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Context: Adipose tissue insulin resistance is observed gselsubjects and is considered an
early metabolic defect preceding insulin resistanaauscle and liver. While Asians readily
develop metabolic disease without obesity, thdadirfeatures of non-obese, apparently
healthy Asians with reduced adipose tissue ingdimsitivity (ATIS) have not been
elucidated.

Objective: To investigate the clinical parameters associaiéidreduced ATIS in non-obese,
apparently healthy (body mass index <25 Kgy/dapanese men.

Methods: We studied 52 non-obese Japanese men with no oathibolic risk factors.

Using two-step hyperinsulinemic euglycemic clamgphva glucose tracer, we evaluated
insulin sensitivity in muscle, liver, and adiposestie. ATIS was calculated as percent free
fatty acid (FFA) suppression/insulin concentratituming the first step of glucose clamp.
Results: Based on the median ATIS value, subjects wera@édd/into low- and high-FFA
suppression groups. The low-FFA suppression gragpnmoderate fat accumulation in
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abdominal subcutaneous adipose tissue and livenp@ced with the high-FFA group, they
also had a lower fitness level, decreased insigiarance, impaired insulin sensitivity in
muscle, moderately elevated triglycerides, and te@digh-density lipoprotein cholesterol
levels. All these factors were significantly coateld with ATIS. Hepatic insulin sensitivity
was comparable between the two groups.

Conclusions: In non-obese, apparently healthy Japanese mer;edd\IT|S was associated
with moderate fat accumulation in subcutaneousardtliver, lower insulin clearance, muscle
insulin resistance, and moderate lipidemia. Thesa suggest that reduced ATIS may occur
early in the development of metabolic syndromenauenon-obese, apparently healthy men.

Even in non-obese, apparently healthy Japanese men, reduced adipose tissue insulin sensitivity is

associated with clinical features of metabolic syndrome.

I ntroduction

Elevated levels of circulating free fatty acids fsff are considered to be an important
mechanism linking obesity and insulin resistangeKar example, increased FFA
concentrations are observed in insulin-resistargse subjects (2), and FFA elevation by
lipid infusion acutely induces insulin resistannenuscle and liver in healthy subjects (3).
Circulating FFA elevation in obesity is causedeast in part by increased FFA release from
adipose tissue (4), which in turn results fromraadequate ability of insulin to suppress the
release of FFAs from adipose tissue, a phenomenowrk as adipose tissue insulin
resistance (5,6). In obese subjects, adipose tissubn resistance is associated with fat
accumulation in visceral adipose tissue and liter,8) as well as insulin resistance in
muscle and liver (9). Thus, it has been hypothesikzat adipose tissue insulin resistance is
induced by weight gain and is the result of theioed ability of subcutaneous adipose tissue
to store lipids. Then, lipid spillover promote \@sal and ectopic fat accumulation, and
subsequently induce insulin resistance in musdleligar (10,11); together these are
considered to be the main pathogenic mechanismerlyimy metabolic abnormalities such
as hyperglycemia, dyslipidemia, and hypertensi@) (13).

It is known that Asians readily develop metabolgedse, even in the absence of obesity
(body mass index (BMI) <25 kgin(14). Affected individuals exhibit increased autp
tissue, fat accumulation in the liver, and insuésistance in muscle and liver (14-17). Given
our previous finding that impaired insulin sensf{ivoccurred in muscle even in some non-
obese, apparently healthy Japanese men (18),nrsuisitivity may be impaired even in the
absence of overt symptoms in a considerable nuoflb@rn-obese Asians. Indeed, several
reports demonstrated that Asians, especially EsistA (16), have a lower fat storage
capacity in their subcutaneous adipose tissue cardpaith other ethnicities (16,19). Thus,
one may speculate that adipose tissue insulintsetysis easily impaired by only a modest
increase of body fat content in non-obese, hedtist Asians, which may in turn impair
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insulin sensitivity in muscle, at least in partibgreasing the release of FFAs from adipose
tissue and subsequently promoting moderate metatlodinges. However, there have been
no reports of adipose tissue insulin sensitivitpam-obese, apparently healthy Asians.
Based on the above background, the present stadylesigned to identify the
clinical features of reduced adipose tissue inssgimsitivity in non-obese, apparently healthy
subjects. For this purpose, based on our previatssrégarding tissue-specific insulin
sensitivity derived using two-step euglycemic hyp&ulinemic clamp in non-obese (BMI
<25 kg/nf), apparently healthy Japanese men (15), we arthlyeassociation of various
metabolic parameters with reduced insulin sengitivi adipose tissue.

Resear ch Design and Methods

Study subject

We studied participants of the Sportology CentereCRtudy, a prospective observational
study involving hypothesis-driven, hypothesis-gatiag research on the underlying
mechanisms of metabolic abnormalities in non-olsegects (15). That study enrolled non-
diabetic Japanese men with a BMI of 21 to 27.5 Kg#f1.0 to <27.5 kg/ff) who were
between 30 and 50 years old. The current studyaedlsubjects with a BMI of 21 to 25
kg/m? (>21.0 to <25.0 kg/f) who were free of cardiometabolic risk factorsdshen the
definition of metabolic syndrome in Japan (20) (€ab). The cardiometabolic risk factors
assessed in this study were hyperglycemia (faplimgma glucose110 mg/dl), dyslipidemia
(triglycerides (TG)»150 mg/dl and/or high-density lipoprotein cholestéHDL-C) <40
mg/dl), and hypertension (systolic blood presstir@0 mmHg and/or diastolic BEB5
mmHg). All participants provided written informedrtsent to participate in the study, which
was approved by the ethics committee of Juntendwedisity (No. 2011042). This study was
carried out in accordance with the principles oweii in the Declaration of Helsinki.

Study design

The design of the Sportology Center Core Studydessribed previously in detail (15).
Briefly, after the screening session, all partiaigavisited our institute three times for
baseline evaluation. At the first or second viséich participant underwent an oral glucose
tolerance test (OGTT) or peak oxygen uptake tést (Tthe participants were instructed to
stop regular exercise for 10 days before the tisi, and the mean daily physical activity
level was evaluated over 7 days with an accelerengeifecorder; Suzuken, Nagoya, Japan).
Then, each participant was asked to maintain thean daily physical activity level (x 10%)
as the past 3 days, which was monitored with aelamemeter. The participants were
instructed to consume a weight-maintaining standetfor the 3 days immediately
preceding the clamp study. On the third visit, weasured intramyocellular lipid (IMCL)
and intrahepatic lipid (IHL) byH-magnetic resonance spectroscopy (MRS), and estima
the abdominal visceral fat area (VFA) and subcuiaedat area (SFA) by magnetic
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resonance imaging (MRI). The percent body fat atdree mass were measured by the
bioimpedance method (InBody 720; Biospace, Tokybgn, euglycemic hyperinsulinemic
clamp was performed to measure insulin sensitigitynuscle and liver. Surrogate markers of
insulin resistance [i.e., the homeostasis modessssent of insulin resistance (HOMA-IR)
and Matsuda index] were calculated as describedqusly (15).

Euglycemic hyperinsulinemic glucose clamp

A two-step euglycemic hyperinsulinemic glucose glestudy was performed with an
artificial endocrine pancreas (STG-22; Nikkiso,Zloka, Japan) after overnight fasting (15).
Briefly, after securing an intravenous cannuléhia forearm, a bolus dose [200 mgiody
surface area (BSA)] of [6,842]glucose (Cambridge Isotope Laboratories, Tewksbiuir)

was injected intravenously, followed by constafiasion of 2 mg/rf BSA per min for 3 h
(=180 to 0 min) to measure fasting endogenous gkipooduction (EGP) (21). This was
followed by primed insulin infusion (40 mUfrper min followed by 20 mU/frper min, each
lasting 5 min) and continuous insulin infusion @traU/nf per min for 3 h (first step) (O to
180 min). In the second step of the clamp, aftetiming insulin infusion (80 mU/fper min
followed by 40 mU/r per min, each lasting 5 min), insulin was infusedtinuously at 20
mU/m? per min for 3 h (180 to 360 min). We used a wagrifanket for arterialization of the
hand vein, and plasma glucose level in arterialtdedd was maintained at ~95 mg/dl by a
variable 20% glucose infusion containing ~2.5% {#6]glucose. Blood samples were
obtained for biochemical analysis at 10-min inté&s\during the last 30 min of the steady-
state period of the first and second steps of ldm@m. We also performed blood sampling
every 60 min. Enrichment of [6%4,]glucose in plasma was measured by high-performance
liquid chromatography (LTQ-XL-Orbitrap mass spentaier, Thermo Scientific, CA) as
described previously (15).

Calculations

A steady-state equation was used to calculateaties of EGP and glucose disappearance
(Rd) at each step (15). EGP and Rd were normabye®ISA and fat-free mass, respectively
(15). Because EGP is known to be suppressed indace with insulin concentration at low
insulin levels (~2QU/ml) (22), we divided the percent reduction of E&Rhe first step by
the steady state serum insulin & vel during glucose clamp, and used the resudtra
index of hepatic insulin sensitivity (7). Rd is@lsnown to be enhanced in parallel with
serum insulin concentration (22), and thereforeaRithe second step was divided byS®d
used as an index of muscle insulin sensitivity (28)ipose tissue insulin sensitivity was
calculated according to the degree of insulin-ntediguppression of circulating FFAs
(7,24). Briefly, percent reduction of FFAs at tivstfstep was calculated based on the basal
and nadir FFA concentrations during the last 1 glofose clamp at the first step, then
adjusted by the insulin concentration and usedasdex of adipose tissue insulin sensitivity
(7,24). The metabolic clearance rate for serumlimgMCRI) during glucose clamp at the
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second step was calculated by the following eqodtl®): MCRI = {lIR/[SS;, —

(BsixSSdBsd)]}, where 1IR = insulin infusion rate, SBS= steady-state serum insulin during
glucose clamp, 8 = basal serum insulin, §&= steady-state serum C-peptide during glucose
clamp, and Bc = basal serum C-peptide.

'H-MRSand MRI

The IMCL values of the right tibialis anterior asdleus muscles and the IHL of segment 6 in
the liver were measured Bii-MRS (VISART EX V4.40, Toshiba, Tokyo) (25,26). t&f the
measurements, IMCL was quantified by methyleneaigriensity (S-fat) using the creatine
signal (Cre) as the reference, and calculatedeasatio S-fat/Cre. IHL was quantified by S-
fat with H,O as the internal reference, and calculated apdheentage of JD + S-fat [S-fat

x 100/(HO + S-fat)] (25,26). VFA and SFA were measured WiRI as described

previously (26). Briefly, T1-weighted trans-axiabsis were obtained, and VFA and SFA at
the fourth and fifth lumbar interspaces were mezsdas described previously using specific
software (AZE Virtual Place, Tokyo, Japan) (26).

Biochemical tests

Serum lipids such as total cholesterol, HDL-C, LBDLFFA, TG and liver function tests such
as aspartate aminotransferase (AST), alanine aramgferase (ALT) and gamma-glutamyl
transferase (GGT) were measured by enzymatic metiod UV methods, respectively (SRL
Inc., Tokyo). Plasma insulin concentrations weraleated by radioimmunoassay (LINCO
Research, St Charles, MO). Serum adiponectin caratgms were measured by an 30
enzyme-linked immunosorbent assay (Daiichi Puren@itals, Tokyo).

Statistical analysis

Data are presented as mean = SD or median (inteilguange: IQR). To approximate
normal distribution, log-transformed values weredis the analysis, as appropriate. Data of
two groups were compared by unpaired t-test or Mafitney U test, as appropriate.
Correlation analyses were performed using the BearsSpearman correlation coefficient,
as appropriate. All statistical tests were two-gidéth a 5% significance level. We used
SPSS Statistics for Windows version 20.0 (IBM Cofgmonk, NY, USA) for statistical
analyses.

Result

Anthropometric characteristics of low- and high-FFA suppression groups

At first step during euglycemic hyperinsulinemiarmp study, S§ was moderately elevated
(Table 2) and circulating FFA level was signifidgrdauppressed (From 530.0 (423.5-637.0)
to 67.0 (51.0-94.0)Eq/L, P<0.001) by 86.0 (80.0-90.0) % (Figure 1ATBble 2).

However, we observed inter-individual differencéslmanges in circulating FFA levels
(Figure 1B) and adipose tissue insulin sensitigitgrcent FFA suppression/insulin at first
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step) (Table 2); therefore, to evaluate the cliffieatures of reduced adipose tissue insulin
sensitivity in non-obese, apparently healthy subjege divided the subjects into a low-FFA
suppression group (n = 26; red line in Figure 1 high-FFA suppression group (n = 26;
blue line in Figure 1) based on the median valu#&BFA suppression/insulin at the first step
[4.6 (3.3-5.9) (%uU™-mL)]. As shown in Table 1, the following parametersre

significantly higher in the low-FFA suppression gpahan the high-FFA suppression group:
fasting serum insulin; area under the curve (AUDEgse and AUC-insulin during OGTT;
HOMA-IR; TG; total body fat content; SFA; and IHIn contrast, age, Matsuda index, HDL-
C, VOyeax and daily physical activity were significantlywer in the low-FFA suppression
group than the high-FFA suppression group. Othgrose tissue-associated factors such as
FFA, VFA, IMCL, adiponectin, and C-reactive protewere comparable between the groups.
These data suggest that subjects in the low-FFArsspion group were younger and had a
lower fitness level, more fat accumulation in thbautaneous adipose tissue and liver, and
relatively reduced insulin sensitivity.

Insulin sengtivity in muscle and liver evaluated by glucose clamp

We evaluated insulin sensitivity in muscle andiilsg the gold standard method: two-step
hyperinsulinemic euglycemic clamp (Table 2). The,$&el during glucose clamp at the
first and second steps was higher in the low-FH#psession group than the high-FFA
suppression group, due to impaired MCRI in the A suppression group. This difference
is consistent with the finding of elevated fastsggum insulin, but not C-peptide, in the low-
FFA suppression group compared with the high-FHR#psession group (Table 1).

As shown in Table 2, hepatic insulin sensitivitgigent reduction of EGP/g&t the first
step) (7) was comparable between the two groupeddiition, the basal EGP level was
significantly lower in the low-FFA suppression gpotlnan in the high-FFA suppression
group, probably due to higher insulin levels in thamer group.

The Rd level at the second step, which indicatesathount of glucose uptake in the
peripheral tissues (mainly muscle), was signifialuwer in the low-FFA suppression group
than in the high-FFA suppression group, althougk8&s higher in the low-FFA
suppression group. Thus, muscle insulin sensitiR/SS, at the second step) (23) was
significantly lower in the low-FFA suppression gpotlnan in the high-FFA suppression
group, and the difference of Rd/&$Between the groups was more prominent than the
difference of Rd. These data suggest that the IBA-SUppression group was characterized
by lower MCRI and impaired insulin sensitivity inustle, but not in liver.

Correlations between % FFA suppresson/insulin and other parameters

Correlation analysis was performed to further inigege the association between %FFA
suppression/insulin, as a surrogate for adiposadifmsulin sensitivity, and various
metabolic parameters (Table 3). In this analysisameters with p values less than 0.1 in
Tables 1 and 2 and several parameters associdteddypose tissue (FFA, VFA, and IMCL)
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were selected. %FFA suppression/insulin correlatguaificantly with percent body fat and
SFA, but not with VFA. In terms of ectopic fat, %%Buppression/insulin correlated
significantly with IHL, but not with IMCL in the kialis anterior and soleus muscles. In
addition, insulin sensitivity in muscle, but notliver, was significantly correlated with
%FFA suppression/insulin. On the other hand, %F&#psession/insulin was not
significantly correlated with age, FFA, AUC-glucasering OGTT, daily physical activity,
or basal EGP.

Discussion

Adipose tissue insulin resistance has been obsémnatese subjects and is considered to be
an early change in metabolic syndrome (6,13). Hergvestigate whether adipose tissue
insulin resistance occurs before the onset of ingakistance in other tissues, we
investigated the characteristics of apparentlythgahon-obese Japanese subjects with
reduced adipose tissue insulin sensitivity, bec#ssans are known to easily develop
metabolic disease and insulin resistance withoasity. The results showed that compared
with subjects in the high-FFA suppression groupséhin the low-FFA suppression group
had more fat accumulation in abdominal subcutanadimose tissue and liver and reduced
insulin sensitivity in muscle. They also had a loWmess level, decreased insulin clearance,
moderately elevated TG, and lowered HDL-C. Correfaanalysis demonstrated that all
these factors were significantly correlated witipade tissue insulin sensitivity.

In this study, we recruited only Japanese subjéttasians, unlike in Caucasians, the
World Health Organization suggested defining ovégiveas BMI>23 kg/nf and obesity as
BMI >25 kg/nf (27), because Asians easily develop metabolic sésaalower BMI (27).
East Asians were found to have the lowest amoustib€utaneous fat and the highest
amount of visceral fat with increasing adiposityngared with other ethnicities, including
White, Black, Hispanic and Southeast Asian (16)addition, Asians have relatively high
body fat compared with Caucasians of similar BM3,(I7). These data imply that non-obese
East Asians have a low subcutaneous adipose tisqaeity despite higher body fat content,
and thus there are potentially many non-obese Asiath relatively high percent body fat
who may be at high risk of lipid spillover and mstéc abnormalities. Indeed, our data
showed that percent body fat was higher in the Féw suppression group (22.1%) than the
high-FFA suppression group (18.6%), and this d#fifee was associated with a greater
amount of abdominal subcutaneous adipose tissugaslishown that the percent body fat
corresponding to BM#25 kg/nfwas 23% in Japanese men aged between 20 and 39 year
and 24% in those aged between 40 and 59 yearsT(@83, the percent body fat in the low-
FFA suppression group was similar to that in olisggnese men, while the high-FFA
suppression group had normal body fat. Taken tege&ven non-obese, apparently healthy
Japanese men with a relatively high percent bodgriaalready at high risk of exceeding the
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capacity to store lipids in adipose tissue, ang thauld be classified into the low-FFA
suppression group.

According to the lipid spillover hypothesis, adipdssue insulin resistance is induced by
weight gain and leads to the reduced ability otsidgineous adipose tissue to store lipids.
Lipid spillover then occurs, promoting visceral aaopic fat accumulation and
subsequently inducing insulin resistance in muaok liver (5,10-13). In fact, in this study,
adipose tissue insulin sensitivity was negativelgrelated with percent body fat and SFA,
and positively correlated with muscle insulin s@uisy; however, our observations were not
always consistent with the spillover hypothesig. &ample, although the low-FFA
suppression group had impaired insulin sensitivitgnuscle, their IMCL level was similar to
that of the high-FFA suppression group. On thi:sfpdhe accumulation of IMCL also
occurred in insulin-sensitive subjects with highxamaum oxygen uptake (athlete’s paradox)
(29). Because the Vixakwas significantly higher in the high-FFA suppressgroup than
the low-FFA suppression group, the fact that subjecthe former group had high maximum
oxygen uptake and elevated IMCL may have resuitexhioverall reduction in IMCL
difference between the two groups. In contrast, Vi#s higher in the low-FFA suppression
group than the high-FFA suppression group. Condistéh this data, previous studies
demonstrated that FFAs released from adipose tissuethe main substrate for lipid
accumulation in the liver in non-alcoholic fattydr disease patients (30), and adipose tissue
insulin resistance was associated with fat accutonl@nd insulin resistance in the liver
(7,8). However, hepatic insulin sensitivity was qarable between the two groups in the
present study. The level of IHL in the low-FFA suggsion group was moderate and below
the definition of fatty liver (IHL >5%), thus it m@ht not have been sufficient to impair
hepatic insulin sensitivity. In addition, it is alpossible that IHL accumulation may not be a
main determinant of hepatic insulin resistance.dx@mple, hepatic insulin resistance was
not evident in non-obese Japanese type 2 diabétesatty liver (31). Large cohort study
(n=352) also demonstrated that IHL accumulation m@sassociated with hepatic insulin
resistance (32).

It has been suggested that visceral adipose tissnere resistant to insulin suppression
of lipolysis than subcutaneous adipose tissue 33Thus, compared with abdominal
adipose tissue, abdominal visceral adipose tisslikely to be more associated with low-
FFA suppression; however, not visceral fat, butstdmeous fat area was well associated
with low-FFA suppression in the present study (€ahl3). Concerning, in non-obese adults,
upper body subcutaneous fat is major source (>@9%hole body FFA release at fasting
and insulin-suppressed conditions (12,33,35), drlybdue to small amount of visceral fat
volume in non-obese subjects. From these, we seppas, in non-obese men without
massive visceral fat accumulation, visceral fatsdo@t much contribute to systemic FFA
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concentration, thus visceral fat area was not @ssatwith FFA suppression in the present
study.

In this study, impaired adipose tissue insulin gty was also closely associated with
other metabolic changes, including hyperinsulinewith decreased MCRI, moderately
increased TG, and decreased HDL-C. Although owx datild not identify causal
relationships between the correlated parametegsjqars reports suggested that circulating
FFAs could induce all of these metabolic changes.example, elevated FFA levels caused
by lipid infusion decreased MCRI and elevated gegipl insulin concentrations (36,37).
Also, FFA stimulated insulin secretion (38). Thigoretically, impaired adipose tissue
insulin sensitivity enhances peripheral insulirelsvand compensates for decreased muscle
insulin sensitivity. It was also shown that adiptiseue insulin resistance was associated
with hyper-triglyceridemia (39) and the overprodoetof FFAs, and that very low density
lipoprotein-TG reduced circulating HDL-C (40). Henalthough speculative, reduced
adipose tissue insulin sensitivity could be upstred associated clinical factors.

We found that the low-FFA suppression group wags el&racterized by younger age and
lower fitness level than the high-FFA suppressimug. Growth hormone (GH) and
catecholamines were shown to increase lipolysid,&iH secretion and catecholamine
responsiveness were decreased by aging (6,41)I{d2ed, aging was associated with
adipose tissue insulin sensitivity in the presémtys In terms of fitness level, it was reported
that high-intensity interval exercise improved adip tissue insulin resistance in an animal
model (43). However, aerobic exercise was repartdédo change adipose tissue insulin
resistance in human type 2 diabetes (44). Heneeaple of fithess level on adipose tissue
insulin sensitivity is still unclear.

Our study has a few limitations. First, we did dwectly measure FFA kinetics by tracer.
Ra-FFA or Ra-glycerol suppression during glucosengl has been recognized as the gold
standard to evaluate adipose tissue insulin seigitwhile %FFA suppression during
glucose clamp and Adipo-IR (fasting FFA x fastingulin) (24) were used as surrogate
markers. Recent data suggested that %FFA suppnesisiong glucose clamp was highly
correlated (r = 0.899) and Adipo-IR was moderatalgrelated (r = -0.526) with tracer-
determined suppression of Ra-glycerol by insul#) (Dn the other hand, the insulin
concentration required for 50% suppression of Yipisl (IG) has also been proposed as a
gold standard for adipose tissue insulin sensjti). We preliminarily calculated Hgfor
50% suppression of circulating FFAs by insulin &mahd that it was significantly correlated
with adipose tissue insulin sensitivity as calcediin the present study (r = -0.690). This
confirms the validity of the method used to determadipose tissue insulin sensitivity in this
study. Second, we included Japanese men only.igtabdtion and metabolism are different
in women, and thus our data may not be generaézablvomen. Similarly, our results may
not be applicable to other ethnic groups in Asiamsdeed, fat distribution in East Asians was

6102 UoJBIN O UO Jasn AjisieAlun [edlpaj eweyes Ad $66862S5/06 1 20-81.0Z 0l/01.Z 1 01/10p/A0EIISqe-8]ol1e-00UBAPE/Wad(/W00"dno olwspese//:Sdiy Wol) papeojumoq



The Journal of Clinical Endocrinology & Metabolis@ppyright 2019 DOI: 10.1210/jc.2018-02190

different from that in South Asians (16). In adalitj it is also still unclear whether our data is
applicable to other East Asians. Finally, we inelda relatively small number of subjects.
However, to precisely evaluate tissue specificlingensitivity, we used the two-step clamp
method to accurately measure insulin effects oncreuBver, and adipose tissue. To the best
of our knowledge, our cohort of over 50 non-obé&salthy subjects is the largest ever used
with the 2-step glucose clamp technique.

In conclusion, in non-obese, apparently healtipadase men, reduced adipose tissue
insulin sensitivity was associated with more fatuaoulation in subcutaneous fat and liver,
lower insulin clearance, muscle insulin resistaac® an increased risk of dyslipidemia.
Thus, even in this population, adipose tissue ing@nsitivity may be impaired in
correlation with body fat content and may cause enat metabolic changes. However, the
causal relationships involved have not been identifand further longitudinal studies are
required.

Acknowledgments:

We would like to thank Prof. Michael D. Jensen (M#&3linic) for critical discussion and
excellent advice. We thank Mrs. Mutsuko Yoshikatayuki lwagami, Naoko Daimaru,
Eriko Magoshi, and Emi Miyazawa for the excellethnical assistance. We also thank
Hikari Taka and Tsutomu Fujimura (Juntendo Uniwgjdor performing LC-MS analysis.

Corresponding author’s contact information: Yoshifaramura, MD, PhD,
Department of Metabolism & Endocrinology, Juntetfdversity Graduate School
of Medicine, 2-1-1 Hongo, Bunkyo-ku, Tokyo 113-843apan, Tel: +81-3-5802-
1579, Fax: +81-3-3813-5996, E-mail: ys-tamur@judteac.jp

Any grants or fellowships supporting the writingtbé paper:

High Technology Research Center Grant, StrateggeReh Foundation at Private
Universities and KAKENHI (23680069, 26282197, 17K29) from the Ministry of
Education, Culture, Sports, Science and Technabdgyapan, Japan Diabetes Foundation,
Suzuken Memorial Foundation, Mitsukoshi Welfare irdation, and Diabetes Masters
Conference.

Ministry of Education, Culture, Sports, Science dedhnology
http://dx.doi.org/10.13039/501100001700, 23680@&282197, 17K19929,
Yoshifumi Tamura; Ministry of Education, Culturep@ts, Science and Technology
http://dx.doi.org/10.13039/501100001700, High Texthgy Research Center Grant,
Ryuzo Kawamori; Ministry of Education, Culture, 3% Science and Technology
http://dx.doi.org/10.13039/501100001700, Strat&psearch Foundation at Private
Universities, Hirotaka Watada; Japan Diabetes Fation, Yoshifumi Tamura;
Suzuken Memorial Foundation http://dx.doi.org/1@3%/100007434, Yoshifumi

10

6102 UoJBIN O UO Jasn AjisieAlun [edlpaj eweyes Ad $66862S5/06 1 20-81.0Z 0l/01.Z 1 01/10p/A0EIISqe-8]ol1e-00UBAPE/Wad(/W00"dno olwspese//:Sdiy Wol) papeojumoq



The Journal of Clinical Endocrinology & Metabolis@ppyright 2019 DOI: 10.1210/jc.2018-02190

Tamura; Mitsukoshi Welfare Foundation, Yoshifumimi&a; Diabetes Masters
Conference, Yoshifumi Tamura

Disclosure Summary:

All authors declare no conflict of interest.

References

1 Guilherme A, Virbasius JV, Puri V, Czech MP. Adiyte dysfunctions linking
obesity to insulin resistance and type 2 diabédas Rev Mol Cell Biol2008; 9:367-377

2. Groop LC, Saloranta C, Shank M, Bonadonna RC areini E, DeFronzo RA. The
role of free fatty acid metabolism in the pathogésef insulin resistance in obesity and
noninsulin-dependent diabetes mellitus. J Clin Endol Metab1991; 72:96-107

3. Ferrannini E, Barrett EJ, Bevilacqua S, DeFron2o Effect of fatty acids on glucose
production and utilization in man. J Clin Inva§83; 72:1737-1747

4, Mittendorfer B, Magkos F, Fabbrini E, Mohammed B&in S. Relationship
between body fat mass and free fatty acid kinéticeen and women. Obesity (Silver
Spring)2009; 17:1872-1877

5. Ebbert JO, Jensen MD. Fat depots, free fatty aaius dyslipidemia. Nutrien013;
5:498-508

6. Sondergaard E, Espinosa De Ycaza AE, Morgan-Bathkiensen MD. How to
Measure Adipose Tissue Insulin Sensitivity. J @mdocrinol Metal2017; 102:1193-1199
7. Kotronen A, Juurinen L, Tiikkainen M, VehkavaaraY&i-Jarvinen H. Increased
liver fat, impaired insulin clearance, and hepatid adipose tissue insulin resistance in type
2 diabetes. Gastroenterolog§08; 135:122-130

8. Kotronen A, Seppala-Lindroos A, Bergholm R, Ykndaen H. Tissue specificity of
insulin resistance in humans: fat in the liver estthan muscle is associated with features of
the metabolic syndrome. Diabetolo@@08; 51:130-138

0. Lomonaco R, Ortiz-Lopez C, Orsak B, Webb A, HasdleDarland C, Finch J,
Gastaldelli A, Harrison S, Tio F, Cusi K. Effectadipose tissue insulin resistance on
metabolic parameters and liver histology in obeséepts with nonalcoholic fatty liver
disease. Hepatology (Baltimore, N612; 55:1389-1397

10. Rattarasarn C. Dysregulated lipid storage anaeliggionship with insulin resistance
and cardiovascular risk factors in non-obese Apatients with type 2 diabetes. Adipocyte
2018; 7:71-80

11. Cuthbertson DJ, Steele T, Wilding JP, Halford B&trold JA, Hamer M, Karpe F.
What have human experimental overfeeding studigghtaus about adipose tissue expansion
and susceptibility to obesity and metabolic congilmns? Int J Obes (Lon@P17; 41:853-
865

12. Jensen MD. Role of body fat distribution and thetabolic complications of obesity.
J Clin Endocrinol MetaR008; 93:S57-63

11

6102 UoJBIN O UO Jasn AjisieAlun [edlpaj eweyes Ad $66862S5/06 1 20-81.0Z 0l/01.Z 1 01/10p/A0EIISqe-8]ol1e-00UBAPE/Wad(/W00"dno olwspese//:Sdiy Wol) papeojumoq



The Journal of Clinical Endocrinology & Metabolis@ppyright 2019 DOI: 10.1210/jc.2018-02190

13. Shulman GI. Ectopic fat in insulin resistance,lifpydemia, and cardiometabolic
disease. N Engl J Me2D14; 371:1131-1141

14. Chan JC, Malik V, Jia W, Kadowaki T, Yajnik CS, 0foKH, Hu FB. Diabetes in
Asia: epidemiology, risk factors, and pathophysigloJAMA 2009; 301:2129-2140

15. Takeno K, Tamura Y, Kawaguchi M, Kakehi S, Watand@bFunayama T, Furukawa
Y, Kaga H, Yamamoto R, Kim M, Nishitani-Yokoyama Bhimada K, Daida H, Aoki S,
Taka H, Fujimura T, Sawada SS, Giacca A, Kanazaweufitani Y, Kawamori R, Watada
H. Relation between insulin sensitivity and metababnormalities in Japanese men with
BMI of 23-25 kg/nf. J Clin Endocrinol MetaB016; 101:3676-3684

16.  Nazare JA, Smith JD, Borel AL, Haffner SM, BalklBuRoss R, Massien C, Almeras
N, Despres JP. Ethnic influences on the relati@t&&en abdominal subcutaneous and
visceral adiposity, liver fat, and cardiometaboigk profile: the International Study of
Prediction of Intra-Abdominal Adiposity and Its Rgbnship With Cardiometabolic
Risk/Intra-Abdominal Adiposity. Am J Clin Nug012; 96:714-726

17.  Wulan SN, Westerterp KR, Plasqui G. Ethnic diffexes in body composition and the
associated metabolic profile: a comparative stugtywben Asians and Caucasians. Maturitas
2010; 65:315-319

18. Kaga H, Tamura Y, Takeno K, Kakehi S, FunayamBurukawa Y, Nishitani-
Yokoyama M, Shimada K, Daida H, Aoki S, Giacca Aan&zawa A, Kawamori R, Watada
H. Correlates of insulin clearance in apparentlgithy non-obese Japanese men. Sci Rep
2017; 7:1462

19.  Azuma K, Kadowaki T, Cetinel C, Kadota A, El-Sa&dKadowaki S, Edmundowicz
D, Nishio Y, Sutton-Tyrrell K, Okamura T, Evans RWWgkamiya T, Ueshima H, Curb JD,
Abbott RD, Kuller LH, Kelley DE, Sekikawa A. Highéver fat content among Japanese in
Japan compared with non-Hispanic whites in the aéh@tates. Metabolis2009; 58:1200-
1207

20. Matsuzawa Y. Metabolic syndrome--definition andgtiostic criteria in Japan.
Journal of atherosclerosis and thromb@€185; 12:301

21. Kelley DE, McKolanis TM, Hegazi RA, Kuller LH, Kain SC. Fatty liver in type 2
diabetes mellitus: relation to regional adipodiaty acids, and insulin resistance. American
journal of physiology2003; 285:E906-916

22. Groop LC, Bonadonna RC, DelPrato S, RatheisenkkX, Ferrannini E, DeFronzo
RA. Glucose and free fatty acid metabolism in nosulin-dependent diabetes mellitus.
Evidence for multiple sites of insulin resistang€lin Invest1989; 84:205-213

23.  Abdul-Ghani M, DeFronzo RA. Fasting hyperglycemigpairs glucose- but not
insulin-mediated suppression of glucagon secrefi@lin Endocrinol MetaB007; 92:1778-
1784

12

6102 UoJBIN O UO Jasn AjisieAlun [edlpaj eweyes Ad $66862S5/06 1 20-81.0Z 0l/01.Z 1 01/10p/A0EIISqe-8]ol1e-00UBAPE/Wad(/W00"dno olwspese//:Sdiy Wol) papeojumoq



The Journal of Clinical Endocrinology & Metabolis@ppyright 2019 DOI: 10.1210/jc.2018-02190

24, Ter Horst KW, van Galen KA, Gilijamse PW, Harts&®, de Groot PF, van der
Valk FM, Ackermans MT, Nieuwdorp M, Romijn JA, SerMJ. Methods for quantifying
adipose tissue insulin resistance in overweighgetlmimans. Int J Obes (Lor2017;
41:1288-1294

25. Tamura Y, Tanaka Y, Sato F, Choi JB, Watada H,adNMy Kinoshita J, Ooka A,
Kumashiro N, Igarashi Y, Kyogoku S, Maehara T, Kawai M, Hirose T, Kawamori R.
Effects of diet and exercise on muscle and liveaugellular lipid contents and insulin
sensitivity in type 2 diabetic patients. J Clin Bodnol Metab2005; 90:3191-3196

26. Sato F, Tamura Y, Watada H, Kumashiro N, Igarashichino H, Maehara T,
Kyogoku S, Sunayama S, Sato H, Hirose T, Tanak&awamori R. Effects of diet-induced
moderate weight reduction on intrahepatic and imyt@cellular triglycerides and glucose
metabolism in obese subjects. J Clin Endocrinoldd2007; 92:3326-3329

27.  World-Health-Organization. The Asia-Pacific persipee: redefining obesity and its
treatmentSydney: Health Communications Australia.

28. Gallagher D, Heymsfield SB, Heo M, Jebb SA, Murgadl PR, Sakamoto Y. Healthy

percentage body fat ranges: an approach for dewglguidelines based on body mass index.

Am J Clin Nutr2000; 72:694-701

29. Coen PM, Goodpaster BH. Role of intramyocellugids in human health. Trends
Endocrinol Metat2012; 23:391-398

30. Donnelly KL, Smith CI, Schwarzenberg SJ, JessuruBoldt MD, Parks EJ. Sources
of fatty acids stored in liver and secreted viafipteins in patients with nonalcoholic fatty
liver disease. J Clin Inve2005; 115:1343-1351

31. Furukawa Y, Tamura Y, Takeno K, Funayama T, Kag&uttuki R, Watanabe T,
Kakehi S, Kanazawa A, Kawamori R, Watada H. Imghperipheral insulin sensitivity in
non-obese Japanese patients with type 2 diabetétumand fatty liver. J Diabetes Investig
2017; 9:529-535

32. Bril F, Barb D, Portillo-Sanchez P, Biernacki Dgrhonaco R, Suman A, Weber MH,
Budd JT, Lupi ME, Cusi K. Metabolic and histolodigaplications of intrahepatic
triglyceride content in nonalcoholic fatty liversdiase. Hepatology (Baltimore, N2Q17;
65:1132-1144

33. Meek SE, Nair KS, Jensen MD. Insulin regulatiomegfional free fatty acid
metabolism. DiabeteE999; 48:10-14

34. Mittelman SD, Van Citters GW, Kirkman EL, BergmBN. Extreme insulin
resistance of the central adipose depot in vivabBie2002; 51:755-761

35. Nielsen S, Guo Z, Johnson CM, Hensrud DD, JensBn$planchnic lipolysis in
human obesity. J Clin Inve2004; 113:1582-1588

13

6102 UoJBIN O UO Jasn AjisieAlun [edlpaj eweyes Ad $66862S5/06 1 20-81.0Z 0l/01.Z 1 01/10p/A0EIISqe-8]ol1e-00UBAPE/Wad(/W00"dno olwspese//:Sdiy Wol) papeojumoq



The Journal of Clinical Endocrinology & Metabolis@ppyright 2019 DOI: 10.1210/jc.2018-02190

36. Wiesenthal SR, Sandhu H, McCall RH, Tchipashviliv¥shii H, Polonsky K, Shi
ZQ, Lewis GF, Mari A, Giacca A. Free fatty acidspair hepatic insulin extraction in vivo.
Diabetesl999; 48:766-774

37. Hennes MM, Dua A, Kissebah AH. Effects of fredyatcids and glucose on
splanchnic insulin dynamics. Diabete897; 46:57-62

38. Dobbins RL, Chester MW, Stevenson BE, Daniels E&jn DT, McGarry JD. A
fatty acid- dependent step is critically importéortboth glucose- and non-glucose-stimulated
insulin secretion. J Clin Inve4®98; 101:2370-2376

39.  Yki-Jarvinen H, Taskinen MR. Interrelationshipsang insulin's antilipolytic and
glucoregulatory effects and plasma triglyceridesondiabetic and diabetic patients with
endogenous hypertriglyceridemia. Diabel688; 37:1271-1278

40. Rashid S, Uffelman KD, Lewis GF. The mechanisrhbiL lowering in
hypertriglyceridemic, insulin-resistant states.idld@tes Complication®002; 16:24-28

41. Finkelstein JW, Roffwarg HP, Boyar RM, Kream JJIpb@n L. Age-related change
in the twenty-four-hour spontaneous secretion ofwgin hormone. J Clin Endocrinol Metab
1972; 35:665-670

42. Lonngvist F, Nyberg B, Wahrenberg H, Arner P. Catdamine-induced lipolysis in
adipose tissue of the elderly. J Clin Inv#890; 85:1614-1621

43. Marcinko K, Sikkema SR, Samaan MC, Kemp BE, FtoleMD, Steinberg GR.
High intensity interval training improves liver aadipose tissue insulin sensitivity. Mol
Metab2015; 4:903-915

44, Otten J, Stomby A, Waling M, Isaksson A, SoderstipRyberg M, Svensson M,
Hauksson J, Olsson T. A heterogeneous responsgepfihd skeletal muscle fat to the
combination of a Paleolithic diet and exerciselese individuals with type 2 diabetes: a
randomised controlled trial. Diabetolodl@18; 61:1548-1559

Figure 1. Individual free fatty acid (FFA) levek)(and relative changes of FFA from
baseline (B) during euglycemic hyperinsulinemiagpestudy. Red line; subjects in low-FFA
suppression group, Blue line; subjects in high-Fefpression group.

Table 1. Clinical characteristics of the low- anghiFFA suppression groups.

T Low-FFA High-FFA
otal . f p value
suppression suppression
n 52 26 26
Age (years) 41.0 (36.0-45.8) 39.0 (33.8-41.3 42.5 (38.8-46.8) 0.003
BMI (kg/m?) 23.1+1.0 23.2+0.9 23.0£1.1 0.383
Systolic blood pressure (mmHQg) 118.4+7.0 117.4+6.8 119.3+7.3 0.349
Diastolic blood pressure (mmHg) 75.345.6 74.345.6 6.2%5.6 0.239
Fasting plasma glucose (mg/dL) 93.4+6.8 93.2+6.6 6981 0.810
Fasting serum insulinuy/mL) 4.942.0 6.1+1.8 3.8+1.5 <0.001
Fasting serum C-peptide (ng/mL) 1.23+0.38 1.4180.3 1.06+0.29 0.077
AUC-glucose during OGTT (mg/dimin-10%) 21.3+£27.8 22.4+25.8 20.2£25.7 0.003
AUC-insulin during OGTT (IU/mLmin-1C°) 6.41+3.30 8.01+3.24 4.81+2.52 <0.001
HOMA-IR 1.14+0.49 1.41+0.46 0.87+0.35 <0.001
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Matsuda index 6.9 (4.2-11.0) 4.7(3.6-6.7) 10.7(25t) <0.001
Free fatty acidyEq/L) 345.4+112.0 370.4+102.1 320.5+117.6 0.10
Triglyceride (mg/dL) 105.5+46.5 121.7+51.7 89.4434 0.011
High-density lipoprotein cholesterol (mg/dL) 58.@t3 54.2+12.0 63.1+13.6 0.015
HbAlc (%) 4.910.2 4.9+0.2 4.8+0.3 0.648
Aspartate aminotransferase (U/L) 19.0 (15.3-22]0) 9.0117.0-21.0) 20.0 (14.8-23.3) 0.308
Alanine aminotransferase (U/L) 19.0 (15.0-22.p)  51(46.5-22.5) 19.0 (13.8-22.3) 0.893
Percent body fat (%) 20.4+4.9 22.1+4.7 18.6+4.6 0.009
Abdominal visceral fat area (Gn 75.2+27.5 80.8+22.6 69.3+31.2 0.139
Abdominal subcutaneous fat area fgm 107.0+39.6 123.4+34.1 90.0+38.4 0.002
High molecular weight adiponectin (ng/mL) 1.78+1.18 1.74+0.88 1.83+1.44 0.786
C-reactive protein (ng/mL) 1864865_141)4'7' 2495'37(_153;8'2' 153.6 (84.0-427.2 0.328
Intramyocellular lipid in TA (S-fat/Cre) 3.241.9 531.6 2.842.1 0.249
Intramyocellular lipid in SOL (S-fat/Cre) 12.6+6.7 12.6+7.2 12.746.3 0.959
Intrahepatic lipid (%) 0.99 (0.05-2.04] 1.61 (06221) 0.33 (0.00-1.13) 0.023
VOspeal (Ml/kg per min) 35.7+7.1 33.746.5 37.747.1 0.045
Daily physical activity (METsh) 4.95+2.19 4.27+1.39 5.65+2.61 0.022

Data are meanzSD or median (interquartile range).

AUC, area under the curve; OGTT, oral glucose tolee test; HOMA-IR, homeostasis model assessment of

insulin resistance; TA, tibialis anterior muscl®IS soleus muscle; S-fat, methylene signal intgnsite,

creatine signal; V@.ax peak oxygen consumption.

Table 2. Euglycemic hyperinsulinemic clamping dattghe low- and high-FFA suppression

groups.
T Low-FFA High-FFA
otal ) f p value
suppression suppression

n 52 26 26
SS; at first step fU/mL) 19.0+3.8 21.3+2.9 17.4+2.5 <0.001
S at second steply/mL) 36.2+5.1 38.6+4.0 33.6+4.9 <0.001
MCRI (ml/min per n) 594.1 (561-663) 569.7 (535-592) 621.3 (578-709) 0.001
Basal EGP (mg/famin?) 80.36.4 78.25.2 82.4%6.9 0.008
Percent reduction of EGP at first step (%) 70.8%19. 73.7£16.0 67.9422.3 0.285
Percent reduction of EGP at second step (%) 82.285.4) 89.6 (83.0-94.3) 86.2 (80.2-96.p) 0.15
Percent reduction of EGP/St first step (%(U-ml™?) 3.7+1.0 3.5+0.7 4.0£1.3 0.105
Rd at first step (mg/kg FFM-mifh 4.5+1.3 4.4+1.2 4.6+1.3 0.624
Rd at second step (mg/kg FFM- mjn 8.6+2.0 7.942.0 9.4+1.8 0.013
Rd /SS, at second step (mg/kg FFM-miruU™. mL) 0.23 (0.19-0.30) 0.20 (0.16-0.26) 0.28 (0.233) <0.001
Percent FFA suppression at first step (%) 86.00(80.0) 82.0 (73.3-87.0) 89.0 (85.3-91.p) 0.006
Percent FFA suppression/insulin at first stepu®s- mL) 4.6+1.3 3.7+0.67 5.4+1.2 <0.001

Data are meanzSD or median (interquartile range).

SS, steady state serum insulin; MCRI, metabolic eeae rate for serum insulin; EGP, endogenous glucos

production; Rd, rate of disappearance; FFM, fat-freass.

Table 3. Results of single correlation analysisveen %FFA suppression/insulin and

metabolic parameters.

%FFA suppression/insulin
r P
Age 0.25 0.078
Fasting serum insulin -0.60 < 0.001
Fasting serum C-peptide -0.41 0.003
HOMA-IR -0.59 <0.001
OGTT-AUC Glucose -0.18 0.19
OGTT-AUC insulin -0.46 0.001
Free fatty acid -0.20 0.16
Triglyceride -0.31 0.028
Matsuda index 0.56 <0.001
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High-density lipoprotein cholesterol 0.41 0.002
Percent body fat -0.33 0.016
Abdominal visceral fat area -0.10 0.48
Abdominal subcutaneous fat area -0.29 0.039
Intramyocellular lipid in TA -0.14 0.34
Intramyocellular lipid in SOL 0.036 0.81
Intrahepatic lipid -0.34 0.020
VOzpeak 0.28 0.045
Daily physical activity 0.26 0.07
SS; at first step -0.61 <0.001
SS; at second step -0.47 0.001
MCRI 0.45 0.001
Basal EGP 0.23 0.100
Percent reduction of EGP/Sat first step 0.11 0.440
Rd at second step 0.41 0.003
Rd/SS at second step 0.58 <0.001
%FFA suppression at first step 0.50 <0.001

HOMA-IR, homeostasis model assessment of insuiistance; AUC, area under the curve; OGTT, oral

glucose tolerance test; TA, tibialis anterior mes@OL, soleus muscle; iR, peak oxygen consumption;

SS;, steady state serum insulin; MCRI, metabolic @deae rate for serum insulin; EGP, endogenous ghiucos

production; Rd, rate of disappearance.
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