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ABSTRACT

Aims/Introduction: Accumulation of intramyocellular lipid (IMCL) is associated with insulin resistance. However, the factors affecting
the change in IMCL remain to be elucidated. The aim of the present study was to determine the factors that influence the change
in IMCL level after high-fat loading.
Materials and Methods: The study subjects were 37 non-obese men. Each subject consumed a high-fat diet for 3 days after a
normal-fat diet for 3 days. After each diet program, IMCL levels in the tibialis anterior (TA-IMCL) and soleus (SOL-IMCL) were mea-
sured by proton magnetic resonance spectroscopy. Glucose infusion rate (GIR) was evaluated by euglycemic hyperinsulinemic clamp
as an index of peripheral insulin sensitivity.
Results: The high-fat diet significantly increased TA-IMCL and SOL-IMCL by �30 and �20%, respectively (P < 0.05), whereas it did
not significantly alter GIR. The increase in SOL-IMCL, but not in TA-IMCL, negatively correlated with serum high molecular weight
(HMW)-adiponectin (r = )0.36, P < 0.05) and HMW-/total-adiponectin ratio (r = )0.46, P < 0.05). Although high-fat diet-related
changes in SOL-IMCL showed high inter-individual variations, in subjects doing exercise, changes in SOL-IMCL (r = 0.55, P < 0.05)
and TA-IMCL (r = 0.61, P < 0.05) positively correlated with daily physical activity level. In contrast, in sedentary subjects, changes in
SOL-IMCL (r = )0.50, P < 0.01) and TA-IMCL (r = )0.48, P < 0.05) negatively correlated with daily physical activity.
Conclusions: HMW-adiponectin and daily physical activity are determinants of IMCL accumulation by a high-fat diet. Intri-
guingly, the effect of daily physical activity on the change in IMCL depends on the level of regular exercise. (J Diabetes Invest,
doi: 10.1111/j.2040-1124.2010.00091.x, 2011)

KEY WORDS: Adiponectin, Intramyocellular lipid, Physical activity

INTRODUCTION
One of the main features of type 2 diabetes is insulin resistance
in skeletal muscles1–3. Previous studies have shown that intracel-
lular fat accumulation in skeletal muscle correlates closely with
insulin sensitivity4–6. Intracellular substances related to intra-
myocellular lipid (IMCL), such as diacylglycerol and ceramide,
activate signal transduction pathways and might elicit insulin
resistance in skeletal muscle3.

The level of IMCL is affected by dietary composition. Several
groups reported that a high-fat diet increases IMCL levels in
healthy subjects4,7,8 and endurance runners7,9. Of these, Bach-
mann et al.4 reported that 3-day high-fat diet intake increased
IMCL levels in the tibialis anterior muscle (TA) and decreased
insulin sensitivity. They also reported a high inter-individual

variation of IMCL changes after fat loading. We have also inves-
tigated the effect of high-fat loading on IMCL level in TA, and
found that a 3-day fat challenge significantly altered IMCL levels
in endurance runners, but not in sprinters9. These results also
support the existence of inter-individual differences in the sus-
ceptibility to accumulation of IMCL on fat loading.

Physical activity also affects IMCL level7,10,11. For example,
1-h exercise at 65% maximum oxygen uptake was reported to
decrease the IMCL level by �25% in healthy subjects7. These
results suggest that vigorous physical activity rapidly decreases
the IMCL level in healthy subjects7,11. However, the long-term
effects of exercise on IMCL level seem to be more complex. We
reported previously that calorie restriction with moderate inten-
sity physical activity (50–60% of maximum oxygen uptake)
resulted in a decrease in IMCL and increase in insulin-mediated
glucose uptake in peripheral tissues in type 2 diabetic patients10.
In the same study, we also found that changes in total physical
activity correlated negatively with changes in IMCL10. In con-
trast, in endurance athletes, the IMCL level is higher than in
healthy subjects, although their insulin sensitivity is higher than
healthy subjects12. This phenomenon is known as the athlete’s
paradox and is related to chronic vigorous physical activity,
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which increases IMCL level12,13. In addition, maximum oxygen
uptake is positively correlated with IMCL levels in lean sub-
jects9,14. Recently, Dube et al.15 showed that vigorous physical
activity (75% heart rate maximum) can also increase IMCL,
insulin sensitivity and maximum oxygen uptake in sedentary
overweight-obese subjects. Taken together, it seems that moder-
ate physical activity (e.g., daily physical activity) decreases IMCL,
whereas high-intensity physical activity (e.g., regular exercise)
chronically increase IMCL level.

Taking these findings into consideration, we hypothesized that
inter-individual variation of IMCL accumulation by high-fat
loading might be partly be a result of individual variation of daily
physical activity and regular exercise. Thus, the present study was
designed to investigate the effect of 3-day fat loading on IMCL
and insulin sensitivity in non-obese healthy subjects, and
searched for the determinants of IMCL accumulation by high-fat
loading taking the individual habit of exercise into consideration.

MATERIALS AND METHODS
Subjects
The study subjects were 37 non-obese male volunteers (age
23.6 ± 0.5 years, body mass index 22.8 ± 0.4 kg/m2, total body
fat 17.2 ± 1.0%, mean ± SEM). They were in good health as
determined by medical history, a physical examination and stan-
dard blood chemistry analyses. For further analysis, the subjects
were divided into two groups, depending on their engagement
in regular exercise before the present study: the regular exercise
group (RE, n = 20) included subjects who exercised for more
than 30 min more than once a week, compared with the non-
regular exercise group (NRE, n = 17). All subjects gave written
informed consent to the study, which was approved by the
Ethics Committee of Juntendo University.

Study Design and Measurement of Various Parameters
Regular exercise was prohibited from 7 days before dietary
intervention to the end of dietary intervention in all subjects.
At 7 days before dietary intervention, the mean daily physical
activity level without regular exercise was estimated with
an ambulatory accelerometer (Lifecorder; Suzuken, Nagoya,
Japan). Then, each subject consumed a 3-day isocaloric nor-
mal-fat diet, which was followed by a 3-day high-fat diet. All
subjects were told to keep their daily physical activity at
mean daily physical activity level ± 10% during dietary inter-
vention, which was monitored by an accelerometer.

After the completion of both diet protocols, blood samples
were taken after overnight fasting. The IMCL levels were mea-
sured by proton magnetic resonance spectroscopy (1H-MRS)
and peripheral insulin sensitivity was evaluated by euglycemic
hyperinsulinemic clamp. Fasting blood glucose and free fatty
acid (FFA) were measured using an autoanalyzer (SRL Labora-
tory, Tokyo, Japan). Plasma insulin concentrations were deter-
mined by radioimmunoassay (LINCO Research, St Charles, MO,
USA). Serum adiponectin concentrations were measured by an
enzyme-linked immunosorbent assay (Daiichi Pure Chemicals,

Tokyo, Japan)16. Total body fat content was measured by using
the bioimpedance method (InBody; BIOSPACE, Tokyo, Japan).
The maximum oxygen uptake was determined by an incremen-
tal exercise test with a calibrated mechanically braked cycle
ergometer (818E; Monark, Vansbro, Sweden) and open-circuit
auto O2 and CO2 analyzers with a hot-wire flow meter (Meta-
Max, Leipzig, Germany) as described previously (n = 27)9.

Dietary Manipulation
During the intervention period, subjects were provided a packed
meal. Each subject was provided a 3-day isocaloric normal-fat
loading (25% fat, 55% carbohydrate, 20% protein) and a 3-day
high-fat diet (60% fat, 20% carbohydrate, 20% protein). The fat
composition of the high-fat diet was �45% saturated, �30%
monounsaturated and �25% polyunsaturated fatty acid. This fat
composition is a relatively high saturated fat and low unsatu-
rated fat diet compared with the common Japanese diet (�30%
saturated, �40% monounsaturated and �30% polyunsaturated
fatty acid). Weight-maintained dietary calorie intake was esti-
mated by basal metabolic rate and daily physical activity level.
The energy and food content-controlled diets were prepared by
a food company (Musashino Foods, Saitama, Japan)9 and food
intake was monitored during the study.

Proton Magnetic Resonance Spectroscopy
IMCL was measured in the overnight fasting state, as described
previously9,10,17,18. Briefly, IMCL values of the right TA and
soleus muscle (SOL) were measured by 1H-MRS using a knee
coil (VISART 1.5T EX V4.40; Toshiba, Tokyo, Japan). Voxels
(1.2 · 1.2 · 1.2 cm3) were positioned in the muscle, avoiding
visible interfascial fat and blood vessels, and the voxel sites were
matched carefully at each examination. The imaging parameters
were set as follows: repetition time, 1500 ms; echo time, 136 ms;
acquisition numbers, 192 and 1024 data points over a 1000-kHz
spectral width. After examination, resonance was quantified by
reference to the methylene signal intensity (S-fat), with peaks
being observed at �1.25 ppm. IMCL was quantified by the S-fat
and using a creatine signal at 3.0 ppm (Cre) as the reference,
and was expressed as the ratio relative to Cre (S-fat/Cre).

Euglycemic Hyperinsulinemic Glucose Clamp
Intravenous cannulas were placed in both forearms; one was
used for insulin and glucose infusion, and the other for blood
glucose sampling. Using an artificial pancreas (STG22; Nikkiso,
Shizuoka, Japan), an euglycemic hyperinsulinemic glucose
clamp study (target plasma glucose level of 95 mg/dL and
insulin infusion rate of 100 mU/m2/min) was carried out as
reported previously10. The steady-state glucose infusion rate
(GIR) was observed from 105 to 120 min. Peripheral insulin
concentration rose to 198 ± 3 lU/mL (mean ± SEM), which is
known to completely suppress endogenous glucose production19.
Thus, the mean GIR during that period was used as a marker
of peripheral insulin sensitivity9,10,17,18. Respiratory gases were
analyzed using open-circuit auto O2 and CO2 analyzers with a

ª 2010 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd Journal of Diabetes Investigation Volume 2 Issue 4 August 2011 311

Determinants of IMCL accumulation



hot-wire flow meter (MetaMax) before and after the clamp
study. Metabolic flexibility was defined as insulin stimulated
change in respiratory quotient (DRQ)20.

Statistical Analysis
All data are expressed as mean ± SEM. Differences between the
two groups were tested using the unpaired t-test. Data collected
before and after treatment were compared using the paired
t-test. Spearman’s non-parametric rank correlation coefficient
was used to evaluate the correlation among various metabolic
parameters. Multiple linear regression analysis was used to
analyze independent determinants of changes in IMCL after
high-fat loading. The data of total adiponectin and HMW-
adiponectin were log-transformed to yield a normal distribution
before analysis. Statistical significance was set at P < 0.05.

RESULTS
Characteristics of Subjects and High-Fat Diet Induced Changes
in Metabolic Parameters
Table 1 shows the effects of dietary intervention on various met-
abolic parameters and physical activity levels. Physical activity
level was comparable during both dietary interventions. Fasting
blood glucose and FFA levels were also comparable, whereas
insulin concentrations were significantly decreased after the
high-fat diet. Total adiponectin concentrations were slightly, but
significantly, decreased after the high-fat diet, whereas high
molecular weight (HMW)-adiponectin level was not changed.

Changes in GIR and Regional IMCL Levels After High-Fat Diet
We investigated the effect of high-fat loading on IMCL and GIR.
High-fat loading increased the TA-IMCL level significantly by
�30% (from 2.13 ± 0.19 to 2.68 ± 0.23 S-fat/Cr, P < 0.01,
Figure 1a), as well as SOL-IMCL level by �20% (from
8.32 ± 0.69 to 10.1 ± 0.82 S-fat/Cr, P < 0.01, Figure 1b). In con-
trast, the high-fat diet did not significantly change the steady-state
GIR (Figure 1c). As shown in Figure 1, a high inter-individual
variation was noted in the effects of fat loading on IMCL and
GIR changes. Next, we investigated the correlation between both
parameters. There was a significant correlation between changes
in TA- and SOL-IMCL (r = 0.49, P = 0.005). Although changes

Table 1 | Various clinical parameters after normal-fat and high-fat diet

Normal fat High fat

Daily physical activity (kcal/day) 276.3 ± 16.3 269.9 ± 15.1
Insulin (lU/mL) 4.26 ± 0.32 3.32 ± 0.24*
Glucose (mg/dL) 86.2 ± 0.9 85.9 ± 0.8
FFA (mmol/L) 0.42 ± 0.02 0.41 ± 0.02
Total adiponectin (mg/mL) 4.03 ± 0.31 3.79 ± 0.28*
High molecular weight

adiponectin (mg/mL)
1.46 ± 0.17 1.37 ± 0.16

High molecular weight/total
adiponectin ratio

0.34 ± 0.02 0.34 ± 0.02

Data are mean ± SEM. FFA, free fatty acid. *P < 0.05 compared with
normal-fat diet.
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Figure 1 | Changes in intramyocellular lipid (IMCL) and glucose infusion
rate (GIR) during euglycemic hyperinsulinemic glucose clamp study in a
high-fat diet. (a) IMCL level in the tibialis anterior muscle (TA) after a
normal-fat and high-fat diet. Close-up figure is also shown. (b) IMCL
level in soleus muscle (SOL) after normal fat and high-fat diet. (c) GIR
after normal fat and high-fat diet.
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in TA-IMCL did not significantly correlate with those in GIR
(r = )0.17, P = 0.33), changes in SOL-IMCL significantly and
negatively correlated with those in GIR (r = )0.41, P < 0.05).

Factors Associated with Increased IMCL After High-Fat
Loading
To identify the factors responsible for the increase of IMCL after
high-fat loading, we examined the relationship between changes
in IMCL and various baseline parameters associated with fat
metabolism, including body fat, IMCL level, FFA, GIR, fat oxida-
tion rate, metabolic flexibility (DRQ), maximum oxygen uptake,
daily physical activity, total-adiponectin, HMW-adiponectin and
HMW- to total-adiponectin ratio. The percentage change in
SOL-IMCL after the high-fat diet correlated significantly with
baseline SOL-IMCL (r = )0.57, P < 0.01, Figure 2a), HMW-
adiponectin (r = )0.34, P < 0.05 Figure 2b) and HMW-/total-
adiponectin ratio (r = )0.46, P < 0.05, Figure 2c), but not with
any other parameter listed (data not shown). The multiple linear
regression analysis identified baseline SOL-IMCL (P < 0.001),
HMW-adiponectin (P < 0.05) and HMW-/total-adiponectin
ratio (P < 0.05) as independent determinants of changes in
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Figure 2 | Determinants of percentage changes in intramyocellular lipid
(IMCL) in soleus muscle (SOL) in a high-fat diet and percentage change
in IMCL in tibialis anterior muscle (TA) in a high-fat diet. (a) Correlation
between percentage change in IMCL levels in SOL and basal SOL-IMCL
levels. (b) Correlation between percentage change in IMCL levels and
log-transformed high-molecular weight (HMW)-adiponectin. (c) Correla-
tion between percentage change in IMCL levels in SOL and HMW-
adiponectin/total-adiponectin ratio. (d) Correlation between percentage
change in IMCL levels in TA and basal TA-IMCL levels.
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Table 2 | Clinical basal parameters of the non-regular exercising and
regular exercising groups

NRE RE

n 17 20
Age (years) 24.8 ± 0.7 22.6 ± 0.6*
Weight (kg) 68.4 ± 2.5 67.8 ± 2.1
BMI (kg/m2) 22.8 ± 0.7 22.8 ± 0.6
Fat (%) 17.8 ± 1.3 16.7 ± 1.4
Daily physical activity

(kcal/day)
239.5 ± 20.2 301.7 ± 21.5*

Maximum oxygen uptake
(mL/kg/min)

44.5 ± 1.5 53.7 ± 2.3*

RQ 0.82 ± 0.01 0.81 ± 0.01
IMCL-TA (S-fat/Cre) 2.01 ± 0.31 2.23 ± 0.25
IMCL-SOL (S-fat/Cre) 7.91 ± 1.22 8.67 ± 0.76
GIR (mg/kg/min) 9.7 ± 0.5 10.6 ± 0.4
Total adiponectin (mg/mL) 3.61 ± 0.40 4.39 ± 0.45
High molecular adiponectin

(mg/mL)
1.20 ± 0.21 1.68 ± 0.25

Data are mean ± SEM. BMI, body mass index; GIR, glucose infusion rate;
IMCL-TA, intramyocellular lipid in tibialis anterior muscles; RQ, respiratory
quotient; SOL-IMCL, intramyocellular lipid in soleus muscle. *P < 0.05
compared with the non-regular exercising (NRE) group.
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SOL-IMCL after high-fat loading. Similar analyses for TA-IMCL
identified baseline TA-IMCL level (r = )0.54, P < 0.01, Fig-
ure 2d) as the only significant determinant of percentage change
in TA-IMCL after high-fat loading (data not shown).

Interaction Between Regular Exercise and Daily Physical
Activity on IMCL
Evidence suggests that regular exercise and daily physical activity
are regarded as candidate susceptible factors for IMCL level after
high-fat loading. Thus, we evaluated the role of daily physical
activity after dividing the subjects into two groups depending on
the habit of regular exercise: the regular exercise (RE) group and
the non-regular exercise (NRE) group. As shown in Table 2, the
NRE group were significantly older. Daily physical activity level
and maximum oxygen uptake were significantly higher in the
RE group than the NRE group. High-fat diet did not signifi-
cantly change the steady-state GIR in both groups (data not
shown). In the NRE group, TA-IMCL and SOL-IMCL signifi-
cantly increased after high-fat diet (TA; from 2.01 ± 0.31 to
2.57 ± 0.37 S-fat/Cr, P < 0.05, SOL; from 7.91 ± 1.22 to 10.57 ±
1.46 S-fat/Cr, P < 0.01). In addition, there was a negative corre-
lation between changes in TA-IMCL and SOL-IMCL with daily
physical activity in the NRE group (TA; r = )0.48, P < 0.05,
Figure 3a, SOL; r = )0.50, P < 0.01, Figure 3b). In contrast, the
high-fat diet did not significantly affect TA-IMCL and SOL-
IMCL in the RE group (data not shown). Furthermore, changes
in TA-IMCL and SOL-IMCL positively correlated with daily
physical activity (TA; r = 0.61, P < 0.05, Figure 3c, SOL;
r = 0.55, P < 0.05, Figure 3d).

Next, we divided the subjects into two groups depending on
maximum oxygen consumption: low maximum oxygen uptake
(<50 mL/kg/min, n = 16) group and high maximum oxygen
uptake (‡50 mL/kg/min, n = 11) group. As estimated, in the low
maximum oxygen uptake group, both changes in TA-IMCL and
SOL-IMCL negatively correlated with daily physical activity
(TA; r = )0.54, P < 0.05, Figure 4a, SOL; r = )0.55, P < 0.01,
Figure 4b). In contrast, changes in TA-IMCL positively correlated
with physical activity in the high maximum oxygen uptake group
(TA; r = 0.74, P < 0.01, Figure 4c, SOL; r = 0.36, P = 0.29,
Figure 4d).

DISCUSSION
The present study evaluated the effect of 3-day high-fat loading
on IMCL in non-obese healthy subjects. High-fat loading signifi-
cantly increased IMCL, whereas a high inter-individual variation
in IMCL changes was observed. Serum HMW-adiponectin and
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HMW-/Total-adiponectin ratio were identified as determinants
of changes in IMCL by a high-fat diet. Intriguingly, the change
in IMCL correlated positively with daily physical activity in the
RE group, whereas the change in IMCL correlated negatively
with daily physical activity in the NRE group.

In the present study, GIR was not changed after the high-fat
diet, although we observed a significant increase in IMCL. IMCL
is partly metabolized to diacylglycerol (DAG), which activates
PKC that, in turn, impairs insulin signal transduction. Thus,
DAG could be, at least partly, involved in the mechanism of
lipid induced insulin resistance in skeletal muscle1–3. However,
most of the lipid detected by 1H-MRS method is triglyceride,
which might not affect insulin sensitivity1–3. Therefore, increased
IMCL does not always indicate elevated DAG level in myocytes.
The inconsistency between IMCL and GIR might be, at least in
part, a result of the methodological limitation of IMCL measure-
ment by 1H-MRS.

Adiponectin, a 30-kDa protein, is secreted from adipocytes
and has been shown to increase AMP-activated protein kinase
(AMPK) activity and decrease IMCL level, resulting in improved
insulin sensitivity in animal models21. Adiponectin exists in a
wide range of multimer complexes and circulates in plasma in
three forms: a trimer (low-molecular weight [LMW]), a hexamer
(trimer–dimer) of medium-molecular weight (MMW), and a
larger multimeric high-molecular weight (HMW) form22. It has
been suggested that HMW-adiponectin level and HMW-to-total
adiponectin ratio might be superior biomarkers than total
adiponectin level for insulin resistance and glucose intoler-
ance23–25. In fact, our data showed that HMW-adiponectin and
HMW-/total-adiponectin ratio are good predictors of changes in
IMCL level after high-fat loading, whereas total-adiponectin level
did not significantly correlate with the change in IMCL. In con-
trast, some data showed that adiponectin is negatively associated
with IMCL in humans26,27, whereas the other group reported
no significant correlation between adiponectin and IMCL28. This
discrepancy might be due to the fact that total adiponectin is
not as sensitive a biomarker as HMW-adiponectin to represent
IMCL level.

It has been shown that increased physical activity augments
fat oxidation during high-fat loading29. In addition, it has been
reported that uncontrolled physical activity level during 3-day
fat loading affects the susceptibility for IMCL accumulation after
a high-fat diet4. Consistent with these data, in the NRE group
or in the low maximum oxygen uptake group, we observed a
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muscle (TA) and (b) soleus muscle (SOL) in the low maximum oxygen
uptake (<50 mL/kg/min, n = 16) group. The correlation between daily
physical activity and percentage change in IMCL levels in (c) TA and
(d) SOL in the high maximum oxygen uptake (‡50 mL/kg/min, n = 11)
group.
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negative correlation between daily physical activity level and
IMCL change after high-fat loading.

In contrast, the daily physical activity level positively corre-
lated with the change in IMCL level in the RE group. Similar
correlations were also observed in the high maximum oxygen
uptake group. Moderate exercise carried out after a meal report-
edly results in several times higher plasma triglyceride (TG) and
FFA uptake in the exercising legs, as well as for at least 4 h
post-exercise, whereas leg TG uptake is almost unchanged after
meal ingestion without exercise30. It has been consistently shown
that high-fat loading after one bout of exercise results in an
overshoot of IMCL level from baseline7. In addition, it has been
shown that FFA uptake in skeletal muscles during prolonged
exercise is higher in trained subjects compared with the
untrained31. FFA uptake in skeletal muscle is regulated, at least
in part, by lipoprotein lipase (LPL). LPL hydrolyzes TG and sev-
eral transport proteins transport FFA into myocytes32, and its
activity was acutely reduced by only �4-h of physical inactiv-
ity33 and was augmented by vigorous exercise34. In addition, the
amount of LPL protein in skeletal muscle is elevated by regular
exercise35. Interestingly, it has been reported that the mRNA
level of LPL in skeletal muscle positively correlated with the rate
of IMCL repletion after exhaustive exercise36. Because IMCL
level is determined by a balance between FFA influx and expen-
diture, these results suggest that physical activity-induced FFA
uptake might be exaggerated by regular exercise compared with
the consumption of IMCL, thus enhancing IMCL accumulation.
Further studies, including measurement of FFA kinetics, are
required to confirm this hypothesis.

One limitation of the present study is that regular exercise
has been defined at a relatively lower physical activity level
(more than 30 min more than once a week), thus all of the reg-
ular exercise might not lead to the same conclusion. Another
limitation of the present study is that we included only male
subjects. It has been reported that fatty acid metabolism in skel-
etal muscle in males is different from females. Higher levels of
IMCL were observed in female subjects compared with male
subjects14,37. mRNA level of LPL in skeletal muscle was 160%
higher in women than in men38. In addition, IMCL depletion
during exercise was significantly higher in males compared with
females39. Thus, the effects of a high-fat diet and physical activ-
ity on IMCL accumulation and insulin sensitivity might differ
between males and females.

Type I muscle fibers (oxidative slow-twitch) have relatively
higher fat oxidation and IMCL level compared with type II fibers
(glycolytic fast-twitch)2. Previous studies reported a tight correla-
tion between TA- and SOL-IMCL, although TA muscle contains
relatively more type II fibers9,40. Our data also showed a good
correlation between changes in TA- and SOL-IMCL levels,
suggesting that inter-individual variation in IMCL change after a
high-fat diet might be conserved in all types of skeletal muscles.

In conclusion, 3-day high-fat loading in normal men resulted
in a significant increase in IMCL. Inter-individual variations in
IMCL change might modulate insulin sensitivity after high-fat

loading. HMW-adiponectin, daily physical activity and regular
exercise might be susceptibility factors for IMCL accumulation
during high-fat loading.
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