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Low leg fat mass is associated

with low insulin sensitivity,
inflammatory markers, and B-cell
dysfunction in non-obese Japanese
people

Satomi Minato-Inokawal?, Mari Honda®*, Ayaka Tsuboi-Kaji>, Mika Takeuchi?,
Kaori Kitaoka®®, Miki Kuratal’, Bin Wu*8, Tsutomu Kazumi®“*%10>! & Keisuke Fukuo*7:°

We tested whether leg fat mass is associated with insulin sensitivity, metabolic syndrome components,
inflammatory markers, and impaired pancreatic B-cell function in a setting where body composition

is less related to socioeconomic status. Leg fat (relative to body fat) by DXA, surrogate measures of
insulin sensitivity and pancreatic B cell function inferred from serum insulin kinetics during a 75 g oral
glucose tolerance test (OGTT), metabolic syndrome components, and inflammatory markers, were
measured in middle-aged Japanese parents of university students, whose BMI averaged <23.0 kg/m?
and homeostasis model assessment insulin resistance (HOMA-IR) <1.5. Low leg fat was associated with
high HOMA-IR, adipose insulin resistance index (a product of fasting insulin and free fatty acid), OGTT-
derived hepatic insulin resistance, and low Matsuda index. In addition, low leg fat was associated with
a low disposition index (insulin resistance-adjusted insulin secretion) and high fasting and post-glucose
glycemia. Further, it was related to high triglycerides, blood pressure, liver enzymes, and low HDL
cholesterol. Finally, low leg fat was associated with high C-reactive protein and orosomucoid, acute
phase proteins, and high leucocyte counts. The present study suggests that the percentage leg fat
mass should be considered in assessing cardiometabolic risk stratification.

Keywords Leg fat, Insulin sensitivity, Metabolic syndrome, -cell function, Low-grade inflammation,
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Insulin resistance and impaired insulin secretion are hallmarks of type 2 diabetes. Obesity in general,
and abdominal (truncal) obesity in particular, is well-known to be associated with insulin resistance and
cardiometabolic diseases. In addition, a low amount of leg (gluteofemoral) fat mass is reported to be associated
with insulin resistance and cardiometabolic abnormalities”. We previously reported an inverse association of
leg fat with post-breakfast lipemia even in young women who are of normal weight and insulin-sensitive after
adjustment for trunk fat’. A recent Mendelian randomization study reported that the inability of subcutaneous
fat depots to store energy substrates efficiently could be the causal factor underlying the association of visceral
lipid deposition, lower leg (gluteofemoral) adipose tissue, with cardiometabolic health*. However, only a few
studies have investigated the associations of leg fat with pancreatic p cell function.
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It is recognized that chronic low-grade inflammation is an etiological link between obesity, insulin resistance,
and type 2 diabetes>®. It has been suggested that modified pro-inflammatory cytokine expression associated
with a greater volume of adipose tissue may be a mechanism for low-grade inflammation®’. In particular,
increased inflammatory cytokine production may be one of the determinants of the increased cardiometabolic
risk associated with visceral obesity®. However, only a few studies have investigated the associations of leg fat
with inflammatory markers, as described later.

Dual-energy X-ray absorptiometry (DXA) has been used to assess fat mass in the arms, legs, trunk, and total
body. We hypothesized that a lower ratio ofleg fat to total body fat (LF/BF ratio) is related to high cardiometabolic
risk, high markers of inflammation, and pancreatic B-cell dysfunction. Because there was an inverse association
between socioeconomic status and body composition among adults and children in countries with high-income
economies’, the present study was done on parents of female university students who were less heterogeneous
in socioeconomic status!?.

Methods

We examined, cross-sectionally, 144 middle-aged mothers and 58 fathers of female university students whose
details have been previously reported'®!>. We excluded those with clinically diagnosed acute or chronic
diseases, those on hormonal contraception, and those on a diet to lose weight from the study. The present study
was done between 2004 and 2007, and these individuals participated as volunteers as previously reported!.
This research followed the tenets of the Declaration of Helsinki. After the experimental procedure had been
explained, participants provided written informed consent. The study was approved by the Ethics Committees
of the Mukogawa Women’s University (No. 07-28 on Feb. 19, 2008).

After a 12-h overnight fast, they underwent blood sampling, measurement of anthropometric indices, blood
pressure, and body composition. Brachial blood pressure was measured using an automated sphygmomanometer
(BP-203RV II, Colin, Tokyo, Japan) after participants were seated for 5 min. The measurements were repeated
after 2-3 min, and the average of the measurements was used for analyses. Plasma glucose, serum aspartate
aminotransferase, and alanine aminotransferase (AST and ALT, respectively), gamma-glutamyl transferase
(GGT), insulin, triglycerides, cholesterol, high-density lipoprotein (HDL) cholesterol, apolipoproteins,
adipokines, and free fatty acid (FFA) were measured as previously reported'®-!3. Two acute phase proteins, high-
sensitivity C-reactive protein (hsCRP) and orosomucoid, and leukocytes, all of which have been reported to be
associated with an increased risk of type 2 diabetes and cardiovascular diseases', were also measured. Fasting
glucose > 100 mg/dL was defined as prediabetes', triglycerides > 150 mg/dL as hypertriglyceridemia’®, and a
serum ALT level =30 IU/L as elevated ALTY.

A standard 75 g oral glucose tolerance test (OGTT) was done with multiple post-load glucose and insulin
measurements over a 30-120-min period in 63 mothers and 58 fathers. Blood samples were taken at min 0
(fasting), 30, 60, and 120 for glucose and insulin analysis. Insulin resistance/sensitivity was determined by
homeostasis model assessment (HOMA-IR) using fasting plasma glucose and insulin levels!®, the adipose
tissue insulin resistance (AT-IR) index calculated as a product of fasting insulin and FFA'?, and the Matsuda
insulin sensitivity index using glucose and insulin levels during OGTT?. Glucose-induced insulin secretion was
evaluated by the insulinogenic index (IGI), which was calculated as incremental insulin concentrations (uU/mL)
divided by incremental glucose concentrations (mg/dL) during the first 30 min of OGTT?!. The oral disposition
index (ODI) was calculated as the product of the IGI and Matsuda index??. The area under the glucose and
insulin concentration curve during OGTT (AUCg and AUC;, respectively) was calculated using the trapezoidal
method.

Fat mass, lean mass, and total mass of the arms, legs, and trunk in kilograms were measured using whole-
body dual-energy X-ray absorptiometry (DXA) (Hologic QDR-2000, software version 7.20D, Waltham, MA)
as previously reported!”. The leg region included the entire hip, thigh, and legs. General adiposity was assessed
using height-adjusted and weight-adjusted body fat; fat mass index (FMI) and body fat (BF) percentage (%),
respectively. Leg fat (relative to BF, LF/BF%) and trunk fat (relative to BE, TF/BF%) were also calculated in each
participant. Because lean mass in the arms and legs represents skeletal muscle mass, the sum of the two was used
as the appendicular skeletal muscle mass (SM). The SM index (SMI) was calculated as SM in kilograms divided
by the squared height in meters.

Data were presented as mean + SD unless otherwise stated. Due to deviation from normal distribution, CRP,
IGI, and ODI were logarithmically transformed for analyses. Comparisons between the two groups were made
with a two-sample t-test. Since LE/BF% was higher in mothers than in fathers (Supplementary Tables 1 and 2),
firstly, the data of mothers and fathers, including cardiometabolic variables, were divided into the respective LF/
BF% tertile, and, secondly, they were combined for analyses (Table 2). Because of sex differences in body fat?3,
associations of LF/BF% with cardiometabolic variables were evaluated using Pearson’s correlation analyses in
mothers and fathers separately. Differences among the three groups were analyzed using variance analysis and
Bonferroni’s multiple comparison procedure. When an ANOVA p value was > 0.05, the p values were presented
in tables. When an ANOVA p<0.05, Bonferroni’s multiple comparison procedure results were presented. A two-
tailed p<0.05 was considered statistically significant. All calculations were performed with SPSS system 23 (SPSS
Inc, Chicago, IL).

Results

The middle-aged Japanese studied were, on average, not obese (Table 1) and had a mean HOMA-IR of 1.3 +
0.8. Although fathers had higher BMI and waist circumference, they had lower FMI and BF percentages than
mothers. As expected, fathers had lower serum leptin and adiponectin concentrations. They also had lower LF/
BF% and higher TF/BF%.
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Mothers | Fathers

n=144 |n=58 p values
Age (years) 49.8+3.6 | 51.8+4.8 | 0.001
BMI (kg/m2) 22.0£2.8 | 23.5+2.7 | <0.001
Waist circumference (cm) | 78.7+8.1 | 85.9+6.8 | <0.001
Arm fat (kg) 1.5+0.7 |1.1+£0.6 |0.001
Leg fat (kg) 54+17 |41+1.5 | <0.001
Trunk fat (kg) 88+34 [99+39 |0.048
Body fat (kg) 16.3+5.7 | 15.7+5.9 | 0.524
Arm/body fat (%) 9.0+£24 |69+1.5 | <0.001
Leg/body fat (%) 33.6+5.0 |26.4+4.3 | <0.001
Trunk/body fat (%) 53.3+5.0 | 62.7+4.4 | <0.001
Body fat % (%) 30.1+£7.3 | 22.8+6.2 | <0.001
SMI (kg/m2) 6.0+0.5 |7.7+0.8 | <0.001
FMI (kg/m2) 6.7+24 |55+2.0 |0.001
Leptin (ng/mL) 7.6+49 |[3.6+23 | <0.001
Adiponectin (ug/mL) 11.8+49 | 6.8+3.4 | <0.001

Table 1. Anthropometric characteristics and serum adipokines in mothers and fathers. Mean + SD. BMI body
mass index, FMI fat mass index, SMI skeletal muscle mass.

Low Medium | High *#
Age (years) 51.5+4.6 | 50.7+3.8 [49.2+3.2 | b
BMI (kg/m2) 23.5+2.7 | 23.1+2.8 | 20.7+2.2 | b,c
Waist circumference (cm) | 85.7+7.3 | 82.3+7.2 | 74.7+6.4 | ab,c
Arm fat (kg) 14+0.7 [1.6+0.7 |1.1+0.6 |bc
Leg fat (kg) 44+15 |56+19 |51+1.7 |ab
Trunk fat (kg) 10.8+3.6 [ 9.9+3.2 |6.7£2.6 |bc
Body fat (kg) 17.2+5.7 | 17.7+5.7 | 13.5+4.9 | b,c
Arm/body fat (%) 8.1+24 (8923 |82%24 |0.09
Leg/body fat (%) 25.3+2.7 | 31.3+£1.5 | 38.0+3.1 | a,b,c
Trunk/body fat (%) 62.8+3.9 | 55.9+2.6 | 49.3+3.3 | ab,c
Body fat % (%) 272+7.3 |31.0+7.6 | 26.0+7.5 | a,c
SMI (kg/m2) 70+11 |64+09 |60+0.6 |ab
FMI (kg/m2) 6.4+2.1 |7.1+25 |54+2.0 |bc
Leptin (ng/mL) 59+42 | 77452 |58+44 |c
Adiponectin (ug/mL) 7.8+43 [9.8%39 |13.6%£52 |abc

Table 2. Anthropometric characteristics and adipokines in parents with the low, medium, and high leg fat
to body fat percentage tertile. Mean + SD. n = 67 or 68. *: p<0.05 or less by Bonferroni’s multiple comparison
procedure. a: low vs. medium, b: low vs. high, c: medium vs. high. #: ANOVA p values. Abbreviations are the
same as in Table 1.

Since LF/BF% was higher in mothers than in fathers, the data were divided into respective LF/BF% tertile
(Supplementary Tables 1 and 2). The results of the two groups were combined to produce the LF/BF% tertile of
parents (Table 2). Although parents in the low compared to high tertile had higher BMI and FMI, body fat% %
and serum leptin did not differ. As LF/BF% increased, waist circumference decreased, and serum adiponectin
increased in a stepwise fashion. SMI was elevated in those with low LF/BF%.

Glucose concentrations at four time points and hence AUCg were higher in the low compared to the high
LF/BF% tertile (Fig. 1). Although IGI did not differ, HOMA-IR and AT-IR were higher. Matsuda index was
lower (Table 3), and log ODI (Fig. 1) was lower in the low tertile. Parents with low LF/BF% had higher serum
liver enzymes, TG, apolipoprotein B, and blood pressure. The prevalence of prediabetes, hypertriglyceridemia,
elevated blood pressure, and elevated ALT was also higher (Fig. 2). Although HbAIc levels did not differ,
prediabetes defined by HbAlc of 5.7 % or greater'” increased from the high to low LF/BF% (from 14.7, through
20.9t0 37.3 %, p=0.007). Although they had lower HDL cholesterol and apolipoprotein A1, their HDL cholesterol
concentrations averaged 62 mg/dL (Table 3). The prevalence of low HDL cholesterol'® was low in the total
population (4.8 %) and did not differ among the three groups (data not shown). Serum orosomucoid, log CRP,
and leukocyte counts decreased from the low through medium to high LE/BF% tertile (Fig. 3).
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Fig. 1. Left column (mean+ SD): area under the glucose concentration curve (AUCg) and log oral disposition
index (ODI). Means not sharing common alphabetical letters are significantly different from each other at

P <0.05 or less by Bonferroni’s multiple comparison procedure. Right column (mean + SE): Glucose response
curves during 75-g oral glucose tolerance testing. The data of mothers and fathers were divided into respective
leg fat relative to the body fat percentage tertile and then combined for analyses. Red, yellow, and green
symbols indicate the low, medium, and high groups, respectively. #: p <0.05 or less versus the low group.

In a multivariable linear regression analysis, Matsuda index (standardized p: —0.314, p=0.001) and LF/BF%
(standardized f: 0.204, p=0.02) emerged as determinants of log IGI independently of age and sex and explained
8 % of its variability.

Table 4 shows Pearson’s correlation coefficient (r) of LF/BF% with cardiometabolic variables in parents,
mothers, and fathers. The majority of associations were significant in parents. However, almost all the
correlations became stronger in women but became insignificant in men. The association with the Matsuda
index was particularly the strongest (r=0.648) in mothers as previously reported!?, suggesting that the whole-
body insulin sensitivity may be associated with leg fat mass in nonobese Japanese women. However, there was
no association with log IGI.

In a multivariable linear regression analysis, LF/BF% (standardized {: 0.359) and age (standardized B: 0.293,
both p<0.001) emerged as determinants of the Matsuda index independently of TF/BF% and sex and explained
6 % of its variability. A multivariable linear regression analysis for LF/BF% as the dependent variable revealed
that age (standardized B: 0.459), sex (standardized f: 0.396), and the Matsuda index (standardized B: 0.293, all
p<0.001) were determinants of LF/BF% independently of log IGI and explained 61.7% of its variability.

Discussion

The present study confirmed associations of low leg fat (relative to body fat) with low insulin sensitivity and
metabolic syndrome components as previously reported**-%’. In addition, low leg fat was associated with
pancreatic f-cell dysfunction (alow OD], a predictor of future development of diabetes above and beyond fasting
and 2-h glucose levels)??, high glucose excursion (AUCg), and a high prevalence of HbAlc-defined prediabetes.
Further, there was a direct positive association between insulin secretion (log IGI) and leg fat. Finally, low-grade
inflammation (elevated CRP, orosomucoid, and leukocyte count) was found in middle-aged Japanese with low
leg fat, possibly associated with lipodystrophy-like phenotypes!. It is to be noted that these observations were
found in middle-aged Japanese whose BMI averaged <25 kg/m? and HOMA-IR<1.5. In other words, a higher
amount of leg fat in Japanese women might be related to better insulin sensitivity. However, this relationship may
be less applicable to men.

We and others reported that decreased leg fat was associated with higher 2-h postload glucose
However, little is known about the direct relationship between leg fat mass and pancreatic p-cell function. Stefan
etal.! reported insulin secretion failure in middle-aged Caucasians with metabolically unhealthy normal weight,
characterized by low leg fat. The current study may be the first to demonstrate pancreatic B-cell dysfunction

12,28-30
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Low Medium | High
n=67 n=67 n=68

OGTT n=48 n=39 n=34 X #
Fasting insulin (nU/mL) | 6.5+3.9 |58+2.4 |42+21 b,c
2-h insulin (WU/mL) 47 £42 42+26 25+10 b
HbAlc (%) 55+04 |[55+0.5 |54%03 0.07
HOMA-IR 1.5£1.0 |1.3+£0.7 |0.9%0.5 b,c
1GI 1.0£2.2 1.1£1.6 1.1+1.2 0.89
ODI 6.2+14.2 | 89+13.8 | 12.2+129 | 0.14
Matsuda index 79+56 |82+42 |12.4+48 |bc
AT-IR 40+42 |34+18 |25%15 b
AST (IU/L) 25+19 205 20+4 ab
ALT (IU/L) 29+27 20+8 166 ab
GGT (IU/L) 49160 27+25 17+8 a,b
TG (mg/dL) 1394144 | 94441 | 69£29 ab
HDL-C (mg/dL) 62+15 72+17 82+16 ab,c
ApoA1l (mg/dL) 162+22 | 173+25 | 18121 a,b
ApoB (mg/dL) 98+20 99+21 85+17 b,c
CRP (pg/dL) 27+65 19+41 18+68 0.62
WBC (x103/IL) 6.0£19 |56+16 |50£15 b
SBP (mmHg) 132+£19 | 127+19 117+11 b,c
DBP (mmHg) 82413 | 78+13 |71%9 b,

Table 3. Cardiometabolic characteristics in parents with the low, medium, and high leg fat to body fat
percentage tertile. Mean + SD. *: p<0.05 or less by Bonferroni’s multiple comparison procedure. a: low vs.
medium, b: low vs. high, ¢: medium vs. high. #: ANOVA p values. HOMA-IR homeostasis model assessment,
IGI insulinogenic index, ODI oral disposition index, AT-IR adipose tissue insulin resistance, AST and ALT
aspartate and alanine aminotransferase, GGT gamma-glutamyl transferase, TG triglyceride, HDL-C high-
density lipoprotein-cholesterol, ApoA1 and ApoB apolipoprotein Al and B, respectively, CRP C-reactive
protein, WBC white blood cells, SBP and DBP systolic and diastolic blood pressure, respectively.

in middle-aged Japanese with low leg fat. We have reported an inverse association of AT-IR with B-cell
dysfunction®!. Because middle-aged Japanese with low leg fat had high AT-IR, a product of fasting insulin and
FFAY, lipotoxicity to pancreatic -cells may explain the association®2. Chronic systemic low-grade inflammation
may be another likely explanation, as discussed later.

Pancreatic B-cell dysfunction in non-obese Japanese with low leg fat may be consistent with the recent
observation that p-cell dysfunction and lipodystrophy could be the driving pathological pathways in type 2
diabetes in Chinese individuals with normal weight*. Smith et al.** found that the East Asian population has a
higher proportion of polygenic risk related to lipodystrophy.

Mendelian randomization studies supported a causal relation between higher BMI and acute phase proteins
(CRP and orosomucoid)*~¥. In addition to general obesity, studies demonstrated a positive association
of abdominal obesity with inflammatory biomarkers®*. However, studies on the association of leg fat with
inflammatory biomarkers were limited. We found one study that showed a negative association of leg fat with
CRP*. Nonobese Japanese people with low leg fat had high inflammatory biomarkers, CRP, orosomucoid,
and leukocyte counts, all of which had been reported to be risk factors for type 2 diabetes and cardiovascular
disease!?.

The strength of this study includes a homogeneous study population with scarce confounding factors less
related to socioeconomic status and accurate and reliable measures of body composition by DXA. Several
limitations of this study include a relatively small sample size and a single measurement of biochemical variables.
We used many surrogates in the present study, which may be less accurate. Statistical power was not calculated.
Finally, as we studied middle-aged Japanese, results may not be generalized to other ages, sex, races, or ethnicities.

In conclusion, impaired pancreatic f-cell function found in nonobese Japanese with low leg fat whose
HOMA-IR averaged 1.3 may explain why type 2 diabetes develops at a much lower BMI and predominates
insulin secretion failure in Japanese people. The present study suggests that the percentage leg fat mass should be
considered in assessing cardiometabolic risk stratification.
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Fig. 2. The prevalence of hypertriglyceridemia, prediabetes defined as fasting glucose > 100 mg/dL, elevated
blood pressure, and elevated alanine aminotransferase (ALT =30 IU/L) in parents with low (in red), medium
(in yellow), and high (in green) leg fat relative to body fat percentage tertile.
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Fig. 3. Serum orosomucoid, log C-reactive protein (CRP), and white blood cell (WBC) counts in parents with
low (in red), medium (in yellow), and high (in green) leg fat relative to body fat percentage tertile. Mean + SD.
Means not sharing common alphabetical letters are significantly different from each other at p <0.05 or less by
Bonferroni’s multiple comparison procedure.
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Parents Mothers Fathers

n=202 n=144 n=58
OGTT n=121 n=63 n=>58

r p values | r pvalues | r p values
Fasting glucose -0.303 | 0.000 -0.231 | 0.005 -0.175 | 0.190
30— min glucose -0.284 | 0.002 -0.283 | 0.025 —-0.154 | 0.249
1-h glucose -0.366 | 0.000 -0.329 | 0.008 -0.162 | 0.225
2-h glucose —-0.290 | 0.001 —-0.247 | 0.051 -0.222 | 0.095
Fasting insulin -0.269 | 0.000 -0.336 | 0.000 —-0.231 | 0.081
2-h insulin -0.303 | 0.001 —-0.444 | 0.000 —-0.226 | 0.088
HOMA -1R -0.314 | 0.000 -0.360 | 0.000 —0.245 | 0.064
Matsuda index 0.345 0.000 0.648 0.000 0.215 0.104
AT-1R -0.232 | 0.001 -0.271 | 0.001 -0.310 | 0.018
AUCg -0.365 | 0.000 -0.336 | 0.007 —-0.197 |0.138
AUCi —-0.241 | 0.008 —-0.421 | 0.001 —-0.181 | 0.174
log IGI 0.095 0.299 0.006 0.963 —-0.033 | 0.808
log DI 0.321 0.000 0.353 0.005 0.116 0.385
AST —-0.188 | 0.007 —-0.164 | 0.050 -0.215 | 0.106
ALT -0.312 | 0.000 -0.271 | 0.001 —-0.246 | 0.063
GGT -0.351 | 0.000 -0.172 | 0.039 -0.278 | 0.035
Triglyceride -0.398 | 0.000 —-0.284 | 0.001 -0.424 | 0.001
HDL cholesterol 0.470 0.000 0.251 0.002 0.313 0.017
Apolipoprotein Al | 0.339 0.000 0.166 0.047 0.101 0.451
Apolipoprotein B -0.290 | 0.000 -0.333 | 0.000 —0.142 | 0.288
Systolic BP -0.373 | 0.000 -0.245 | 0.003 -0.249 | 0.059
Diastolic BP —-0.403 | 0.000 -0.232 | 0.005 -0.163 | 0.221
Leptin —-0.009 | 0.904 -0.316 | 0.000 -0.202 |0.128
Adiponectin 0.524 0.000 0.365 0.000 0.358 0.006
log CRP -0.270 | 0.000 -0.132 | 0.116 -0.178 | 0.181
WBC —-0.246 | 0.000 -0.189 | 0.023 -0.156 | 0.241
Orosomucoid -0.359 | 0.000 -0.303 | 0.016 -0.187 | 0.160

Table 4. Correlation coefficients (r) of leg fat/body fat percentage with cardiometabolic variables in parents,
mothers, and fathers. AUCg and AUCi: the area under the concentration curve of glucose and insulin,
respectively. Other abbreviations are the same as in Table 3. Figures in bold indicate statistically significant
associations.

Data availability

The datasets used and/or analyzed during the current study are available from the corresponding author upon

reasonable request.
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