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BoEY 7T EEIZOngg THY, ThEEEY
TFVEREL LHE, F40XHCnEx) 77
VIBEORDE) T UHESEIKE L TELT 572
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Summary The prevention of obesity, which leads to diabetes and other diseases, is a
major concern for public health. There might be an optimal dietary fat to carbohydrate ratio
for prevention and treatment of obesity. According to the Japanese Dietary Reference
Intakes (RDA) for 2010, the optimal fat intake is 20-30% of energy for ages 1-29 y and 20~
25% for ages 30y and over. Upper boundary values of this recommendation were the
median of the percentage of energy from dietary fat in Japanese. In a systematic review to
estimate the optimal dietary fat to carbohydrate ratio, it was found that obese subjects with
hyperinsulinemia (or insulin resistance) lost more weight on a mild low-carbohydrate (LC)
(or low-glycemic load diet; 40% carbohydrate, 30-35% fat) than on a low-fat (LF) diet (55—
60% carbohydrate, 20% fat), whereas those without hyperinsulinemia showed the opposite.
In non-obese primarily insulin-sensitive subjects, decreasing fat rather than carbohydrate
intake is generally more effective to prevent obesity. Physiological and molecular evidence
supports this conclusion. Increased carbohydrate intake, especially in high-glycemic food,
leads to postprandial hyperglycemia and hyperinsulinemia, which are exaggerated in obese
insulin-resistant subjects. Even in an insulin-resistant state, insulin is able to stimulate fatty
acid synthesis in liver, activate lipoprotein lipase, and prevent lipolysis in adipose tissues,
which all facilitate adipose tissue enlargement. Optimal dietary fat to carbohydrate ratio
may differ in populations depending on their prevalence for obesity. Because the prevalence
of overweight/obesity in Japanese is low, a LF diet is recommended in the general popula-

tion.

Key Words low-carbohydrate diet, low-fat diet, RDA, insulin resistance, obesity

Obesity in the United States and in much of the west-
ernized world has increased dramatically over the past
several decades: 64.5% of adults in the United States are
overweight (body mass index [BMI]=25kg/m? and
<30kg/m?) or obese (BMI=30kg/m?) (I1). Over
weight/obesity (BMI=25 kg/m?) was the most impor-
tant predictor of diabetes. In the Nurses' Health Study,
during 16 y of follow-up, 3,300 new cases of type 2 dia-
betes were observed in the baseline population of
84,941 female nurses. The relative risk of diabetes was
38.8 for women with a BMI of 35.0 kg/m? or higher,
20.1 for women with BMI of 30.0 to 34.5 kg/m?, and
7.59 for women with BMI of 25.0 to 29.9 kg/m?, as
compared with women who had a BMI of less than
23.0kg/m? (2).

In Japan, the prevalence of overweight/obesity
(BMI=25 kg/m?) in adults is very low compared with
the United States: 30.4% in men and 20.2% in women
in 2007, according to Japanese cross-sectional nation-
wide surveys (3). However, a strong positive association
between baseline BMI and the incidence of diabetes in
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the follow-up period was observed similar to that in the
United States. In a Japanese cohort of healthy men
(n=16,829) and women (n=8,370) foliowed for 7.4 y,
new cases of diabetes were documented in 869 men
and 224 women (4). The relative risk of diabetes was
5.55 for men with a BMI of 25.2 to 26.3, compared
with men who had a BMI of 15.0 te 19.7, and the rela-
tive risk of diabetes was 5.70 for women with a BMI of
24.4 to 25.9, compared with women who had a BMI of
14.9 to 19.1. Therefore, in Japan also, the prevention of
overweight/obese subjects is a major public issue.

The role of dietary fat and carbohydrate in the obesity
epidemic has been a hotly debated topic for decades and
remains unresolved. To reduce the incidence of obesity
in general populations, public statements on optimal
ratios of dietary fat to carbohydrate have been issued.
Health organizations have recommended diets that are
low in total and saturated fat and high in carbohydrates
obtained from vegetables, fruits, and whole grains or
fiber-rich foods (5-7). Dietary guidelines for Americans
published in 2005 emphasized the importance of the
amount of energy consumed rather than the propor-
tions of protein, fat, and carbohydrate in the diet, pro-
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vided that the macronutrients are within the AMDR,
the acceptable macronutrient distribution range: 10—
35% of energy from protein, 45-65% from carbohy-
drate, and 20-35% from fat (8). Dietary reference
intakes for Japanese issued by the Ministry of Health,
Labour, and Welfare in 2010 indicated that optimal fat
intake is 20-30% for ages 1-29 y and 20-25% for ages
30y and over. Upper boundary values of this recom-
mendation were a median of the percentage of energy
from dietary fat in Japanese, a recommendation that
most Japanese are able to follow.

The present review was conducted to determine the
optimal dietary fat to carbohydrate ratio to prevent obe-
sity in the Japanese population. As a result, it was sug-
gested that a mild low-carbohydrate (LC) diet was effec-
tive in reducing body weight in obese subjects with
hyperinsulinemia (or insulin resistance), whereas a
low-fat (LF) diet favored prevention of obesity in non-
obese subjects or treatment of obese subjects without
hyperinsulinemia, In addition, to elucidate the molecu-
lar mechanisms of obesity in response to a carbohy-
drate-rich diet, several aspects of insulin actions,
namely lipogenesis in the liver, activation of lipoprotein
lipase (LPL), and lipolysis under insulin-resistance state
were also reviewed.

Methods of Review and Definitions

Selection of publications of epidemiological studies. For
epidemiological studies, key words “(Diet, Fat-Restricted
[MESH]) AND (dietary OR intake OR consumption)
AND ((randomized controlled trial [PTYP] OR random
[WORD]) OR (cohort studies [MESH] OR risk [MESH)]
OR (odds [WORD] AND ratio [WORD]) OR (relative
[WORD] AND risk [WORD]) OR case control [WORD]
OR case-control studies [MESH]))” with a limitation of
“humans” were used in PubMed to select all publica-
tions through June 1, 2011 (n=1,004), initially to
review the effects of dietary fat on mortality and mobil-
ity reported therein. From these publications, those
related to changes in body weight were selected and
reviewed. Other important topics, such as the effects of
dietary fat subtypes, i.e., saturated, mono-unsaturated,
n-6, and n-3 fatty acids, on obesity, are not discussed in
this review. Because several reviews and meta-analyses

have been published since the original search date, pub-

lications that appeared after this date are presented in
this study with comments relating their findings to
those of the previous reviews and meta-analyses. To

show a visual representation of the results of the review,

findings from representative publications are presented
here in figures.

Current body weight is the result of the accumulated
daily balance of energy intake and expenditure over
previous days. Therefore, the causes of obesity are mul-
tifactorial, including such factors as physical activity
level, energy intake, and food availability. It is difficult to
assess these factors, and there are strong limitations to
examining the effects of dietary macronutrients on obe-
sity in cross-sectional and prospective studies (con-
founding factors may not be measured adequately). For
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this reason, carefully conducted intervention studies in
which dietary fat to carbohydrate ratios were changed
were mostly selected for this review.

Selection of publications of physiological and molecular
studies. Tn a review of the mechanism of lipogenic
action of insulin (covered later in this review), key
words “insulin AND obesity AND ((lipogenesis AND
liver) OR LPL OR (lipolysis and adipose tissues))” were
used initially in PubMed to select appropriate publi-
cations, including reviews. Additional publications,
which were necessary to describe the effects of insulin
in an insulin-resistance state, were included from cita-
tions obtained from review articles and personal refer-
ence lists.

Definitions of LF and LC diets. The term LF diet is
used relative to that of a high-fat diet in the literature;
therefore, the absohite amounts of fat were diverse. In
general, a high-fat diet means fat intake provides more
than 30% of energy and a LF diet means less than 30%.
The LC diet has been used in two different types of diet:
a very LC diet (ketogenic diet) and a mild LC diet (low-
glycemic load diet). Glycemic load is the mathematical
product of glycemic index and carbohydrate amount. In
the ketogenic diet, carbohydrate intake is less than
40 g/d (9), whereas in the low-glycemic load diet, the
total amount of carbohydrate is decreased by 10-20%
of energy, and foods containing carbohydrate with
lower glycemic index were used. In Japanese, median
intake of energy in adults was 1,856kcal/d, and
median intakes of carbohydrate, fat, and protein were
258 g/d (56% of energy), 51 g/d (24.8%), and 68 g/d
(15%), respectively, according to The National Health
and Nutrition Survey in Japan, 2007 {3). In this review,
these two types of LC diets are reviewed separately.

Results and Discussion
A LF diet prevents obesity in general populations

In a meta-analysis of general populations under free-
living conditions, weight loss was positively and inde-
pendently associated with a reduction in the percentage
of energy as fat (0.37 kg/%, p<0.005) (10). Another
meta-analysis of intervention studies also supports this
conclusion (11). For every 1% decrease in energy from
fat, there was a 0.28-kg decrease in body weight.

A large randomized intervention trial including
48,835 post-menopausal women in the United States
(The Women’s Health Initiative Dietary Modification
Trial) also supports a LF diet for the prevention of obe-
sity (12). This intervention included group and individ-
ual sessions to promote a decrease in fat intake and did
not include weight loss or energy restriction goals.
Energy from fat was decreased from 38.8% to 29.8% in
the intervention group, whereas there was no alter-
ation of fat intake in the control group (from 38.8% to
38.1%). Concomitantly, energy from carbohydrate was
increased from 44.5% to 52.7% in the intervention
group, whereas there was no alteration of carbohydrate
intake in the control group (from 44.5% to 44.7%).
Women in the intervention group lost weight in the first
year and maintained a lower weight than the control
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Pig. 1. Differences in body weight by body mass index (BMI) at screening in response to a low-fat (LF) diet. A large ran-
domized intervention trial including 48,835 post-mencpausal women during an average 7.5 y of follow-up supports a LF
diet (energy from fat decreased from 38.8% to 29.8%) but not energy intake for the prevention of obesity. Women in the
intervention groups lost weight in the first year and maintained lower weight than did women in the control groups. No
tendency toward weight gain was observed in the intervention groups, whereas body weights in the control groups grad-
ually increased. Error bars indicate 95% confidence intervals. Patient numbers at baseline for the intervention and control
groups by BMI: BMI <25 kg/m?, 5,072 and 7,585; BMI 25-29.9 kg/m?, 6,940 and 10,446; and BMI=30 kg/m?, 7,442

and 11,126, respectively. Reproduced with permission (12).

women over an average 7.5y of follow-up (Fig. 1). No
tendency toward weight gain was observed in the inter-
vention group, whereas body weights in the control
group gradually increased. In both groups, weight loss
was greatest among women who decreased their per-
centage of energy from fat. Weight loss in response to
fat reduction was also slightly greater in subjects with a
baseline BMI of <25 kg/m?.

Several mechanisms for body fat increase in response
to a high-fat intake have been proposed (13, 14). Fat is
the most energy-dense of the macronutrients and is pal-
atable. Fat produces less of a thermogenic effect than
does carbohydrate (15, 16), and fat intake is not regu-
lated, whereas carbohydrate intake is regulated for
combustion of carbohydrate substrates (17). A prompt
increase in glucose oxidation occurs after ingestion of
carbohydrate-containing meals, whereas fat oxidation
is reduced after food consumption, even when meals
provide substantial amounts of fat (18). These findings
indicate that when energy intake is not intentionally
resiricted, a LF diet prevents body weight increase in the
general population.

A very LC diet (ketogenic diet) decreases body weight in
obese subjects

Intervention studies to compare the efficacy of LF and
very LC diets to reduce body weight in obese subjects
have been conducted and summarized in several meta-
analyses (19-22). All analyses revealed that a very LC
diet is more effective than a LF diet in reducing body
weight in obese subjects. In a recent meta-analysis per-
formed by Hession et al., studies comparing the weight
loss effects of a very LC diet (less than 60 g/d carbohy-
drate without intentional energy restriction) against a
LF diet with energy restriction (less than 30% fat with
600 kcal/d energy restriction) of more than 6 mo were
included (21). Among 9 studies analyzed (n=690 in
total), 6 studies (23-28) showed greater reduction in
body weight by LC diet than by LF diet, whereas 3 stud-
ies (29—31) reported no differences between LC and LF
diets in the decrease of body weight when measured at
6 mo of intervention.

However, several adverse effects were observed in a
very LC diet. A meta-analysis showed an increase in
LDL cholesterol (22). Increased blood ketone produc-
tions showed unfavorable effects, such as hyperurice-
mia and orthostatic hypotension (32). Recently, even
under energy restricted conditions, it was reported that
a very LC diet (60% fat/5% carbohydrate) for 6 wk (33)
or a very LC diet (60% fat/4% carbohydrate) for 1 y (34)
reduced endothelium-dependent flow-mediated dilation
of brachial arteries. A relatively very LC diet (60% fat/
20% carbohydrate) worsened the aortic augmentation
index (35). These adverse effects might be mediated by
a large amount of dietary fat. Therefore, a very LC diet
was not recommended in the general population.
Mixed evidence that a mild LC diet (low-glycemic diet)
decreases body weight in obese subjects

In a Cochrane review, a low-glycemic-index or low-
glycemic load diet was compared with a high-glycemic-
index or high-glycemic-load diet on different indices of
body fat in 6 studies (36). Pooled data from 4 studies
(37-40) showed that weight loss was significantly
greater in participants (n=163 in total) receiving the
low-glycemic diet (—1.1kg of difference, p<0.05).
Other studies reported a favorable percent change in
body mass (41) or a favorable change in BMI on a low-
glycemic diet (39, 42).

However, two recent intervention studies suggested
that reduced-calorie diets resulted in meaningful
weight loss, regardless of macronutrient balance. In one
study, a total of 34 healthy overweight adults ate a
high-glycemic load diet (20% fat, 20% protein, and
60% carbohydrate) or a low-glycemic load diet (30%
fat, 30% protein, and 40% carbohydrate) under 30%
energy-restricted conditions (4¢3). There was no signifi-
cant change in body weight between the two groups:
percentage weight change at 12 mo was —8.04+4.1%
in the high-glycemic load diet group and —7.81+5.0%
in the low-glycemic load diet group. In the other study,
a total of 811 overweight adults (BMI>25 kg/m?} ate
one of four diets for 2y (44). The targeted percentages
of energy derived from fat, protein, and carbohydrate in
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Fig. 2. Changes in body weight in insulin-sensitive and -resistant obese subjects. Obese nondiabetic insulin-sensitive (insu-
lin concentration =57.5 xU/ml at 30 min after 75-g dose of oral glucose, n=28) and obese nondiabetic insulin-resistant
(insulin concentration >57.5 pU/mL at 30 min after 75-g dose of oral glucose, n=28) young adults were randomized to
either a low-fat diet (55% carbohydrate of energy, 20% fat, and 25% protein} or a low-glycemic load diet {or a low-carbo-
hydrate diet; 40% carbohydrate, 35% fat, and 25% protein) for a 6-mo intervention and a 12-mo follow-up period. In the
insulin-resistant groups, a low-glycemic load diet produced a greater decrease in weight than did the low-fat diet at 18 mo.

Reproduced with permission (47).

the four diets were 20%, 15%, and 65% (LF/low protein
[LP] diet); 20%, 25%, and 55% (LF/high protein [HP]
diet); 40%, 15%, and 45% (LC/LP diet); and 40%, 25%,
and 35% (LC/HP diet). At 2y, weight loss remained
similar in those who were assigned to a diet with 15%
or 25% protein (3.0 and 3.6 kg, respectively), in those
assigned to a diet with 20% fat or 40% fat (3.3 kg for
both groups), and in those assigned to a diet with 65%
carbohydrate or 35% carbohydrate (2.9 and 3.4 kg,
respectively). There were no differences in reduction of
body weights between groups when measured at 6, 12,
and 18 mo. When considering the results of recent
intervention studies, it is not conclusive that a mild LC
diet is preferable for obese subjects.

A mild LC diet preferentially reduces body weights in obese
subjects with hyperinsulinemia (insulin resistance)

The studies described above comprised mixed popula-
tions of insulin-sensitive and insulin-resistant obese
subjects. However, when only the publications that sep-
arately examine the effects of LF and mild LC diets on
body weight decrease in insulin-sensitive and insulin-
resistant subjects were selected, a clear picture ap-
peared. In obese subjects with hyperinsulinemia and
insulin resistance, a mild LC diet was more likely than
was a LF diet to reduce body weight under energy-
restricted conditions (45-47).

In the first intervention study, obese nondiabetic
insulin-sensitive (fasting insulin <10 pU/mL, n=12)
and obese nondiabetic insulin-resistant (fasting insulin
>15 pU/mL, n=9) women were randomized to either a
LF diet (60% carbohydrate, 20% fat, and 20% protein)
or a mild LC diet (40% carbohydrate, 40% fat, and 20%
protein) for 16 wk under a 400-kcal energy deficit/d
(45). A marked difference was observed in body weight
reduction. Insulin-sensitive women on the LF diet lost
13.5+1.2% (n=6) of their initial body weight, whereas
those on the mild LC diet lost 6.8+1.2% (n=6). In con-
trast, among the insulin-resistant women, those on the
mild LC diet lost 13.4+1.3% (n=5) of their initial body

weight as compared with 8.5+1.4% (n=4) lost by
those on the LF diet. Differences in resting metabolic
rate, physical activity, or energy intake between the two
dietary groups were not observed (45).

In the second intervention study, obese (BMI 25—
29.9 kg/m?) insulin-sensitive (insulin concentration
=66 pU/mL at 30 min after 75-g dose of oral glucose,
n=16) and obese nondiabetic insulin-resistant (insulin
concentration >66 pU/mL at 30 min after 75-g dose of
oral glucose, n=16) adults were randomized to either a
LF diet (or high-glycemic diet; 60% carbohydrate, 20%
fat, and 20% protein) or a mild LC diet (or low-glycemic
diet; 40% carbohydrate, 30% fat, and 30% protein) for
6 mo at 30% calorie restriction compared to baseline
individual energy needs (46). In the insulin-resistant
groups, the mild LC diet produced a greater decrease in
weight (—10.2 vs —6.2 kg) than did the LF diet at 6 mo.
There were no significant differences in weight decrease
between the mild LC and LF diets in the insulin-sensitive
groups.

In the third intervention study, obese nondiabetic
insulin-sensitive (insulin concentration =57.5 pU/mL
at 30 min after 75-g dose of oral glucose, n=28) and
obese nondiabetic insulin-resistant (insulin concentra-
tion >57.5 uU/mL at 30 min after 75-g dose of oral
glucose, n=28) young adults were randomized to either
a LF diet (or high-glycemic diet; 55% carbohydrate,
20% fat, and 25% protein) or a mild LC diet (or low-gly-
cemic diet; 40% carbohydrate, 35% fat, and 25% pro-
tein) for a 6-mo intervention and 12-mo follow-up per-
iod (47). Although both the mild LF- and LC-diet groups
decreased energy intake stmilarly by 400 kcal/d, effects
of LP and LC diets on body weight reduction were mark-
edly different, between the insulin-sensitive and -resis-
tant groups. In the insulin-resistant groups, the mild LC
diet produced a greater decrease in weight (—5.8 vs
—1.2kg) and body fat percentage {—2.6 vs —0.9%)
than did the LF diet at 18 mo (Fig. 2). There were no
significant differences in decreases in weight and body
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Fig. 3. Prevalence rates of insulin resistance, hyperin-
sulinemia, and insulin hypersecretion (all defined as the
top decile of the respective distributions in lean sub-
jects) as a function of the body mass index (BMI). Black
bars, hyperinsulinemia; light gray bars, insulin resis-
tance; dark gray bars, hypersecretion. Reproduced with
permission (51).

fat between the mild LC and LF diets for any subjects or
in the insulin-sensitive group.

Metabolic syndrome is closely associated with hyper-
insulinemia (48). A recent study examining the effects
of LF and mild LC diets in subjects with and without
metabolic syndrome under 500-kcal/d energy deficit
conditions indicated that a LF diet is preferable in insu-
lin-sensitive obese subjects (49). In this study, 202
obese subjects were randomized to either a LF diet (55—
60% carbohydrate, less than 30% fat, and 15% protein)
or a mild LC diet (or low-glycemic diet; 30-35% carbo-
hydrate, 35-40% fat, and 25-30% protein) for a 12-mo
follow-up period. In the subjects with metabolic syn-
drome, both the mild LC and LF diets were equally effec-
tive in reducing waist circumference, whereas in sub-
jects without metabolic syndrome, the LF diet was
preferable to that of the mild LC diet: the change in
waist circumference was —7.8%7.1 ¢cm in the LF diet
group versus —3.8=5.0 cm in the mild LC diet group.

Thus, these four studies suggest that a mild LC diet
preferentially reduces body weight in obese subjects
with hyperinsulinemia (insulin resistance), whereas a
LF diet preferentially reduces body weight in obese sub-
jects without hyperinsulinemia.

Physiological aspects of a mild LC diet making it preferable
in obese, insulin-resistant subjects to reduce body fat

It is known that not all obese subjects show insulin
resistance (50, 51). In a European study of insulin resis-
tance in the obese, hyperinsulinemia, insulin resis-
tance, and isulin hypersecretion were found to
increase linearly with an increase in BMI (Fig. 3) (51).
In this study, hyperinsulinemia was defined as the
upper 10% of fasting plasma insulin concentrations in
the lean groups. Insulin resistance was defined as the
bottom 10% of glucose disposal estimated by euglyce-
mic insulin clamp technique in the lean groups, and
insulin hypersecretion was defined as the upper 10% of
the distribution of posthepatic insulin delivery rate.
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According to these criteria, roughly one-half of the
obese subjects (BMI>30 kg/m?) were insulin resistant.
The frequency of insulin resistance was 20% in subjects
with a BMI of 25-30kg/m?, 34% in subjects with a
BMI of 30-35 kg/m?, and 60% in subjects with a BMI of
>35kg/m?, relative to 10% in subjects with a BMI of
25 kg/m? (51). Similar trends were observed in regard
to hyperinsulinemia and insulin hypersecretion.

Insulin resistance in liver and skeletal muscles ele-
vates glucose concentrations, by which insulin secre-
tion is increased. Moreover, pancreatic beta cefls can
acutely assess the body’s sensitivity to insulin and
translate this information into an insulin response that
is precisely balanced to offset the severity of insulin
resistance (52). In patients with insulin resistance, the
increment of insulin secretion from B-cells in response
to a fixed amount of glucose is greater than that in nor-
mal subjects (53). Therefore, the sensitivity of glucose
to an increased blood insulin level is augmented in
obese subjects. Diets with higher glycemic load resulted
in higher postprandial insulin concentration in a dose-
dependent manner in lean young adults (54). It is well
known that obese subjects show hyperinsulinemia after
oral glucose tolerance testing (glucose is a substance of
high glycemic load) (55, 56). Postprandial hyperglyce-
mia and hyperinsulinemia augmented by an increase in
dietary carbohydrate intake in obese subjects may fur-
ther promote fat cell enlargement (57).

Increased blood insulin stimulates the synthesis of
fatty acid in liver and the preferential uptake of fatty
acids in adipose tissues to store fat and prevents lipolysis
in adipose tissues, all of which facilitate adipose tissue
enlargement. Furthermore, these lipogenic effects of
imsulin are not impaired in obese subjects, whereas the
glucose-lowering effects of insulin (inhibition of ghico-
neogenesis/glycolysis in the liver and stimulation of glu-
cose uptake in skeletal muscles) is severely impaired.
Recently, it was shown that hyperinsulinemia is associ-
ated with increased production of intestinal apoprotein
B-4.8, which is one of the causes of postprandial hyper-
triglycemia (58). This effect of insulin also indirectly
promotes obesity. In the following sections, the mecha-
nisms of insulin-mediated increases in lipid synthesis
and fat accumulation in the insulin-resistant state are
reviewed.

Insulin-induced lipogenesis in liver is not impaired In insu-
lin-resistant animals or humans

The insulin signaling pathway is thought to proceed
through receptor-mediated tyrosine phosphorylation of

" insulin receptor substrate (IRS)-1 and/or IRS-2. This

leads to activation of phosphoinositide 3-kinase (PI3K}
and activated Akt (also known as protein kinase B). In
activating hepatic lipogenesis, insulin increases tran-
scription of genes encoding acetyl-CoA carboxylase,
fatty acid synthase, and others. These actions are
caused by an insulin-induced increase in sterol regula-
tory element-binding protein-lc (SREBP-1¢) mRNA
(59).

To examine the insulin signaling pathway and lipo~
genesis in the insulin-resistant state, two different ani-
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mal models of insulin resistance and hyperinsulinemia,
those of lipodystrophy induced by overexpression of the
aP2-SREBPIc transgene in adipocytes and obesity
induced by mutational disruption of the leptin gene (ob/
ob mice) were investigated (60). Both animal models
showed a reduction of IRS-2 mRNA and protein and
increased gluconeogenesis in livers, whereas they
showed an increase in SREBP-1¢ mRNA and lipogene-
sis. IRS-1 mRNA in the liver was not altered in these
animal models. In addition, prolonged insulin treat-
ment in isolated rat hepatocytes led to a fall in IRS-2
mRNA and protein and an increase in SREBP-1c tran-
script, suggesting that chronic hyperinsulinemia pro-
motes gluconeogenesis in the liver and hyperglycemia,
whereas it stimulates fatty acid synthesis in the liver
and hypertriglycemta (60). It was shown with IRS-1
and IRS-2 liver knockout mice that IRS-1 could convey
signals to increase SREBP-1c mRNA and lipogenesis
(61, 62). The complete blockage of insulin signaling
observed in liver insulin receptor knockout mice
showed a decrease in the expression of SREBP-1c (63),
suggesting that selective insulin resistance may occur
in animal models of insulin resistance (64). Recently, a
branch point in the insulin signaling pathway that may
account for selective insulin resistance (in which insu-
lin loses its ability to block glucose production but
retains its ability to stimulate lipogenesis) was identified
(65). In rat hepatocytes, subnanomolar concentrations
of rapamycin, an inhibitor of the mammalian target
of rapamycin complex 1 (mTORC1), blocked insulin
induction of SREBP-1c¢ but had no effect on insulin sup-
pression of phosphoenolpyruvate carboxylase (PEPCK),
suggesting that the kinase complex designated
mTORC1 was a branch point in the insulin signaling
pathway. Therefore, the IRS-1/Akt/mTORC1 pathways
are thought to mediate the increase of lipogenesis in the
insulin-resistant state.

The finding that insulin-induced lipogenesis in the
liver was not impaired in the insulin-resistant state in
animal studies could apply to humans. The pattern of
stored energy distribution derived from a high-carbohy-
drate meal is different in young, lean, insulin-resistant
individuals (fasting insulin concentration of 12.1+1.2
#U/mL) compared with young, lean, insulin-sensitive
individuals (fasting insulin concentration of 7.6x0.6
wU/mlL) (66). In contrast to the insulin-sensitive sub-
jects, who stored most of their ingested energy in the
liver as glycogen, the insulin-resistant subjects had a
marked defect in muscle glycogen synthesis and
diverted much more of their ingested energy into
hepatic de novo lipogenesis, as assessed by incorpora-
tion of deuterated water into plasma triglyceride, result-
ing in increased liver and plasma triglycerides (TGs).
Tncreasing very-low-density lipoprotein-TG secretion
from the liver may lead to increased fat accumulation in
adipose tissue (67). Therefore, insulin activation of the
liver IRS-1/Akt/mTORC1 pathway in the insulin-resis-
tant state may lead to obesity.

An increase in lipoprotein lipase (LPL) activity in adipose
tissue in response to insulin is not impaired in obese subjects

LPL, located on the capillary endothelium of tissues,
catalyses the rate-limiting step in the hydrolysis of TGs
from circulating chylomicrons and very-low-density
lipoproteins. Most LPL is found in adipose tissues and
skeletal muscles, where some of the liberated free fatty
acids are taken up and are either stored or oxidized,
respectively (68). In healthy humans, a combination of
stable isotope labeling and arteriovenous difference
measurements in adipose tissues showed that in post-
prandial periods, there is preferential uptake of fatty
acids released from chylomicrons by LPL in adipose tis-
sues and also a release of LPL-derived fatty acids into
plasma (69). Therefore, an increase in LPL activity in
adipose tissues may promote fat cell enlargement via
increased uptake of fatty acids into adipocytes, in addi-
tion to an increased supply of fatty acids to muscle and
liver.

Regulation of LPL activity is complex and is con-
trolled by several modulators, such as apoproteins and
angiopoietin-like proteins ANGPTL3 and ANGPTL4
(70). LPL is active as a dimer, whereas its monomer is
inactive, ANGPTL4 inhibits LPL activity by promoting
the conversion of active LPL dimers into inactive LPL
monomers. Insulin not only increases the level of LPL
mRNA but may also regulate LPL activity through both
postiranscriptional and posttranslational mechanisms
(71). The fact that feeding increases active dimeric LPL
from inactive monomeric LPL in adipose tissues sug-
gests that insulin may stimulate dimer formation of LPL
by an unknown mechanism (72). Glucose also in-
creases adipose tissue LPL activity and enhances the
stimnlatory effects of insulin, possibly by the glycosyla-
tion of LPL (73).

In humans, feeding or insulin/glucose infusion stim-
ulates LPL activity in adipose tissues, whereas its activ-
ity decreases in skeletal muscles (74). This. divergent
response would serve to direct lipoprotein TG-derived
fatty acids away from muscle to adipose tissue for stor-
age. A high-carbohydrate diet for 16d in normal-
weight subjects increased postprandial LPL activity in
adipose tissue, with elevation of blood glucose and insu-
lin concentrations after meals, relative to a high-fat diet
(75). Therefore, increased insulin and glucose from a
high-carbohydrate diet may promote obesity via activa-
tion of LPL in adipose tissues.

The LPL activity in adipose tissues in response to
insulin during maintenance of euglycemia was exam-
ined in 22 obese and 8§ normal-weight subjects (76}
Basal levels of LPL activity per g of fat tissue in the obese
and control groups were 18.7+2.0 and 9.6*2.7 nEq/
g/min, respectively. When the responses of LPL in abso-
lute change from basal values were compared between
the obese and control groups, no significant differences
were found. However, because of the higher baseline
LPL activity in the obese subjects, the percent increase
in LPL from the basal value was significantly blunted in
obese subjects. Basal LPL activity expressed per 10°
cells correlated positively with cell size, and both the
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obese and normal-weight subjects were found to
respond similarly to insulin. These data suggest that
insulin activates LPL in adipose tissues in obese sub-
jects, irrespective of insulin resistance.
Inhibition of lipolysis in adipocytes in response to insulin is
not impaired in insulin-resistant subjects

The concentration of blood free fatty acids (FFA) is
determined primarily by their rate of appearance from
adipose tissues (lipolysts) and also by their rate of disap-
pearance from plasma. Blood FFA concentrations are
elevated during fasting and decreased after feeding.
Lipolysis is stimulated by catecholamines during fasting
and inhibited by insulin after feeding. If the antilipolytic
effect of insulin in obese subjects were impaired due to
insulin resistance, fat mass would be smaller in obese
subjects. However, most of the studies suggested that
insulin resistance is not observed at this step in obese
subjects (see following paragraph), although the resis-
tance of insulin to increased glucose oxidation in
enlarged adipocytes was clearly shown and is due to a
marked decrease in GLUT4 in adipocytes (77, 78).

The antilipolytic effects of insulin on fat cells of differ-
ent sizes were examined in the 1970s by measuring
glycerol release. Basal lipolysis was larger in larger cells
(79). The antilipolytic effects of insulin on noradrena-
lin-stimulated Hpolysis were more pronounced in the
large cells at all tested concentrations (80, 81). Respon-
siveness and sensitivity to insulin was not altered in adi-
pose tissues of either control or obese subjects (82).
Rather, a marked resistance to the lipolytic effect of
noradrenalin was observed in isolated adipocytes from
obese subjects (83).

In vivo studies also show that the antilipolytic effect
of insulin is not impaired in obese subjects. Both antili-
polytic and antiketotic actions occurred at lower insulin
concentrations (<90 pU/mL) than those required for
hypoglycemic activity (>1,000 pU/mL) (84), suggest-
ing that marked insulin resistance might be required to
reduce antilipolytic action in adipose tissues. Decreases
in blood FFA and glycerol observed during oral glucose
tolerance tests were not impaired in obese subjects (85).
Insulin and glucose infusion rapidly produced anti-
lipolysis in cbese and normal groups, as evidenced by
large falls in FFA at 20 min after insulin infusion, where
FFA was 47% of the basal level in the obese subjects and
31% of the basal level in the normal subjects (76).

Triglycerides in tissues are hydrolyzed in a sequential
process involving different lipases. Adipose triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL) are
necessary for proper hydrolysis of tri- and diglycerides,
respectively. The last step in lipolysis is performed by
monoglyceride lipase (MGL), which hydrolyzes mono-
glycerides to form glycerol and fatty acids (86). The
activity of ATGL and HSL is tightly regulated by cate-
cholamines and insulin. B-Adrenergic stimulation of
the G-protein-coupled receptor activates adenylate
cyclase to increase cellular cAMP levels. The antilipoly-
tic action of insulin is mediated by lowering cAMP levels
via activation of phosphodiesterase 3B (87). The IRS-1/
PI3K/PDE3IK ({(an insulin-stimulated protein serine
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Fig. 4. A proposed model of optimal dietary fat to car-
bohydrate ratio according to the degree of hyperin-
sulinemia (or obesity). A key to macronutrient balance
in the reduction of body weight is the state of hyperin-
sulinemia (insulin resistance or obesity); thus, optimal
dietary fat to carbohydrate ratios may differ between
prevention and treatment of obesity. A mild low-carbo-
hydrate diet (40% carbohydrate) is preferable for obese,
hyperinsulinemic, insulin-resistant subjects, whereas a
low-fat. diet (20-25% fat) is preferable for normal-
weight, normoinsulinemic, insulin-sensitive subjects.

kinase) signaling pathway is involved in PDE3B activa-
tion (88). cAMP binding to protein kinase A (PKA)
induces phosphorylation of HSL and perilipin, a protein
coating the lipid droplet. PXA phosphorylation of HSL
causes HSL translocation from the cytosol to the lipid
droplet, whereas phosphorylation of perilipin by PKA
alleviates the barrier function of this protein and pro-
motes lipolysis (89). ATGL is phosphorylated on two
conserved serine residues (Ser 404 and 428), although
PKA does not phosphorylate ATGL (90). However, insu-
lin treatment downregulates ATGL mRNA Ievels in adi-
pocytes (91, 92). To my knowledge, it has not been
shown that decreases in cAMP conceniration or ATGL
mRNA in adipocytes in response to insulin are blunted
in adipocytes from obese subjects.

Shift from a mild LC diet to a LF diet during obesity treat-
ment (hypothesis)

When a mild LC diet is given to obese subjects, body
weights might decrease with improvement in hyperin-
sulinemia and insulin resistance. Data from the
National Weight Control Registry of people who were
successful in losing weight and maintaining reduced
body weight show that despite wide variation in the
methods used to lose body weight, there was remark-
able similarity in how they maintained the weight loss,
including a diet that was, on average, 24% fat (93).
Therefore, fat intake might be gradually decreased with
a concomitant increase in carbohydrate intake with
improvement in obesity (Fig. 4).

Conclusions

In terms of epidemiological, physiological, and molec-
ular aspects, the optimal dietary fat to carbohydrate
ratio varies due to the amount of body fat present and
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to hyperinsulinemia (insulin resistance). No evidence
was found that the lipogenic effects of insulin were
impatired in subjects with insulin resistance. In general,
in non-obese subjects, most of whom are insulin sensi-
tive, decreasing fat intake is more effective than
decreasing carbohydrates to prevent obesity. However,
for obese subjects with insulin resistance, a mild LC diet
favors a reduction in body weight. The optimal dietary
fat to carbohydrate ratio may differ depending on
whether the goal is prevention or treatment of obesity,
and public guidelines on macronutrients should either
be based on the prevalence of obesity in the target soci-
ety or individualized.
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Summary Currently, protein requirements are generally determined based on nitro-
gen balance studies, but there are a variety of limitations associated with this method. The
indicator amino acid oxidation (IAAO) method, with a theoretical base that differs widely
from the nitrogen balance method, was developed as an alternative method for humans.
The objective of the present study was to evaluate protein intakes for metabolic demands
and protein quality, using protein itself, in rats employing the IAAO technique with
I-[1-13C]phenylalanine. Male Wistar/ST rats (5-6 wk old) received a graded casein (4.3,
8.6,12.9,17.2, 21.5, 25.8%), or a wheat gluten (7.2, 10.8, 14.4, 18.0, 21.6, 25.2%) diet,
along with L-[1-3C]phenylalanine. An isotopic plateau in breath was achieved 210 min
after the start of the *3C ingestion. The protein intakes for metabolic demands were calcu-
lated by applying a mixed-effect change-point regression model to breath *CO, data, which
identified a breakpoint at minimal breath 13CO; in response to graded protein intake. The
protein intakes for metabolic demands determined by the JAAO method were 13.1 g/kg
BW/d for casein and 18.1 g/kg BW/d for wheat gluten, showing a tendency similar to that
determined by the nitrogen balance method. These results demonstrated that the IAAO
method could be employed to evaluate not only the protein intakes for metabolic demands,
but the dietary protein quality in freely living rats, suggesting that this method might be via-
ble in a clinical setting.

Key Words protein metabolic demand, protein quality, indicator amino acid oxidation,

rats

The nitrogen balance method is normally employed
to determine protein requirements, as specified in the
2007 WHO/FAO/UNU (1). However, the limitations of
the nitrogen balance method, which can result in con-
siderable error in the prediction of balance (2, 3), have
been well described (4-6). In the nitrogen balance
method, after the diet has been changed, a period of
time is usually allowed for adaptation to be complete
during the first 5-7 d (7). Therefore, employing the
nitrogen balance method, the metabolic demand for
protein cannot be assessed in patients with a widely
varying metabolic demand. The indicator amino acid
oxidation (IAAO) method was originally employed to
study amino acid requirements in pigs (8), and thereaf-
ter it has been widely used for studies on pigs (9-11)
and humans (12-17). Since the IAAO method does not
require prior dietary adaptation (18) to each of the
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varying protein intake levels, it could be available when
an assessment of the metabolic demand for protein is
required for post-operative patients or patients with
injuries or infections.

In 2007, Humayun et al. (19) applied the TAAO
method and conducted a reevaluation study on the pro-
tein requirements in healthy young men by feeding the
subjects graded protein intake as a crystalline amino
acid mixture and measuring changes in the oxidation of
orally administered 1-[1-'3C]phenylalanine. However,
no studies have previously been conducted on deter-
mining the protein requirement using protein itself in
animals or humans employing the IAAO method.
Therefore, sufficient evidence has not been gathered
showing that the IAAO method is viable for measure-
ments of the protein requirement, and it has not been
sufficiently validated in studies employing experimental
rats up to the present. We should consider that the
mechanism of the assimilation of the amino acid mix-
ture differed from that of the protein. Amino acid mix-
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