxylin and eosin. Bars, 25 pm for BAT and 50 um for WAT and liver.

mg/g liver in the control mice, 25.1 + 9.3 and 51.3 * 108
mg/g liver in the KO mice, respectively). There was no
difference in the total cholesterol content in the liver between
the +Evo and —Evo groups (3.98 = 0.37 and 342 * 0.38
mg/g liver in the control mice, 3.75 * 0.58 and 4.05 = 0.47
" mg/g liver in the KO mice, respectively).

In the analysis of gene expression in WAT, similar effects
of evodiamine in the control and KO mice were observed
(Fig. 3). Namely, reductions in the mRNA levels of leptin
(control, 53%; KO, 26%), UCP 2 (control, 29%; KO, 22%), and
PPARY (control, 17%; KO, 26%) were found in the +Evo
group, compared with those levels in the —Evo group,
whereas the mRNA level of 83-AR increased in the +Evo
group (WT: 201%, KO: 135%; Fig. 3), consistent with the
effects of increased adiposity on the expression of these genes
(17). There was no difference in the mRNA level of UCP1 in
the BAT between the +Evo and —Evo groups in the control
mice (data not shown). We also could not detect a significant
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185 RNA I

Fic. 3. Effects of evodiamine on the gene expression for leptin, UCP2,
PPARy, and B3-AR in WAT of the mice. Northern blot analyses were
performed by using 20 ug of total RNA from WAT of the control and
KO mice fed the HF diet with or without evodiamine (Evo). Three
transcripts of 2.1, 2.8, and 3.6 kb were detected in the analysis for
B3-AR. Hybridization signals were quantified and normalized by 18S
rRNA levels. Representative images are shown.

difference in the mRNA levels of UCP2 and UCP3 in the BAT
and muscles between the mice with or without evodiamine
in either group (data not shown).

Evodiamine inhibits adipocyte differentiation in
3T3-L1 cells

" The phenotypes of evodiamine in vivo could be mediated
by changes in energy expenditure and lipolysis or through
its effects on adipogenesis. Accordingly, we examined the
effects of evodiamine on adipocyte differentiation in vitro.
When the differentiation of 3T3-L1 preadipocytes was as-
sessed quantitatively in terms of triglyceride contents, evo-
diamine dose-dependently inhibited the differentiation of
the preadipocytes incubated in differentiation medium con-
taining insulin, dexamethasone, and 1-isobutyl-3-methylx-
anthine (Fig. 4A). The addition of 1 uM evodiamine to the
differentiation medium almost completely inhibited the adi-
pocyte differentiation as evidenced by oil Red O staining of
lipids. This inhibitory effect of evodiamine was reduced
when it was added 2 d after the start of stimulation of dif-
ferentiation, and the alkaloid did not suppress differentiation
at all when it was added after d 4 (data not shown). Not only
did evodiamine inhibit fat accumulation in adipocytes, but
also the greatly reduced expression of aP2, leptin, and re-
sistin indicated that adipogenesis in 3T3-L1 cells was
strongly suppressed (Fig. 4B).

We then analyzed the induction of transcription factors
regulating adipogenesis in the cells (Fig. 4C). In the ab-
sence of evodiamine, C/EBPS, a crucial regulator in an
early step of the transcriptional cascade in adipogenesis,
and PPARy were expressed in a time-dependent manner
as the 3T3-L1 cells proceeded toward adipocyte differen-
tiation, as previously described (23, 24). Treatment of post-
confluent cultures with evodiamine severely suppressed
the early induction of C/EBPB and then blocked the in-
duction of PPARY (Fig. 4C), indicating that evodiamine
acted to inhibit the early transcriptional steps of adipocyte
differentiation. When the intracellular signaling molecules
involved in adipocyte differentiation were examined, an
increased level of phosphorylated ERK1/2 was found in
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Fic. 4.. Effects of evodiamine on adipocyte differentiation in 3T3-L1 cells. A, Dose-dependent inhibition of adipocyte differentiation by evo-
diamine. 3T3-L1 cells were cultured in the differentiation medium with the indicated concentration of evodiamine for 4 d and then without it
for 6 d. On d 10, the lipid accumulation in the cells was evaluated by oil Red O staining (macroscopic images, upper panel) or determined in
terms of triglyceride (TG) content (lower panel). Data are expressed as the mean * SE (n = 4). B, Effects of evodiamine on the induction of
adipocyte-characteristic genes. Northern blot analysis for aP2, leptin, resistin, and 18S rRNA was performed by using 10 ug of total RNA isolated
from the cells. C, Effects of evodiamine on the activation of ERK and expression of transcription factors during adipogenesis. Western blot
analysis for C/EBPB, PPARY, phospho- and total ERK was performed by using cell lysates. In B and C, 3T3-L1 cells were treated with 1 umM
evodiamine for 4 d and then without it for 4—6 d (Evo) or without evodiamine through the differentiation culture (Cont). The cells were harvested
at the indicated time point and used for Northern or Western blot ‘analysis. Day 0, Time point before the stimulation of differentiation.

the cells treated with evodiamine, compared with that in
the control cells (Fig. 4C). In the control cells, the very high
level of ERK phosphorylation in growth medium before
differentiation stimulation (d 0) was reduced greatly
within the first 2 d, and it disappeared thereafter. On the
other hand, a steady level of ERK phosphorylation was
detected in Evo-treated cells in the first 2 d, and phos-
phorylated ERK was detectable by d 8. Evodiamine did not
stimulate ERK phosphorylation in the 3T3-L1 mature adi-
pocytes (data not shown).

Evodiamine inhibits adipocyte differentiation by the
sustained activation of ERK in 3T3-L1 cells

To further assess the involvement of ERK signaling in the
effects of evodiamine on adipocyte differentiation, we ex-
amined the acute effects of insulin and evodiamine on the
stimulation of ERK phosphorylation. As previously reported
(25), a transient increase in ERK phosphorylation that peaked
after 5 min was observed in 3T3-L1 cells after insulin stim-
ulation (Fig. 5A). Evodiamine addition led to a modest but
considerable stimulation of ERK phosphorylation that lasted
over a 1-h period (Fig. 5B), indicating the differences in mode
of action between insulin and evodiamine. When the evo-
diamine effect was checked in a longer time course, ERK
phosphorylation lasted 18 h after evodiamine stimulation
(data not shown). Cotreatment of evodiamine with PD98059,
a specific inhibitor of MAPK kinase (an upstream kinase for
ERK), reduced ERK phosphorylation (Fig. 5B) and restored
adipocyte differentiation (Figs. 5C). Interestingly, capsaicin
had no effect on ERK phosphorylation (Fig. 5D) or adipocyte
differentiation (Fig. 5E). In addition, the effect of evodiamine
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on ERK phosphorylation was detected in a nonadipogenic
cell line, human hepatoma HepG2 cells. Similar to the results
in 3T3-L1 preadipocytes, ERK phosphorylation greatly in-
creased 1 h after evodiamine stimulation, and its increased
level was detectable even after 24 h (Fig. 5F). As expected, the
increase in ERK phosphorylation was blocked by cotreat-
ment of evodiamine with PD98059.

Effects of evodiamine on insulin signaling pathway

We examined whether evodiamine would affect insulin
signaling through the PI3K/ Akt pathway during adipocyte
differentiation because this pathway is important in trans-
ducing the proadipogenic effects of insulin through IR
and/or IGF-IR (26, 27). As shown in Fig. 6A, evodiamine did
not affect the tyrosine phosphorylation of either IR or IGF-IR
in 3T3-L1 preadipocytes. Likewise, the tyrosine phosphory-
lation of IRS-1 and its binding with the PI3K p85 subunit in
the preadipocytes were not changed by the evodiamine treat-
ment (Fig. 6B). Evodiamine also did not affect PI3K activity
(data not shown). However, we found that evodiamine
strongly reduced the insulin-induced phosphorylation of
Akt Serd73, a regulatory site of Akt activity, in the 3T3-L1
preadipocytes, which contrasted with the steady level of ERK
phosphorylation (Fig. 7A). Reduced phosphorylation of Akt
Ser303 was also detected in the evodiamine-treated cells
(data not shown). When the cells were pretreated with
PD98059, this inhibitory effect of evodiamine was strongly
blocked, and Akt phosphorylation was restored by about
70% of level in the insulin treatment. The stimulation of ERK
phosphorylation and inhibition of insulin-stimulated Akt
phosphorylation were also observed in primary cultures of
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FiG. 5. Evodiamine inhibits adipocyte differentiation
by stimulating the ERK pathway. A and B, Time
course of ERK activation by insulin (A) and evodia-
mine (B). Two-day postconfluent 3T3-L1 cells were
serum deprived for 4 h and then treated with 20 oM
insulin or 10 uM evodiamine in the absence or pres-
ence of 10 uM PD98059 (+PD) for the indicated times,
and the lysates were analyzed for activated ERK. C,
PD98059 inhibits the evodiamine effect and restores
adipogenesis. The cells were cultured in the differen-
tiation medium with 1 uM evodiamine in the absence
or presence of 10 M PD by using the same protocol as
in Fig. 4A. The lipid accumulation in the cells was
evaluated by oil Red O staining. D and E, Capsaicin
neither stimulates ERK phosphorylation (D) nor in-
hibits adipocyte differentiation (E). Cells were treated
with 20 uM evodiamine (Evo), capsaicin (Cap), or an
equal volume of dimethylsulfoxide control (Cont) for
30 min (D) or cultured in the differentiation medium
with 1 uM evodiamine or capsaicin by using the same
protocol as in Fig. 4A (E). F, Effect of evodiamine on
ERK phosphorylation in HepG2 cells. Cells (~70%
confluent) were quiesced in serum-free low-glucose
(LG) medium (5.5 mM D-glucose) overnight and then
stimulated in high-glucose (HG) medium (24.756 mM
D-glucose) with or without evodiamine (Evo) for the
indicated periods. One and 10 uM Evo were used for
24 h treatment and for 1 h treatment, respectively, in
the absence or presence of 10 uM PD98059 (+PD), and
the cell lysates were analyzed for activated ERK by
Western blot analysis. Data shown are representa-
tives of three independent experiments.
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adipocyte precursor cells (Fig. 7B). Moreover, the effects of
evodiamine on ERK and Akt signaling were determined in
the WAT derived from the mice in the diet study (Fig. 8A).
Compared with those for the —Evo group, the phosphory-
lation levels of ERK and Akt were significantly higher (2-
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FiG. 6. Effects of evodiamine on insulin signaling pathway in 3T3-L1
cells. Two-day postconfluent cells were serum deprived for 4 h and then
treated with 20 uM evodiamine (Evo) for 1h and with 20 nM insulin (Ins)
for the last 10 min. Tyrosine phosphorylation of IRS or IGF-IR (A) and
tyrosine phosphorylation of IRS-1 or its binding with PI3K (B) were
determined by immunoprecipitation (IP) and immunoblot (IB) analysis.
Immunoprecipitation experiments were performed by using the cell ly-
sates and antibodies specific for each molecule. Data shown are repre-
sentative of three independent experiments.
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fold) and lower (about half), respectively, in the WAT of the
+Evo group in KO mice. In the control mice, the phosphor-

- ylation level of Akt in the +Evo group was reduced to 28%
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of the —Evo group, whereas the effect on ERK phosphory-
lation was not clear. The effects of evodiamine on ERK and
Akt signaling were also confirmed in the WAT of mice ad-
ministered with the compound. An injection of evodiamine
significantly up-regulated ERK phosphorylation (1.7-fold)
and down-regulated Akt phosphorylation (about a fourth) in
the WAT of mice, compared with those for the control mice
(Fig. 8B).

Discussion

It was previously reported that evodiamine showed an
antiobesity effect, which was thought to depend on the en-
hancement of UCP1 thermogenesis through B3-adrenergic
stimulation in BAT (14). To clarify whether the antiobesity
effect of evodiamine depended on energy dissipation medi-
ated by UCP1 thermogenesis, we first examined the effects
of evodiamine on the development of diet-induced obesity in
UCP1-KO mice in the present study. Interestingly, we found
that evodiamine showed a potent effect of preventing the
increases in body weight and adiposity even in the UCP1-KO
mice fed the HF diet, which was indistinguishable from the
effects of this compound in the control mice. The data on
blood parameters suggested the improvement of leptin re-
sistance and insulin sensitivity in the mice fed the evodia-
mine diet. In addition, IPGTT data supported the improve-
ment of glucose metabolism in the mice treated with the
evodiamine diet, in which the phenotypes in fed glucose and
insulin levels were similar to those in PPARy*/~ mice (24).
These results were unexpected because the diet-induced obe-
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Fic. 7. Evodiamine negatively regulates insulin-stimu-
lated Akt activation through an ERK pathway in preadi-
pocytes. A, 3T3-L1 preadipocytes were serum deprived for = -
4 h and then treated with 20 pM evodiamine (Evo) for 1 h .
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and with 20 nM insulin (Ins) for the last 10 min. PD98059
(PD; 20 uM) was added 1 h before the evodiamine treat-
ment. Western blot analyses for ERK and Akt were per-
formed by using cell lysates. B, Adipocyte precursor cells
isolated from the WAT of mice were cultured as described
in Materials and Methods. The cells were serum deprived
for 4 h and then treated with 20 uM evodiamine for 1 h and
with 20 nM insulin for the last 10 min. Representative
images of three independent experiments are shown.

A - + + - + * Evo B
-+ o+ 0+ Ins
+4 - =« + PD
p-ERK1/2 p-ERK1/2
ERK1/2 | ERK1/2
p-Akt vp-Akt
Akt
Akt

sity in UCP1-KO mice was not prevented by treatment with
C1.316,243, a strong B3-adrenergic agonist, whereas this com-
pound effectively stimulated UCP1 thermogenesis and pre-
vented the diet-induced obesity in wild-type mice (28). An
injection of CL316,243 is known to increase oxygen con-
sumption acutely in wild-type mice but not UCP1-KO mice
(16, 28), whereas evodiamine did not appear to change ox-
ygen consumption for the periods of 24 h after its injection
in both of wild-type and UCP1-KO mice (our unpublished
data). We also could not detect any change in UCP1 mRNA
level in BAT of the control mice fed the evodiamine diet.
These results suggest that energy dissipation mediated by
UCP1 does not play a role in the antiobesity effect of evo-
diamine in mice, raising the possibility that this compound
could be related more directly to the inhibition of fat
deposition.

Therefore, we next investigated the direct effects of evo-
diamine on adipocyte differentiation. Our results suggest
that reduced diet-induced obesity by evodiamine in the diet
could be due to a reduction in the recruitment of new adi-
pocytes from precursor cells. Such recruitment has been sug-
gested to play a role in the expansion of adipose tissue in
obesity (4, 7). In addition to the serial induction of transcrip-
tional regulators, modulation of intracellular signaling mol-

A

Cont

+ Evo

-Evo

ecules is essential for adipocyte differentiation. In the early
steps of the differentiation, the regulation of MAPK activity
is critical for initiating the entry of preadipocytes into the
differentiation process (10). After its transient activation of
ERK, its activity is down-regulated to enable the differenti-
ation program to proceed because the sustained activation of
the ERK signaling pathway inhibits adipocyte differentiation
in vitro (13). Indeed, we found that evodiamine had a strong
inhibitory effect for adipogenesis of the cells via sustained -
activation of the ERK/MAPK signaling pathway in 3T3-L1
and primary preadipocytes.

A similar ERK-activating effect was recently reported in
3T3-L1 preadipocytes treated with a quite high dose (500 um)
of a-lipoic acid (25). Because ERK stimulates the phosphor-
ylation of PPARY, causing a reduction in its transcriptional
activity (29), the inactivation of PPARYy activity mediated by
ERK together with reduced PPARy mRNA levels could com-
pound the inhibitory effect of evodiamine on adipogenesis.
Because C/EBP is an important factor to initiate mitotic
clonal expansion, which is a crucial step to enter the late
stages of adipogenesis (23), the marked reduction of C/EBPB
in 3T3-L1 preadipocytes treated with evodiamine might af-
fect the initiation of mitotic clonal expansion. The p38MAPK
pathway has also been reported recently to play a role in
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Fic. 8. Effects of evodiamine on the phosphorylation of ERK and Akt in vivo. Phosphorylation levels of ERK and Akt in the WAT of mice fed
the HF diet with or without evodiamine (Evo) in the diet study (A) and in the WAT of wild-type mice treated with evodiamine (3 mg/kg, ip)
or vehicle for 24 h (B). Western blot analyses for ERK and Akt were performed by using tissue lysates (50 pg protein) of epididymal WAT from
the mice. Data are expressed as the mean * SE (n = 4). %, P < 0.05 and **, P < 0.01 vs. —Evo group (Student’s ¢ test).
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adipogenesis via regulation of C/EBPB and PPARYy tran-
scriptional activities (30). Of note, unlike evodiamine, cap-
saicin neither stimulated ERK phosphorylation nor inhibited
adipogenesis, even though these compounds show similar
actions in vivo on vasorelaxation and hypothermia (14, 31,
32). Considering the results on the signal analysis of mouse
WAT, it is likely that evodiamine contributed to the sup-
pression of diet-induced obesity in mice by inhibiting adi-
pogenesis, although other mechanisms could be involved in
the antiobesity effects of evodiamine.

We also found an effect of evodiamine on ERK phosphor-
ylation in HepG2 cells. Similar to 3T3-L1 preadipocytes, evo-
diamine significantly stimulated ERK phosphorylation in the
nonadipogenic cells. Kosone et al. recently suggested an in-
volvement of ERK in a reducing effect of hepatocyte growth
factor on lipid accumulation in HepG2 cells through induc-
tion of several genes related to lipid metabolism (33). Because
the fatty liver observed in HF diet-induced obesity was im-
proved considerably in the mice fed the evodiamine diet, it
would be of interests to know the effect of evodiamine on
lipid metabolism in hepatocytes.

In addition to ERK/MAPK signaling, PI3K/ Akt is an im-
portant intracellular signal cascade in the regulation of many
cellular activities including growth, glucose metabolism, and
adipogenesis (34-36). Insulin stimulates tyrosine phosphor-
ylation of the IR and/or IGF-IR, which promotes the acti-
vation of Akt via phosphorylation of PI3K. Differentiation of
3T3-L1 preadipocytes is stimulated strongly by the expres-
sion of a constitutively active form of Akt (37). On the other
hand, adipogenesis is blocked in cultured cells or mice lack-
ing Akt (26, 36). In the present study, the upstream signals
within the insulin/IGF-1 pathway were not affected by evo-
diamine in 3T3-L1 cells. However, we found that insulin-
stimulated Akt phosphorylation was inhibited strongly in
the preadipocytes treated with evodiamine in contrast to the
stimulation of ERK phosphorylation. In addition, the Akt
inhibition was restored by a MAPK kinase inhibitor, which
profoundly blocked ERK phosphorylation in the cells, sug-
gesting a connection between PI3K/Akt and ERK/MAPK
pathways in the preadipocytes. Taken together, evodiamine
may inhibit adipogenesis by suppressing insulin-stimulated
Akt phosphorylation through the activation of ERK signal-
ing. Similar effects of evodiamine on Akt and ERK phos-
phorylation were detected in the WAT from the UCP1-KO
mice in the diet study. Although we could not detect a sig-
nificant effect of evodiamine on ERK phosphorylation in the
WAT from the control mice, the effects of evodiamine on ERK
and Akt signaling in vivo were supported from the evidence
that an injection of evodiamine to wild-type mice consider-
ably stimulated ERK phosphorylation and reduced Akt
phosphorylation in the WAT. Because Akt has important
roles in growth (34), the decrease in Akt phosphorylation by
evodiamine might inhibit mitotic clonal expansion in prea-
dipocytes. Takada et al. (38) recently reported that evodia-
mine inhibits Akt activation in tumor cells.

We presently do not know how ERK regulates Akt phos-
phorylation in preadipocytes. Because the Akt activity is
regulated negatively by several phosphatases such as the
phosphatidylinositol 3’ lipid phosphatase (39) or protein
phosphatase type 2A (40), we examined the effect of evo-
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diamine on the phosphorylation level of these phosphatases.
However, evodiamine did not affect the phosphorylation
levels of phosphatidylinositol 3' lipid phosphatase and pro-
tein phosphatase type 2A in the presence of insulin (Wang,
T., unpublished data). Therefore, the contribution of these
phosphatases to Akt inactivation in 3T3-L1 preadipocytes
stimulated with evodiamine appears to be low, so other
molecules may be involved in the negative cross talk of ERK
signaling for the regulation of Akt activity in adipocyte
differentiation.

In summary, our results indicate that evodiamine has the
previously unrecognized action of inhibiting adipogenesis
by a mechanism in which the stimulation of ERK/MAPK
signaling down-regulates the expression of adipocyte tran-
scription factors and insulin-induced Akt signaling. Because
evodiamine clearly showed an antiobesity effect in UCP1-
deficient mice, this compound may offer a new approach to
circumvent the development of diet-induced obesity, espe-
cially in animals lacking UCP1 thermogenesis including
adult humans; however, further details of the inhibitory
mechanism and the effects on insulin sensitivity remain to be
clarified.

Acknowledgments

We thank Dr. L. P. Kozak for the UCP1-deficient mice and critical
review of the manuscript; Dr. M. Imagawa for 3T3-L1 cells; Ms. Y.
Kadokawa, Ms. Z. Wang, and Dr. J. Yao for technical assistance; Dr. K.
Takaba for histological analysis; and Dr. I. Shimomura for valuable
suggestions. Early phase of this study was performed at the Depart-
ments of Molecular Genetics and Aging Intervention in National Insti-
tute for Longevity Sciences.

Received April 11, 2007. Accepted September 10, 2007.

Address all correspondence and requests for reprints to: Hitoshi
Yamashita, Department of Biomedical Sciences, College of Life and
Health Sciences, Chubu University, Kasugai 487-8501, Japan. E-mail:
hyamashi@isc.chubu.ac.jp.

This work was supported by Research Grant 15C-8 for Longevity
Sciences from the Ministry of Health, Labor, and Welfare (to HY.).

Disclosure Statement: All authors have nothing to declare.

References

1. Kopelman PG 2000 Obesity as a medical problem. Nature 404:635-643
2. Flier J§ 2004 Obesity wars: molecular progress confronts an expanding epi-
demic. Cell 116:337-350
3. Bray GA, Tartaglia LA 2000 Medicinal strategies in the treatment of obesity.
Nature 404:672-677
4. Crowley VE, Yeo GS, O'Rahilly S 2002 Obesity therapy: altering the energy
intake-and-expenditure balance sheet. Nat Rev Drug Discov 1:276-286
5. Kopecky J, Clarke G, Enerback S, Spiegelman B, Kozak LP 1995 Expression
of the mitochondrial uncoupling protein gene from the aP2 gene promoter
prevents genetic obesity. J Clin Invest 96:2914-2923
6. Kim MS, Park JY, Namkoong C, Jang PG, Ryu JW, Song HS, Yun JY,
Namgoong IS, Ha J, Park 1S, Lee IK, Viollet B, Youn JH, Lee HK, Lee KU
2004 Anti-obesity effects of a-lipoic acid mediated by suppression of hypo-
thalamic AMP-activated protein kinase. Nat Med 10:727-733
7. Kolonin MG, Saha PK, Chan L, Pasqualini R, Arap W 2004 Reversal of obesity
by targeted ablation of adipose tissue. Nat Med 10:625-632
8. Rosen ED, Spiegelman BM 2000 Molecular regulation of adipogenesis. Annu
Rev Cell Dev Biol 16:145-171
9. Koutnikova H, Auwerx J 2001 Regulation of adipocyte differentiation. Ann
Med 33:556-561
10. Bost F, Aouadi M, Caron L, Binetruy B 2005 The role of MAPKSs in adipocyte
differentiation and obesity. Biochimie (Paris) 87:51-56
11. Kim SW, Muise AM, Lyons PJ, Ro HS 2001 Regulation of adipogenesis by a
" transcriptional repressor that modulates MAPK activation. J Biol Chem 276:
10199-10206
12. Prusty D, Park BH, Davis KE, Farmer SR 2002 Activation of MEK/ERK
signaling promotes adipogenesis by enhancing peroxisome proliferator-acti-

93



366 Endocrinology, January 2008, 149(1):358-366

13.

14.

15.
16.

17.

18.

19.

20.

21.

24.

26.

vated receptor y (PPARy) and C/EBPa gene expression during the differen-
tiation of 3T3-L1 preadipocytes. ] Biol Chem 277:46226-46232

Sakaue H, Ogawa W, Nakamura T, Mori T, Nakamura K, Kasuga M 2004 Role
of MAPK phosphatase-1 (MKP-1) in adipocyte differentiation. J Biol Chem
279:39951-39957

Kobayashi Y, Nakano Y, Kizaki M, Hoshikuma K, Yokoo Y, Kamiya T 2001
Capsaicin-like anti-obese activities of evodiamine from fruits of Evodia rutae-
carpa, a vanilloid receptor agonist. Planta Med 67:628-633

Cui J, Himms-Hagen J 1992 Long-term decrease in body fat and in brown
adipose tissue in capsaicin-desensitized rats. Am J Physiol 262:R568-R573
Enerback S, Jacobsson A, Simpson EM, Guerra C, Yamashita H, Harper ME,
Kozak LP 1997 Mice lacking mitochondrial uncoupling protein are cold-sen-
sitive but not obese. Nature 387:90-94

Kontani Y, Wang Y, Kimura K, Inokuma KI, Saito M, Suzuki-Miura T, Wang
Z, Sato Y, Mori N, Yamashita H 2005 UCP1 deficiency increases susceptibility
to diet-induced obesity with age. Aging Cell 4:147-155

Hemati N, Ross SE, Erickson RL, Groblewski GE, MacDougald OA 1997
Signaling pathways through which insulin regulates CCAAT/enhancer bind-
ing protein a (C/EBPa) phosphorylation and gene expression in 3T3-L1 adi-
pocytes. Correlation with GLUT4 gene expression. J Biol Chem 272:25913—
25919 ’

Zang M, Zuccollo A, Hou X, Nagata D, Walsh K, Herscovitz H, Brecher P,
Ruderman NB, Cohen RA 2004 AMP-activated protein kinase is required for
the lipid-lowering effect of metformin in insulin-resistant human HepG2 cells.
J Biol Chem 279:47898-47905

Folch J, Lees M, Sloane-Stanley GH 1957 A simple method for the isolation
and purification of total lipids from animal tissues. J Biol Chem 226:497-509
Revelli J-P, Preitner F, Samec S, Muniesa P, Kuehne F, Boss O, Vassalli J-D,
Dulloo A, Seydoux ], Giacobino J-P, Huarte J, Ody C 1997 Targeted gene
disruption reveals a leptin-independent role for the mouse 3-adrenoceptor in
the regulation of body composition. J Clin Invest 100:1098-1106

. Summers SA, Lipfert L, Birnbaum M] 1998 Polyoma middle T antigen ac-

tivates the Ser/Thr kinase Akt in a PI3-kinase-dependent manner. Biochem
Biophys Res Commun 246:76-81

. Tang QQ, Otto TC, Lane MD 2003 CCAAT/enhancer-binding protein B is

required for mitotic clonal expansion during adipogenesis. Proc Natl Acad Sci
USA 100:850-855

Kubota N, Terauchi Y, Miki H, Tamemoto H, Yamauchi T, Komeda K, Satoh
S, Nakano R, Ishii C, Sugiyama T, Eto K, Tsubamoto Y, Okuno A, Murakami
K, Sekihara H, Hasegawa G, Naito M, Toyoshima Y, Tanaka S, Shiota K,
Kitamura T, Fujita T, Ezaki O, Aizawa S, Kadowaki T, et al 1999 PPAR vy
mediates high-fat diet-induced adipocyte hypertrophy and insulin resistance.
Mol Cell 4:597-609

. ChoK]J, Moon HE, Moini H, Packer L, Yoon DY, Chung AS 2003 a-Lipoic acid

inhibits adipocyte differentiation by regulating pro-adipogenic transcription
factors via mitogen-activated protein kinase pathways. ] Biol Chem 278:34823—
348233

Xu J, Liao K 2004 Protein kinase B/AKT 1 plays a pivotal role in insulin-like
growth factor-1 receptor signaling induced 3T3-L1 adipocyte differentiation.
J Biol Chem 279:35914-35922

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang et al. * Evodiamine Inhibits Adipogenesis and DIO

Zhang B, Berger ], Zhou G, Elbrecht A, Biswas S, White-Carrington S,
Szalkowski D, Moller DE 1996 Insulin- and mitogen-activated protein kinase-
mediated phosphorylation and activation of peroxisome proliferator-activated
receptor 7. J Biol Chem 271:31771-31774

Inokuma K, Okamatsu-Ogura Y, Omachi A, Matsushita Y, Kimura K, Ya-
mashita H, Saito M 2006 Indispensable role of mitochondrial UCP1 for an-
tiobesity effect of B3-adrenergic stimulation. Am J Physiol Endocrinol Metab
290:E1014-E1021

Hu E, Kim ]B, Sarraf P, Spiegelman BM 1996 Inhibition of adipogenesis
through MAP kinase-mediated phosphorylation of PPARY. Science 274:2100-
2103

Aouadi M, Laurent K, Prot M, Le Marchand-Brustel Y, Binetruy B, Bost F
2006 Inhibition of p38MAPK increases adipogenesis from embryonic to adult
stages. Diabetes 55:281-289 :

Chiou WF, Chou CJ, Shum AY, Chen CF 1992 The vasorelaxant effect of
evodiamine in rat isolated mesenteric arteries: mode of action. Eur ] Pharmacol
215:277-283

Wang Y, Kimura K, Inokuma K, Saito M, Kontani Y, Kobayashi Y, Mori N,
Yamashita H 2006 Potential contribution of vasoconstriction to suppression of
heat loss and homeothermic regulation in UCP1-deficient mice. Pflugers Arch
452:363-369

Kosone T, Takagi H, Horiguchi N, Ariyama Y, Otsuka T, Sohara N, Kakizaki
S, Sato K, Mori M 2007 HGF ameliorates a high-fat diet-induced fatty liver.
Am ] Physiol 293:G204-G210

Cho H, Thorvaldsen JL, Chu Q, Feng F, Bimbaum M] 2001 Akt/PKBa is
required for normal growth but dispensable for maintenance of glucose ho-
meostasis in mice. ] Biol Chem 276:38349-38352

Gagnon A, Chen CS, Sorisky A 1999 Activation of protein kinase B and
induction of adipogenesis by insulin in 3T3-L1 preadipocytes: contribution of
phosphoinositide-3,4,5-trisphosphate versus phosphoinositide-3,4-bisphos-
phate. Diabetes 48:691-698

Peng XD, Xu PZ, Chen ML, Hahn-Windgassen A, Skeen J, Jacobs J,
Sundararajan D, Chen WS, Crawford SE, Coleman KG, Hay N 2003 Dwarf-
ism, impaired skin development, skeletal muscle atrophy, delayed bone de-
velopment, and impeded adipogenesis in mice lacking Aktl and Akt2. Genes
Dev 17:1352-1365

Kohn AD, Summers SA, Bimbaum M], Roth RA 1996 Expression of a con-
stitutively active Akt Ser/Thr kinase in 3T3-L1 adipocytes stimulates glucose
uptake and glucose transporter 4 translocation. J Biol Chem 271:31372-31378
Takada Y, Kobayashi Y, Aggarwal BB 2005 Evodiamine abolishes constitutive
and inducible NF-«B activation by inhibiting IxBa kinase activation, thereby
suppressing NF-«B-regulated antiapoptotic and metastatic gene expression,
up-regulating apoptosis, and inhibiting invasion. ] Biol Chem 280:17203-17212
Marino M, Acconcia F, Trentalance A 2003 Biphasic estradiol-induced AKT
phosphorylation is modulated by PTEN via MAP kinase in HepG2 cells. Mol
Biol Cell 14:2583-2591

Ugi §, Imamura T, Maegawa H, Egawa K, Yoshizaki T, Shi K, Obata T, Ebina
Y, Kashiwagi A, Olefsky JM 2004 Protein phosphatase 2A negatively regu-
lates insulin’s metabolic signaling pathway by inhibiting Akt (protein kinase
B) activity in 3T3-L1 adipocytes. Mol Cell Biol 24:8778-8789

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

Erratum

In the article “Dihydrotestosterone Differentially Modulates the Mitogen-Activated Protein Kinase and the
Phosphoinositide 3-Kinase/ Akt Pathways through the Nuclear and Novel Membrane Androgen Receptor
in C6 Cells” by Joshua W. Gatson, Paramjit Kaur, and Meharvan Singh (Endocrinology 147: 2028-2034), the
authors note the following error in their paper. In the legend to Fig. 10, the sentence “The fluorescence
histogram, depicting increasing fluorescence intensity on the x-axis and cell number on the y-axis, shows
significant labeling of cells with DHT-BSA-FITC” should read “The fluorescence histogram, depicting
increasing fluorescence intensity on the x-axis and cell number on the y-axis, shows significant labeling of
cells with testosterone-BSA-FITC”. Similarly, the description of the compound within the Methods and Results
sections, both pertaining to Fig. 10, should read ‘testosterone-BSA-FITC’ rather than ‘DHT-BSA-FITC'. This
change does not alter the interpretation of data shown in Fig. 10. The authors apologize for the error.
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