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Fig. 7. GPx3 Overexpression Reduces ROS Accumulation
and Improves High-Glucose-induced Insulin Resistance in
3T3-L1 Adipocytes

3T3-L1 adipocytes were infected with a green fluorescent
protein (GFP)- or GPx3-expressing adenovirus (multiplicity of
infection = 50). Two days after infection (>80% of cells were
GFP positive), the cells were incubated with low- (5.5 mw) or
high-glucose (26 mm) DMEM. The medium was supple-
mented with sodium selenite (0.1 um) throughout the exper-
iments. A, The level of ROS released from the adipocytes was
measured using the Amplex Red hydrogen peroxide assay
kit, as described in Materials and Methods. **, P < 0.01. B,
Glucose uptake assays. Twenty-four hours after incubation in
low- or high-glucose media, the cells were incubated in the
presence or absence of insulin for 1 h; ['“C]2-deoxy-glucose
was added for 30 min and its uptake was measured. The
values represent the means = sem (n = 3). *, P < 0.05. C,
Insulin-stimulated glucose uptake activity. The relative activ-
ities were determined by normalizing the values in panel B in
the presence of insulin with the values obtained in the ab-
sence of insulin. Ad-GFP, adenoviral GFP; Ad-GPx3, adeno-
viral GPx3.

suggesting that extracellular GPx activity is critical for
maintaining plasma oxidative tone and normal vascu-
lar function. Therefore, it seems that down-regulation
of adipose GPx3 expression and subsequent de-
crease in circulating GPx activity might be associated
with the obesity-related rise in systemic oxidative
stress and incidence of metabolic complications.
Because excessive levels of ROS play causative
roles in the development of insulin resistance and di-
abetes (55, 56), it has been speculated that increased
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GPx activity could have beneficial effects on glucose
metabolism. However, GPx1-overexpressing trans-
genic mice develop insulin resistance along with ham-
pered insulin function, probably due to overquenching
of the intracellular ROS burst required for insulin sen-
sitization (57). An acute intracellular ROS burst after
insulin stimulation is required for sensitizing insulin
signaling to suppress protein tyrosine phosphatase
activity (58). Thus, it appears that reducing the ROS
accumulation in circulation while maintaining proper
intracellular ROS tone may be critical for managing
glucose homeostasis in diabetic subjects. In this re-
gard, we highlight the use of GPx3 as a potential target
for intervention in insulin resistance. GPx3 functions as
a major extracellular antioxidant enzyme, and its over-
expression in adipocytes was observed to reduce
ROS accumulation, diminish proinflammatory gene
expression, and ameliorate hyperglycemia-induced in-
sulin resistance (Figs. 6 and 7). Additionally, we ob-
served that glucose tolerance was improved in db/db
mice by administering the antioxidant NAC (data not
shown), suggesting that increased systemic antioxida-
tive activity may reverse obesity-related glucose intol-
erance. Therefore, it is likely that GPx3 would partici-
pate in controlling ROS-induced stress in circulation
as well as in adipose tissue, thus modulating the en-
ergy homeostasis of the whole body, and that it would
play a protective role in obesity-related metabolic
disorders

Interestingly, we observed that circulating GPx3 lev-
els closely correlated with adipose GPx3 expression
rather than that in the kidneys of obese animals (Figs.
1 and 3) (supplemental Figs. 1 and 2). GPx3 is ex-
pressed most abundantly in the kidneys (Fig. 2). Fur-
ther, anephric individuals show reduced plasma GPx
activity and GPx3 protein expression, which is re-
versed by kidney transplantation (59-61). Thus, it had
been suspected that circulating GPx3 appears to be
derived mainly from the kidneys. However, to our sur-
prise, kidney GPx3 expression was not altered or even
slightly increased when circulating GPx3 expression
was substantially reduced in obese ob/ob and db/db
mice (Figs. 1 and 3). With these findings, it would be
feasible to propose that reduced circulating GPx ac-
tivity in obese animals would be primarily correlated
with decreased adipose GPx3 expression. However, it
remains to be elucidated whether kidney GPx3 ex-
pression might also affect reduced plasma GPx3 in
obesity with decreased secretion of GPx3 proteins.

In obesity, adipose tissue gradually develops hyp-
oxia due to rapid growth in the overall fat cell size and
fat mass. Recently, it has been shown that hypoxia
potently enhances GPx3 expression in Caki-2 renal
cells, and this expression is blocked by treatment with
the antioxidant molecule NAC (62). Because hypoxia
stimulates ROS production, it has been proposed that
increased GPx3 expression may induce an adaptive
response mechanism to oxidative stress under hy-
poxic conditions in the kidneys. However, in the cur-
rent study, we observed that GPx3 expression evi-
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Fig. 8. Neutralization of GPx3 with Anti-GPx3 Antibodies Stimulates Proinflammatory Gene Expression in Mouse Primary

Adipocytes

A, Mouse primary adipocytes were obtained by collagenase digestion of adipose tissue from lean C57/BL6 mice. Cells were
incubated with a rabbit control IgG (mock) or purified anti-GPx3 antibodies (IgG fraction) for 24 h. Total RNA isolated from each
group was analyzed by quantitative real-time RT-PCR. B, GPx3 protein concentration in each sample was assessed by using a

GPx3 ELISA kit.

dently decreased in the adipose tissue but increased
slightly in the kidneys of obese animals such as ob/ob
and db/db mice (Fig. 3) (supplemental Fig. 1). Addi-
tionally, GPx3 expression was specifically diminished
in the adipocytes but remained unaltered in the SVCs
of the fat tissues in obese mice (Fig. 3C). Moreover, the
GPx3 expression in adipocytes was reduced in CoCl,-
induced hypoxic conditions (Fig. 4F), indicating that
cell type-specific regulation of GPx3 in adipocytes due
to hypoxia could be at least partly responsible for the
down-regulation of GPx3 mRNA in the adipose tissue
of obese mice.

Another potential mechanism responsible for re-
duced GPx3 expression in the adipocytes of obese
mice is related to chronically augmented local inflam-
mation with increased macrophage infiltration into the
adipose tissue. We observed that the adipose GPx3
mRNA level was diminished by inflammatory signals of
TNF« and LPS in vitro and in vivo (Fig. 4). TNFa in-
creases the ROS generation in adipose tissue by stim-
ulating iINOS expression and the NADPH oxidase ac-
tivity in adipocytes and macrophages (63, 64). Thus, it
would be plausible that adipose GPx3 expression is
reduced by prooxidative conditions such as inflamma-
tion and hypoxia, which may induce further ROS ac-
cumulation in the adipose tissue and serum of obese
animals. Consistent with this hypothesis, administra-
tion of the antioxidant molecule NAC to db/db mice
increased adipose GPx3 expression (Fig. 4G).

TZDs are prominent antidiabetic drugs that are
widely used for decreasing the fasting glucose levels
and improving insulin resistance (43, 44). Additionally,
recent evidence indicates that TZDs also exert protec-
tive effects against cardiovascular diseases, including
atherosclerosis, thrombosis, and stroke, due to their

antiinflammatory and antioxidative properties (42). Of
the TZDs, troglitazone reduces ROS accumulation by
directly scavenging superoxide anions (65, 66). More-
over, pioglitazone and rosiglitazone reduce systemic
oxidative stress in diet-induced obese mice by un-
known mechanisms in the absence of direct ROS
scavenging (65). Here, we demonstrated that rosigli-
tazone can reduce systemic ROS accumulation by
inducing GPx3 expression via the stimulation of
PPAR<y in adipose tissue (Fig. 5). It is interesting to
note that adipose GPx3 expression was suppressed
under stressful conditions such as inflammation and
hypoxia (Fig. 4), wherein PPARy expression is sub-
stantially reduced in adipocytes (37, 67). Moreover,
GPx3 down-regulation in obese subjects was shown
to be restricted to the adipocytes where PPARYy is
dominantly expressed, but not in SVCs. These results
imply that PPARy is one of the major transcriptional
regulators of GPx3 expression, at least in adipocytes,
and explain why GPx3 was decreased most severely and
selectively in the adipose tissue of obese subjects.

In summary, we have provided the first evidence
that defective GPx3 expression in adipose tissue is
associated with reduced systemic GPx activity and
increased oxidative stress in obesity. Furthermore, we
demonstrated that hypoxia and TNF« regulate GPx3 in
a tissue-specific manner that is possibly regulated by
PPARY; this may induce obesity-related down-regulation
of adipose GPx3 expression, leading to augmented
systemic oxidative stress and the onset of metabolic
complications such as diabetes and cardiovascular
diseases. In this respect, it is possible to propose that
local ROS accumulation in the adipose tissue of obe-
sity could be expanded into systemic oxidative stress
by the vicious cycle wherein increasing local ROS
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accumulation suppresses adipose GPx3 expression.
Thus, these results support further exploration of GPx3
expression in adipose tissue as a therapeutic target for
obesity-related metabolic complications.

MATERIALS AND METHODS

Cell Culture

3T3-L1 preadipocytes were grown to confluence in DMEM
supplemented with 10% bovine calf serum. At 2 d postcon-
fluence, the 3T3-L1 cells were incubated for 48 h with DMEM
containing 10% fetal bovine serum, methylisobutylxanthine
(500 um), dexamethasone (1 um), and insulin (5 ug/ml). Every
alternate day, the culture medium was replaced with DMEM
containing 10% fetal bovine serum and insulin (1 pg/mi).

Adipose Tissue Culture

Mouse epididymal adipose tissue was evenly minced and
incubated in DMEM with 0.1% BSA and antibiotics (penicillin
and streptomycin), in the presence or absence of 10 ng/ml
recombinant murine TNF« for 8 h.

Quantitative Real-Time RT-PCR

Quantitative real-time RT-PCR was performed as previ-
ously described (68). rRNA (18S) was used as the invariant
control. The primers used were as follows: GPx3-forward (f),
5'-TAATTTCCAGCTCTTTGAGAAA-3'; GPx3-reverse (1), 5'-GG
AACTTCTCAAAGTTCCAGCG-3'; iINOS-f, 5'-AATCTTGGGC-
GAGTTGTGG-3'; INOS-, 5'-CAGGAAGTAGGTGAGGGCTTG-3';
SAA3-f, 5'-AGTGATGCCAGAGAGGCTGT-3"; SAA3-r, 5'-
ACCCAGTAGTTGCCCCTCTT-3'; resistin-f, 5'-CAGAAGGC-
ACAGCAGTCTTG-3'; resistin-r, 5'-GACCGGAGGACATCA-
GACAT-3'; pd7ehonf, 5'-AGTGTTCCCCATTGAGGCCCG-3';
pa77r, 5 -GTTTCAGGTCATCAGGCCGC-3; p67P",
5'-CTGGCTGAGGCCATCAGACT-3"; pB7°™*-r, 5-AGGC-
CACTGCAGAGTGCTTG-3"; adiponectin-f, 5'-ATGCTACT-
GTTGCAAGCTCTC-3'; and adiponectin-r, 5'-GTTGGTAT-
CATGGAAGAGAAG-3'.

GPx Activity Assay

GPx activity was measured according to the manufacturer's
protocol (Northwest Life Science Specialties, Vancouver, WA).

Lipid Peroxidation (LPO) and H,0, Concentration

The tissue samples were homogenized and centrifuged, and
the supernatant was used for the subsequent assays. The
levels of LPO in the plasma and tissue homogenate were
measured in terms of TBARS by performing the LPO test
(Oxford Biomedical Research, Rochester Hills, Ml). The H,O,
concentration was measured using an Amplex Red hydrogen
peroxide assay kit (Invitrogen, Carlsbad, CA).

Gel Shift Assay

Gel shift assays were performed as described previously (69).
One microgram of plasmid DNA expressing PPARy or RXRa
was used as template for in vitro translation. The DNA se-
quences of the double-stranded oligonuclectides used as
probe or competitors were as follows (only one strand is
shown): ARE7, 5'-GATCTGGAACTCTGATCCAGTAAG-3;
PPRE1, 5'-GCTGGAGGTTAGAAGTCAACTCT-3'; PPRE2, 5'-
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TAATGGGGTCACAGGTTATGCCA-3'; PPRE3, 5'-GAATT-
TGAACTTTAACCCGAGG-3'; PPRE3-mutant, 5'-GAATTA-
AAACTTAAACCCGAGG-3'. Probe was end labeled with
[y-22P]ATP. Purified probe (~30,000 cpm) and proteins were
used in 20 ul binding reactions containing reaction buffer [10
mm Tris (pH 7.5), 50 mm KCI, 2.5 mam MgCly, 0.05 mm EDTA,
0.1% (vol/vol) Triton X-100, 8.5% (vol/vol) glycerol, 1 pg of
polydeoxyinosinic deoxycytidylic acid, 1 mm dithiothreitol,
and 0.1% (wt/vol) nonfat dry milk]. Samples were loaded onto
a nondenaturing 4% polyacrylamide gel. The gels were dried
and autoradiographed.

ChIP Analysis

ChiP assays were performed as described previously (68).
Primers used were as follows: PPRE1-f, 5'-CAGCTAGT-
CACATGCCTCCA-3'; PPRE1-r, 5'-TCAGCAGGTAAAA-
GCCCTCA-3'; PPRE2-f, 5'-CCTGCCATTTATGTGGTGCT-
3's PPRE2-r, 5'-AACAAAACGGGGGAACAAAG-3'; PPRES-,
5'-TGCAGGTGAGGCTGAGCTAT-3'; PPRE3-r, 5-GGAGG-
AGGCTGAAGCAGAAG-3'.

Animals and Treatments

All experiments were approved by the Seoul National Univer-
sity Animal Experiment Ethics Committee. Male C57BL/6J,
ob/ob, and db/db mice were housed in colony cages under
12-h light, 12-h dark cycles. For rosiglitazone treatment, the
mice received an oral gavage of the drug (5 mag/kg body
weight) (Calbiochem, La Jolla, CA) daily for 10 d. After the
final administration, the animals were fasted for 4 h, and the
plasma glucose levels were tested to confirm the hypoglyce-
mic effects (glucose level <200 mg/dl) of rosiglitazone. The
animals were killed by cervical dislocation 1 d later. For LPS
injection, the mice were ip injected with the vehicle (PBS) or
with 5 ug (for 24 h) or 50 pg (for 4 h) LPS.

Human Serum Samples

Human serum samples provided by Samsung Medical Center
were analyzed for GPx3 protein expression and GPx activity.
The procedure for obtaining human serum samples was ap-
proved by the Samsung Medical Center Institutional Review
Board (IRB file no. 2006-03-053), and written informed con-
sent was obtained from the volunteers.

Measurement of Glucose Uptake

Insulin-stimulated glucose uptake in the 3T3-L1 adipocytes
was determined by measuring the ['*C]2-deoxyglucose up-
take as described previously (51). In short, adenovirus-in-
fected 3T3-L1 adipocytes were incubated in low- (5.5 mm) or
high-glucese (25 mm) DMEM containing 0.1% BSA for 24 h at
37 C. The cells were stimulated with 100 nwm insulin for 1 h at
37 C or were left untreated. Glucose uptake was initiated by
treatment with ['*C]2-deoxy-d-glucose at a final concentra-
tion of 3 umol/iiter in HEPES-buffered saline [140 mm NaCl, 5
mwm KClI, 2.5 mm MgCl,, 1 mm CaCl,, and 20 mm HEPES (pH
7.4)] for 10 min. The reaction was terminated by separating
the cells from the HEPES-buffered saline and ['*C]2-deoxy-
d-glucose. After three washings in ice-cold PBS, the cells
were extracted with 0.1% sodium dodecyl sulfate and sub-
jected to scintillation counting to determine their '“C radio-
activity. The protein concentrations were determined using a
bicinchoninic acid assay kit (Pierce Chemical Co., Rockford,
IL), and the radioactivities were normalized by determining
each protein concentration.

GPx3 Neutralization

Mouse primary adipocytes were prepared by collagen diges-
tion. After washing three times with DMEM supplemented
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with 0.2% BSA, cells were treated with either the IgG
fraction of a polyclonal rabbit antibody to mouse GPx3 (1
pa/ml) or with equivalent mounts of normal rabbit IgG as a
control for 24 h.

Measurement of GPx3 Concentration

GPx3 protein concentration was measured using ELISA ac-
cording to the manufacturer's protocol (Adipogen, Seoul,
Korea).

Statistical Analysis

All the results are presented as mean *+ sem. Statistical sig-
nificance was assessed by Student’s t test. Differences were
considered statistically significant at P < 0.05.
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Objective: Dysregulation of tissue-specific intracellular glucocorticoid reactivation
is implicated in obesity and related metabolic diseases in humans. The ratio of
end products of glucocorticoid metabolism in fresh urine sample, tetrahydrocorti-
sol (THF) + allo-tetrahydrocortisol (allo-THF) vs. tetrahydrocortisone (THE), i.e., the
urinary ratio is regarded as an index of the systemic balance underlying intracellular
glucocorticoid metabolism, where the enzymes, 11p-hydroxysteroid dehydrogenase
type 1 and type 2 as well as 5a- and 5@-reductase are involved in a tissue-specific

Methods: To explore the clinical implications of the urinary ratio in obesity and related
metabolic diseases, the urinary ratio was determined by gas chromatography and mass

Results: The urinary ratio was shown to be constant and reproducible in the same
individuals. The ratio was found to inversely correlate with BMI (P<0.01), waist cir-
cumference (P<0.01), and liver transaminase (P<0.05) in a large cohort of ~200
Japanese subjects. This finding suggests that the systemic balance underlying intra-
cellular glucocorticoid reactivation was suppressed in obesity and liver dysfunction.
Consistent with this notion, the ratio was decreased in patients with non-alcoholic
steatohepatitis (P<0.01). The urinary ratio was not altered in patients with type 2
diabetes on a 2-month mild calorie restriction. In contrast, the ratio was significantly
reduced in patients who responded to the anti-diabetic pioglitazone (P<0.01).
Conclusion: The present study provides novel evidence that the urinary ratio reflects
the facet of adipose tissue and liver function in humans, thereby offering a unique
opportunity to evaluate obesity-related diseases.

© 2008 Asian Oceanian Association for the Study of Obesity. Published by Elsevier

2
Summary:
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spectrometry.
Ltd. All rights reserved.
Introduction

Because a combination of glucose intolerance,
hypertension, and dyslipidemia, as a result of obe-
sity and insulin resistance, noticeably increases
the risk of fatal cardiovascular events [1—4],
novel diagnostic options for obesity and related
metabolic diseases are strongly warranted [5,6].
In this context, recent research has highlighted
a potential role for the dysregulation of tissue-
specific intracellular glucocorticoid metabolism in
obesity and associated diseases [7—14]. Tissue-
specific transgenic and knockout studies suggest
that increased reactivation of glucocorticoids in
adipose tissue and the liver plays a role in
the convergence of metabolic derangements in
mouse experimental models [1,2,15]. Two iso-
enzymes, 113-hydroxysteroid dehydrogenase type
1 (113-HSD1) and type 2 (113-HSD2) catalyze inter-
conversion between hormonally active cortisol and
inactive cortisone [8]. 113-HSD1 is expressed abun-
dantly in adipose tissue and in the liver, and that
reactivates cortisol from cortisone [8]. In contrast,
118-HSD2 inactivates cortisol in tissues critically
involved in water and electrolyte metabolism [16].

Recent studies demonstrated that enzyme activ-
ity of 118-HSD1 was elevated in adipose tissue
of obese humans and rodents [11,17-20]. On the
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other hand, a couple of studies reported that
11B-HSD1 activity decreased in the liver of obese
individuals [11,21]. Furthermore, the activity and
gene expression of 5a- and 5B-reductase, both
of which catalyze the clearance of active gluco-
corticoid in liver [13], are known to increase in
liver of obese rodents and humans [5,6], thereby
contributing to a drop in the intracellular glucocor-
ticoid metabolism throughout the body. Therefore,
interpreting the systemic balance of intracellular
glucocorticoid metabolism is complicated [5]. The
ratio of end products of glucocorticoid metabolism
in urine, i.e., the ‘urinary ratio’’ (tetrahydrocor-
tisol (THF)+allo-tetrahydrocortisol (allo-THF)) vs.
tetrahydrocortisone (THE), has long been regarded
as a compelling index of the systemic balance
underlying intracellular glucocorticoid metabolism,
where 11B3-hydroxysteroid dehydrogenase type 1
and type 2 (11B-HSDs) as well as 5a- and 5@-
reductase are mainly involved in a tissue-specific
manner [7,8,10-13].

From a diagnostic viewpoint, the urinary ratio
was substantially elevated in patients with appar-
ent mineralocorticoid excess (AME) in which
defective 11p-HSD2 activity leads to impaired
inactivation of cortisol and results in excessive
mineralocorticoid-receptor action in the collect-
ing ducts [16]. However, there are a couple of
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controversies regarding the clinical implications of
the urinary ratio in common metabolic diseases
[7-11,22]). Moreover, in all the previous stud-
ies, end products of glucocorticoid metabolism in
urine were assessed in 24-h pooled urine samples
[7—11,22]. On the basis of these complicated back-
grounds, the present study was designed to explore
the clinical implications of the urinary ratio in a
Japanese large cohort. Here, we provide novel evi-
dence of the association between the urinary ratio
and the metabolic status in the case of obesity, liver
function, and glucose homeostasis, thus resolving a
series of unanswered questions.

Methods

The clinical investigation was performed accord-
ing to the Declaration of Helsinki. The present
study was approved by the ethical committee
on human research of Kyoto University Grad-
uate School of Medicine (No. 494). Subjects
were recruited from Kyoto University Hospital
and affiliated hospitals (August 2003 to January
2005) consecutively. Written informed consent was
obtained from all subjects. Subjects with renal dys-
function (serum creatinine level > 1.4 mg/deciliter
(dl)) were excluded, because renal dysfunction is
known to affect the level of end products of glu-
cocorticoid metabolism in urine [23]. The present
study comprises 4 studies as follows.

Study 1

Urinary ratio in fresh urine samples from
healthy volunteers

The ratio of end products of glucocorticoid
metabolism in fresh urine sample, i.e., (THF +allo-
THF)/THE, is regarded as the ‘‘urinary ratio”’
[7—11,22]. To examine possible diurnal variation
in the urinary ratio, we analyzed the ratio in 18
healthy volunteers (8 males (age, 28—42 years old;
BMI, 21.9 = 0.4kg/m?) and 10 females (age, 2643
years old; BMI, 20.9 + 0.5 kg/m?)). To examine pos-
sible diurnal variation in the urinary ratio, samples
were obtained at 09:00h, 16:00h, and 20:00h in
the case of 16 subjects (8 males and 8 females) out
of the 18 healthy volunteers. To verify the repro-
ducibility and stability of the urinary ratio in the
same individual, samples were collected twice at
an interval of 4 weeks at 09:00h in the case of
7 subjects (4 males and 3 females). We also com-
pared the ratio between 1 ml of fresh urine and 24-h
pooled urine samples in the 18 healthy volunteers
(8 males and 10 females). None of the 18 healthy
volunteers were under any medication.

Study 2

Relation between the urinary ratio in fresh
urine samples and metabolic parameters
Subjects receiving health check ups were recruited
in the present study (group A; n=201; age,
28—76 years old). They were not under med-
ication. Anthropometric parameters (BMI, waist
circumference, systolic blood pressure (SBP), and
diastolic blood pressure (DBP)) and metabolic
parameters (total cholesterol (T-CHO), high-den-
sity-lipoprotein-cholesterol (HDL-CHO), low-den-
sity-lipoprotein-cholesterol (LDL-CHO), triglyce-
ride (TG), aspartate 2-oxoglutarate aminotrans-
ferase (AST), alanine 2-oxoglutarate aminotrans-
ferase (ALT), and uric acid (UA)) were analyzed. In
group B (n=72; age, 28—64 years old; a subgroup
of group A), visceral fat area (VFA), subcuta-
neous fat area (SFA) [24], fasting plasma glucose
(FPG), fasting insulin (IRI), and glycosylated
hemoglobin (HbA1c) were measured. In group C
(n=62; age, 28—64 years old; a subgroup of group
B), serum leptin, adiponectin, tumor necrosis fac-
tor alpha (TNF-a), interleukin-6 (IL-6), and high
sensitivity C-reactive protein (hsCRP) were ana-
lyzed.

Study 3

Urinary ratio in fresh urine samples from
subjects with non-alcoholic steatohepatitis
(NASH)

The urinary ratio was assessed in male patients with
non-alcoholic steatohepatitis (NASH) (n=7; age,
29-55 years old). NASH was diagnosed by liver biop-
sies in all patients [25]. Both the grade of steatosis
and stage of fibrosis ranged from class 1 to 3 in the
present study. As a control, the urinary ratio of the
8 male healthy volunteers (age, 2842 years old)
from study 1 was employed.

Study 4

Urinary ratio in fresh urine samples from
patients with type 2 diabetes who were treated
with mild calorie restriction or pioglitazone

To explore the potential impact of thiazo-
lidinedione treatment on the systemic balance
underlying intracellular glucocorticoid metabolism,
we analyzed the urinary ratio in patients with
type 2 diabetes who were being treated with
15mg/day pioglitazone for 2 months (n=17, 6
males and 11 females; age, 26—73 years old;
BMI, 29.1+1.2kg/m?; HbA1c, 8.2+0.3%; FPG,
176 £15mg/dl) [26]. We also assessed the uri-
nary ratio in diabetic patients treated with
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mild calorie restriction for the same period of
time (20kcal/kg per day; from 1200kcal/day to
2000 kcal/day) without any glycemic agents (n=10,
3 males and 7 females; age, 25-58 years old;
BMI, 30.7+1.3kg/m?; HbA1c, 8.0+0.3%; FPG,
151+ 17mg/dl). Patients with type 2 diabetes
were randomly divided into two groups without
any statistical difference in fasting plasma glucose
level.

According to the improvement in glycemic
control, we divided the 17 diabetic patients
treated with pioglitazone into 2 groups. Patients
whose glycemic control considerably improved
(0.7% or more improvement in HbA1c levels over
2 months) were defined as group Y (n=9, 5
males and 4 females; age, 26—73 years old;
BMI, 31.0+1.7kg/m?; HbA1c, 8.3+0.6%; FPG,
183 4+ 28 mg/dl), while the others (HbA1c improved
by less than 0.7%) were defined as group X (n=38,
1 male and 7 females; age, 32—70 years old;
BMI, 27.2+1.4kg/m?; HbA1c, 8.1+0.3%; FPG,
170+ 15mg/dl). There was no statistical differ-
ence in fasting plasma glucose level between
responded group (group Y) and non-responded
group (group X). HbA1c levels and the urinary
ratios were measured at the baseline and at 2
months after the initiation of the treatment. The
change in HbA1c levels (delta HbA1c) was defined
as follows: [HbA1c at 2 months after the initia-
tion of treatment] — [HbA1c at the baseline]. The
change in the urinary ratio (delta urinary ratio)
was defined as follows: [the ratio at 2 months
after initiation of therapy] — [the ratio at the base-
line].

Anthropometric measurements

The VFA and SFA at the umbilical level were eval-
uated by computed tomography imaging (CT scan)
(Toshiba Medical Systems, Tokyo, Japan) as previ-
ously reported [24].

Blood examination

Blood samples were obtained at 09:00h after
an overnight fast. Serum leptin, adiponectin,
and hsCRP were determined using the radioim-
munoassay (RIA) (LINCO Research Inc., MO,

USA), enzyme-linked immunosorbent assay (ELISA)
(Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan)
or nephelometric analysis (Dade Behring, Marburg,
Germany). The serum levels of TNF-a and IL-
6 were determined by ELISA (R&D Systems, MN,
USA).

Measurement of urinary glucocorticoid
end-metabolites within cells

After an overnight fast, urine samples were
obtained at 09:00h in the morning. Intracellu-
lar end products of glucocorticoid metabolism,
namely, THF, allo-THF, and THE, were analyzed
by gas chromatography and mass spectrometry
[27,28]. Capillary gas chromatography and mass
spectrometry selected ion monitoring (GC—MS-SIM)
analyses were carried out on an HP 6890-5973MSD
gas chromatograph-mass spectrometer equipped
with a data processing system (Agilent, CA, USA).
Gas chromatography was performed on an SPB-1
fused-silica capillary column (15m x 0.25 mm inter-
nal diameter (1.D.)) with a 0.25 pwm film thickness
(Supelco, Bellefonte, PA, USA). Details are shown
in Fig. 1.

Statistical analyses

The two-tailed Student’s t test (studies 1, 3, and
4) and Pearson’s correlation coefficient (study 2)
were used where applicable. Values that were not
distributed normally were transformed into loga-
rithms (base e) (log) and subsequently analyzed by
Pearson’s correlation coefficient. Values that were
not distributed normally even if they were trans-
formed into logarithms (basee) (log), Spearman’s
correlation coefficient (study 2) were used (statis-
tical package for social sciences, SPSS Ver. 12.0J
Inc. IL, USA). Two-way repeated measures analysis
of variance (ANOVA) (studies 1 and 2) were used
where applicable (Stat-View-J 5.0). Values are pre-
sented as the mean + SEM. P <0.05 was considered
statistically significant.

Results

Study 1

Fig. 1A and B show selected ion-monitoring
of the bismethylenedioxy-pentafluoropropionate
(BMD-PFP) derivatives of unlabeled and labeled
tetrahydrocorticoids after processing the spiked
urine. The recorded profiles for the urinary glu-
cocorticoid metabolites and the internal standards
showed coincided closely, validating the accuracy
of the assays in the present study.

It is noteworthy that no apparent circadian vari-
ation was observed in the urinary ratio within the
same individuals (1.01 +0.07 (09:00h), 0.96 +0.07
(16:00h), and 1.01+0.09 (22:00h)) (Fig. 1C). No
significant difference was observed in the uri-
nary ratio at the baseline (1.11+0.10) and at 4

208



Urinary index of systemic balance of end products of glucocorticoid metabolism 5

(A) miz:670 (B)  iz:522 (€) 20
allo-THF
WL g
J
82 86 9.0 984 98 S0 94 58 0.2 106 g 10
m/z:675 miz:527 E
= 05
dg-allo-THF
d,-THF« 2 ds-THE
i 0.0 +— :
B2 86 90 94 98 9.0 94 98 102 106 9:00 16:00 22:00
(D) 20 (E) 2.0 (F) 20
] ——s
% 15 -% 15 S 15
B o ] r;’:
£ 10 210 g 10 %
£ £ c
S S 5
0.5 1 0.5 0.5
00— 0.0 0.0
Day 0 Day 28 Fresh  9:00-9:00 Fresh 9:00-8:00
urine  (24-h) urine  (24-h)

Figure 1 (A and B) Fresh urine samples (1 ml) were used to analyze the intracellular end products of glucocorticoid
metabolism, namely, THF, allo-THF, and THE by gas chromatography and mass spectrometry [8—11]. Internal standards
[1,2,3,4,5-?Hs] tetrahydrocortisol (THF-ds) [1,2,3,4,5-2Hs] allo-tetrahydrocortisol (allo-THF-ds), and [1,2,3,4,5-%Hs)
tetrahydrocortisone (THE-ds) were obtained from Shionogi Pharmaceuticals (Osaka, Japan) and SPEC® C18 (Varian, Lake
Forest, CA, USA). The initial column temperature was 150°C. The mass spectrometer was operated in the electron
impact mode with energies of 70eV, and the ion source temperature was set at 280°C. Urine samples (2ml) were
placed in glass tubes and 40 | of combined I.S. solution (25 ug/ml) was added to each tube. Selected ion-monitoring
of the bismethylenedioxy-pentafluoropropionate (BMD-PFP) derivatives of unlabeled and labeled tetrahydrocorticoids
was conducted after processing the spiked urine. In the assay, solid-phase was utilized extraction for clean-up; double
derivatization (BMD-PFP) and gas chromatography were used for separation of analytes, with on-line detection by
electroimpact mass spectrometry in the selected-ion monitoring mode. The mixture was analyzed for the BMD-PFP
derivatives of allo-THF, THF, and THE by monitoring [M—30] +ion intensities at m/z 670 (THF and allo-THF), m/z 675
(THF-ds, allo-THF-ds), m/z 522 (THE), and m/z 527 (THE-ds). Recording patterns closely coincided between the urinary
glucocorticoids and their internal standards. Vertical and horizontal axes indicate the ion intensity and recording time
(arbitrary unit), respectively. (C) No diurnal pattern of change was observed in the urinary ratio ((THF + allo-THF)/THE)
at09:00h, 16:00h, and 22:00 h in the case of 16 healthy subjects (8 males and 8 females). (D) Comparison of the urinary
ratio twice after a 4-week interval in the case of 7 subjects (4 males and 3 females). No difference was observed
between the initial value and that at 4 weeks. No difference in the urinary ratio was observed between the fresh urine
and 24-h pooled urine samples in 8 males (E) or 10 females (F). Black squares indicate the value in the case of males,
black circles indicate the value in the case of females, and white triangles indicate the mean + SEM.

weeks (1.14+£0.12) (Fig. 1D). Importantly, no dif- (Fig. 2A). The ratio ranged from 0.57 to 1.93
ference was observed in the urinary ratio between  (mean: 1.20+£0.02). Slight but significant inverse
fresh urine and 24-h pooled urine samples from 8  correlations were observed between the urinary
males (1.23 +0.07 vs. 1.28 + 0.09) (Fig. 1E) and 10  ratio and BMI (r=—0.27, P=0.0001) (Fig. 2B), waist
females (1.04 +0.06 vs. 1.02 +0.06) (Fig. 1F). The  circumference (r=-0.21, P=0.0030) (Fig. 2C),
urinary ratio was slightly but significantly higher  logAST (r=-0.16, P=0.018) (Fig. 2D) and log ALT
in the males than in the females in the case of (r=-0.022, P=0.0014) (Fig. 2E). Both log AST and
both fresh urine (P=0.045) and 24-h pooled urine  log ALT correlated with BMI (r=0.35, P<0.0001 and

(P=0.036) samples. r=0.49, P<0.0001, respectively). An inverse cor-
relation was observed between the urinary ratio
Study 2 and log hsCRP (r=—0.30, P=0.017). No correlations

were observed between the urinary ratio and other
The present study is the first to demonstrate that ~ parameters (Table 1). It is important to note that
the urinary ratio showed a normal distributioncurve  there were no significant differences in groups A, B,
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Figure 2 (A) Urinary ratio showed a normal distribution curve. Slight but significant inverse correlations were observed
between the urinary ratio and BMI (P<0.001) (B), waist circumference (P<0.01) (C), log AST (P<0.05) (D), and log ALT

(P<0.01) (E) in 201 Japanese males.

and C in the value of age, BMI, HbA1c, TG, T-CHO,
SBP, or DBP.

Study 3

In patients with NASH, the serum levels of AST
(74 =13 U/1) and ALT (149 £39 U/l) were elevated.
The BMI value (30.7+2.8kg/m?) was higher in
patients with NASH than in healthy volunteers
(21.9+0.4kg/m?) (P=0.0054) (Fig. 3A). The uri-
nary ratio in NASH patients (0.84+0.07) was
significantly lower than that in healthy volunteers
(1.23+0.07) (P=0.0014) (Fig. 3B).

Study 4

To explore the potential relationship between the
systemic balance of intracellular glucocorticoid
reactivation and the metabolic consequences, the
impact of mild calorie restriction or anti-diabetic
pioglitazone treatment was investigated. At the
baseline, no differences were noted in BMI, HbA1c
and the urinary ratio between the calorie restric-
tion group and the pioglitazone treatment group.
Notably, the value of HbA1c at 2 months had equipo-
tently decreased between the patients treated with
calorie restriction (from 8.0+0.3% to 7.4+0.3%;
delta HbA1c=0.6 +0.3; P=0.048 vs. initial value)

delta HbA1c=0.74+0.2; P=0.011 vs. initial value)
(Fig. 4A). Overall, the urinary ratio was slightly
but significantly reduced in patients treated with
pioglitazone (from 0.98 4-0.08 to 0.88 4 0.06; delta
urinary ratio=0.104+0.05; P=0.029). In contrast,
no significant change was observed in the uri-
nary ratio in the mild calorie restriction group
(from 0.92+0.12 to 0.88+0.09; delta urinary
ratio =0.04 +0.06) (Fig. 4B).

On the basis of this result, we next investigated
the impact of pioglitazone treatment on the urinary
ratio in relation to glycemic control. Seventeen
patients were divided into 2 groups according to
the improvement in glycemia (groups X and Y).
HbA1c was significantly decreased in group Y (from
8.3+0.6% to 7.0+0.4%; delta HbA1c=1.3+0.2;
P<0.0001 vs. initial value), while the value did not
decrease in group X (Fig. 4C). Consequently, the
decrease in HbA1c levels at 2 months in group Y
(delta HbA1c=1.3+0.2) was much greater com-
pared to that in group X (delta HbA1c =0.05+0.3)
(P=0.0029).

Although no differences were observed in the
initial value of HbA1c and the urinary ratio between
groups X and Y, a marked reduction in the urinary
ratio was observed only in group Y (from 1.13 £ 0.12
to 0.92+0.08; delta urinary ratio=0.21-+0.05;
P=0.0014) (Fig. 4D). Accordingly, the decrease
in the urinary ratio in group Y (delta urinary
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Figure 3 Values of BMI and the urinary ratio in each subject were shown as black circles. (A) The average value of
BMI was significantly higher in patients with NASH than in healthy volunteers (‘P<0.01). (B) The average value of the
urinary ratio in NASH patients was significantly lower than that in healthy volunteers ("P<0.01). Black bars indicate
the mean value.
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Figure 4 Urinary ratio from patients with type 2 diabetes who were treated with mild calorie restriction (n=10, 3
males and 7 females; BMI, 30.7 +1.3kg/m?; HbA1c, 8.0+ 0.3%) or pioglitazone (n=17, 6 males and 11 females; BMI,
29.1+1.2kg/m?; HbA1c, 8.2+0.3%). (A) HbA1c levels significantly decreased at 2 months with calorie restriction
treatment (from 1200 kcal/day to 2000kcal/day) (‘'P<0.05) and pioglitazone treatment ('P<0.05). (B) The urinary
ratio was significantly reduced in patients treated with pioglitazone as a whole ("P<0.05). We further investigated the
relation between the urinary ratio and improvement in glycemic control as a result of pioglitazone treatment. Patients
whose glycemic control improved (increased in HbA1c levels of 0.7% or more over 2 months) were defined as group Y
(n=9, 5 males and 4 females; BMI, 31.0+ 1.7 kg/m?; HbA1c, 8.3+ 0.6%), and others (HbA1c levels improved by less
than 0.7%) were defined as group X (n=8, 1 male and 7 females; BMI, 27.2+1.4 kg/m?; HbA1c, 8.1+0.3%). HbA1c
levels and the urinary ratio were measured at the baseline and at 2 months after initiation of the treatment. The
change in HbA1c levels (delta HbA1c) was defined as [HbA1c at 2 months after the initiation of treatment] — [HbA1c at
the baseline]. The change in the urinary ratio (delta urinary ratio) was defined as [the ratio at 2 months after initiation
of therapy] — [the ratio at the baseline]. (C) HbA1c levels decreased significantly only in the group Y patients ("P<0.01
vs. at the baseline). HbA1c levels were significantly decreased in group Y at 2 months compared to group X (tP<0.01
vs. group Y). (D) In group Y, the delta urinary ratio was exaggerated at 2 months ("P<0.01 vs. at the baseline). On the
other hand, no significant change in delta urinary ratio was observed in group X. The urinary ratio was significantly
decreased compared to group X ('P<0.01 vs. group Y). Black circles indicate the value in the case of each individual,
and black squares indicate the mean 4= SEM.
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Table 1 Relation between the urinary ratio and metabolic parameters.
Parameter r P value n
BMI (kg/m?) -0.27 0.0001™ 201 (group A)
Waist circumference (cm) =0.21 0.0030™
SBP (mmHg) ; —0.081 0.25
logDBP ; —0.060 0.40
T-CHO (mg/dl) -0.12 0.084
log HDL-CHO 0.063 0.37
LDL-CHO (mg/dl) —0.086 0.22
log TG -0.073 0.30
log AST —0.16 0.018"
log ALT -0.22 0.0014"
UA (mg/dl) -0.073 0.30
FPG (mg/dl) —0.068 0.57 72 (group B)
log IRI —0.074 0.53
log HOMA-IR ~0.085 0.48
log HbA1c 0414 0.22
VFA (cm?) - —0.041 0.73
SFA (cm?) -0.22 0.062
VFA + SFA {cm?) —0.18 0.13
Ratio of VFA/SFA 0.14 0.24
log leptin —0.24 0.057 62 (group C)
Adiponectin (pg/dl) 0.24 0.061
loghsCRP =~ = ; —0.30 0.017
log TNF-a —0.087 0.50
logIL-6 -0.11 0.39

Pearson’s correlation coefficient was used to examine for association between the urinary ratio and each parameters (‘P <0.05,

“P<0.01 when compare with the urinary ratio).

Abbreviations: logarithm (base e) (log), systolic blood pressure (SBP), and diastolic blood pressure (DBP), total cholesterol (T-CHO),
high-density-lipoprotein-cholesterol (HDL-CHO), low-density-lipoprotein-cholesterol (LDL-CHO), triglyceride (TG), aspartate 2-
oxoglutarate aminotransferase (AST), alanine 2-oxoglutarate aminotransferase (ALT), uric acid (UA), visceral fat area (VFA),
subcutaneous fat area (SFA), fasting plasma glucose (FPG), fasting insulin (IRI), homeostasis model assessment of insulin resistance
(HOMA-IR), tumor necrosis factor alpha (TNF-a}, interleukin-6 (IL-6), high sensitivity C-reactive protein (hsCRP)

ratio=0.2140.05) was much greater than that
in group X (delta urinary ratio=0.01+0.05)
(P=0.0086) (Fig. 4D). It should be noted that no
significant changes in BMI were observed among
the mild calorie restriction group (n=10, from
30.7+1.3kg/m? to 29.8 + 1.3 kg/m?), pioglitazone
group (n=17 patients, from 29.1+1.2kg/m?
to 27.4+1.3kg/m?), group X (n=8, from
27.2+1.4kg/m? to 26.6 + 1.4kg/m?), and group Y
(n=9, from 31.0+1.7kg/m? to 29.0+ 1.7 kg/m?).
Values of transaminases did not change significantly
in the treatment of pioglitazone in both group X
(=non-responded group) and group Y (=responded
group). The initial value of AST in group X was
201U/l and 20+2U/l in 2 months after the
treatment, whereas ALT values were 24+4U/l
and 21+4U/l, respectively. The initial values of
AST in group Y was 34+4U/l and 32+4U/l
in 2 months after the treatment, whereas

ALT values were 514+10U/l and 43+10U/l,
respectively.

Discussion

The present study provides evidence of the exis-
tence of significant associations between the
urinary ratio and the metabolic status in the case
of obesity, liver function, or glucose homeostasis
in Japanese subjects. The ratio of end products
of glucocorticoid metabolism in urine samples has
been regarded as a compelling index of the systemic
balance of intracellular glucocorticoid metabolism
[7-9,11]. However, except for a few rare diseases
such as AME [16], there are controversies regarding
the clinical implications of the urinary ratio in com-
mon metabolic diseases [7—11,22]. For example,
Valsamakis et al. showed that an "‘inverse’’ corre-
lation exists between the urinary ratio and BMI [7],
whereas Andrew et al. reported that a "‘positive’’
correlation exists between the urinary ratio and
waist circumference in male subjects [8]. Rask et
al. also demonstrated that a ‘positive’’ associa-
tion exists between the urinary ratio and adiposity
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in females [11]. Recently, they reported that the
urinary ratio was elevated in subjects with a BMI
ranging from 22 to 26, while it was decreased in sub-
jects with a BMI ranging from 26 to 31, indicating a
bell-shape correlation [10]. Thus, the relationship
between the urinary ratio and the metabolic status
has largely remained obscure.

In the present study, the urinary ratio in 24-h
pooled urine samples (1.13+0.7) from 18 healthy
subjects (8 males and 10 females; age, 33.741.3;
BMI, 21.34+0.7) was found to be equivalent to
that obtained from patients in another laboratory
[9] (urinary ratio, 1.06-0.08; in 12 control sub-
jects (6 males and 6 females) age, 27.9 4 1.5; BMI,
22.3+0.41). Similarly, the ratio in the case of
male subjects in the present study (1.28-+0.09)
was comparable to that in the case of a previ-
ous report [10] (urinary ratio, 1.18+£0.28 in 11
control males; age, 46.8 +8.7;, BMI, 22.9+1.4),
validating the accuracy of measurement in the
present study. On the basis of these results, using
fresh urine samples obtained at 09:00 h, we inves-
tigated the clinical implications of the urinary
ratio in metabolic diseases. The present study is
the first to demonstrate that the urinary ratio in
healthy volunteers showed no apparent circadian
variation and show that there was no difference
between fresh urine and 24-h pooled urine sam-
ples, suggesting that the ratio in fresh urine samples
is constant and reproducible for the same indi-
vidual. This is also the first report stating that
the urinary ratio showed a normal distribution
curve. Our findings raise the possibility that fresh
urine sample, as little as 1ml, can reveal the
systemic balance of intracellular glucocorticoid
metabolism.

Recent human studies showed a significantly pos-
itive association between the 113-HSD1 mRNA level
in subcutaneous adipose tissue and BMI [18—20].
Contrary to our initial prediction, however, the
present study demonstrates a significantly inverse
correlation between the urinary ratio and BMI or
waist circumference in a large Japanese cohort.
These results suggest that intracellular glucocor-
ticoid metabolism in the whole body is decreased
in the case of human obesity. Furthermore, when
adjusted for BMI, there was no gender difference
in the urinary ratio (data not shown). This sug-
gests that sexual dimorphism in the urinary ratio
is attributable, at least partly, to the gender dif-
ference in body fat mass.

As recent studies reported that NASH is criti-
cally associated with intra-abdominal obesity and
insulin resistance [29], we investigated the urinary
ratio in patients with histologically proven NASH.
Diagnosis of NASH requires histopathologic evalu-

ation because the lesions of parenchymal injury
and fibrosis cannot be detected by imaging stud-
ies or laboratory tests [30]. The present study is
the first to demonstrate that the urinary ratio was
significantly lower in patients with NASH compared
to healthy volunteers; this result was in agree-
ment with those of a previous report where the
urinary ratio in 24-h pooled urine was significantly
lower in patients with non-alcoholic fatty liver dis-
eases diagnosed by magnetic resonance imaging
[13]. Therefore, it is reasonable to speculate that
decreased activity of 113-HSD1 as well as increased
activity of 5a- and 5B-reductase in a steatotic
liver may contribute to the decrease in the urinary
ratio in NASH patients [11,13,21]. A higher BMI in
patients with NASH may also be associated with the
decrease in the urinary ratio. In this context, con-
ducting liver biopsies to measure the activities and
expression of 113-HSDs and 5a- and 5p-reductase
would be of considerable interest in future stud-
ies.

In previous cross-sectional studies, no signifi-
cant difference was observed in the urinary ratio
between patients with type 2 diabetes and the
control subjects [7,22]. However, none of the stud-
ies have investigated the urinary ratio during the
treatment of type 2 diabetes [7,22]. PPARy is
expressed abundantly in adipose tissue and plays
a pivotal role in regulating a variety of adipocyte
genes [26,31,32]. Importantly, PPARy agonists are
known to suppress 113-HSD1 exclusively in adipose
tissue [31]. In this context, we assessed the uri-
nary ratio in patients with type 2 diabetes during
the 2-month treatment with pioglitazone [26,31].
The present study demonstrates that mild calorie
restriction without significant body weight changes
did not affect the urinary ratio at all. In con-
trast, with an equipotent amelioration of HbA1lc
to calorie restriction therapy, the urinary ratio
was slightly but significantly reduced in patients
treated with pioglitazone. On the basis of this
result, we further explored the impact of piogli-
tazone treatment on the urinary ratio in relation
to drug responsiveness. In a recent report by
Satoh et al., pioglitazone responders were defined
as those who showed a >1% reduction in HbA1c
with 3 months of treatment [33]. Since we eval-
uated the drug response for 2 months, patients
who showed an improvement in glycemic con-
trol of 0.7% or more in terms of HbA1c levels
over 2 months were defined as drug responders.
In terms of glycemic control, our data demon-

strates that the decrease in the urinary ratio
was increased to a large extent in patients who
responded to pioglitazone. Although the underlying
mechanism is still obscure, a recent study demon-
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Table 2 Changes in the urinary ratio in diseases/
treatments.

Diseases/treatments Change in
urinary ratio
Obese subjects l

NASH l
s

Mild calorie restriction
Pioglitazone

Responded group (group Y) l
Non-responded group (group X) -

The present study demonstrated an inverse correlation
between the urinary ratio and BMI in a large Japanese cohort.
Together with that the urinary ratio was also decreased in
patients with NASH, decrease in 11p-HSD1 activity in liver of
obese individuals may contribute, at least partly, to the fall
in the urinary ratio in obesity. Although further studies are
warranted, the finding that decrement of the urinary ratio
was exaggerated in patients who responded to pioglitazone
may be a reflection of 113-HSD1 inhibition mainly in adipose
tissue.

strated that growth hormone supplementation in
patients with adult growth hormone deficiency
(AGHD) markedly lowered the urinary ratio, reflect-
ing 113-HSD1 inhibition mainly in adipose tissue
[34].

In summary, the present study is the first to pro-
vide novel evidence that the urinary ratio in fresh
urine reflects a facet of metabolic function in adi-
pose tissue and liver (Table 2), thereby offering a
unique method to evaluate the metabolic status
and therapeutic effectiveness in human clinics.
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