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Introduction
Obesity is associated with several metabolic abnormalities, 
including insulin resistance, dyslipidemia, and nonalcoholic fatty 
liver disease (NAFLD), which are important risk factors for type 2 
diabetes, the metabolic syndrome, and coronary heart disease (1, 
2). Data from a series of studies have demonstrated that increased 
intrahepatic triglyceride (IHTG) content (i.e., NAFLD) is a robust 
marker of metabolic dysfunction in obese people (3–6), and the 
amount of IHTG is directly correlated with the degree of insulin 
resistance in the liver, skeletal muscle, and adipose tissue (7). How-
ever, not all obese persons develop NAFLD, insulin resistance, and 
cardiometabolic disease. About 35% of obese adults have normal 
IHTG content (8), and 2%–50% of obese adults are “metabolically 
normal,” depending on the criteria used to define metabolic nor-
mality and the sex and age of the study cohort (9–18). Moreover, 
the risk of developing diabetes and future cardiovascular events 

is much lower in metabolically normal obese (MNO) people than 
in metabolically abnormal obese (MAO) people (19, 20). These 
observations suggest that some obese people are prone to develop 
alterations in fat distribution and metabolic disease, whereas oth-
ers are protected from the adverse metabolic effects of weight gain 
and increased adiposity. However, it is also possible that MNO 
people are not protected, but simply require additional weight gain 
to develop adverse metabolic outcomes.

The purpose of this study was (a) to test the hypothesis that 
obese people who have normal IHTG content (MNO) will be resis-
tant, whereas those who have increased IHTG content (MAO) 
will be prone, to developing adverse metabolic effects after gain-
ing weight, and (b) to evaluate some of the putative molecular 
mechanisms in adipose tissue responsible for the adverse meta-
bolic effects of weight gain. Accordingly, we evaluated hepatic, 
skeletal muscle, and adipose tissue insulin sensitivity (by using 
a 2-stage hyperinsulinemic-euglycemic clamp procedure in con-
junction with stable isotopically labeled glucose and palmitate 
tracer infusion); hepatic lipoprotein kinetics (by infusing a stable 
isotopically labeled leucine tracer in conjunction with mathe-
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Body composition. The percentage of body fat 
and BMI values did not differ between the MNO 
and MAO groups at baseline, but IHTG content 
and visceral adipose tissue (VAT) volume were 
much higher in MAO subjects than in MNO 
subjects (Table 2). High-calorie dietary intake 
caused a similar increase in body weight in MNO 
(mean = 6.2 ± 0.7%, range = 5.1%–7.2%) and MAO 
(mean = 5.8 ± 0.7%, range = 4.6%–7.0%) subjects 
(P = 0.307) (Table 2). The weight increase con-
sisted of ~72% fat mass (FM) and ~28% fat-free 
mass (FFM) in both groups. Although the relative 
increase in IHTG content was similar between 
groups, the absolute increase was greater in MAO 
subjects than in MNO subjects (Table 2).

Metabolic characteristics. At baseline, the concentrations of 
homeostasis model assessment of insulin resistance (HOMA-IR), 
plasma glucose, insulin, LDL cholesterol, triglycerides, VLDL apo-
lipoprotein B100 (apoB100), alanine aminotransferase (ALT), and 
branched-chain amino acids (BCAAs) (valine, leucine, and isoleu-
cine) were higher in MAO subjects than in MNO subjects (Table 3).  
Weight gain (a) caused some cardiometabolic outcome measures 
(plasma triglyceride, VLDL apoB100, ALT, and adiponectin con-
centrations and blood pressure) to worsen in the MAO group but 
not in the MNO group; (b) did not cause a significant change in 
other metabolic variables (plasma insulin, free fatty acids, LDL 
cholesterol, HDL cholesterol, and BCAA concentrations) in either 
group; and (c) increased fasting plasma glucose and leptin concen-
trations in both groups (Table 3).

Substrate kinetics. There was no difference in the endogenous 
glucose rate of appearance (Ra) (and glucose rate of disappear-
ance [Rd]) during the basal stage (no insulin infusion) before 
weight gain in the MNO group (15.9 ± 1.6 μmol/kg FFM/min) 
compared with that observed in the MAO group (17.0 ± 1.7 μmol/
kg FFM/min), and this did not change with weight gain in either 
the MNO (16.5 ± 1.4 μmol/kg FFM/min) or MAO (18.7 ± 1.4 μmol/
kg FFM/min) group. The basal palmitate Ra before weight gain in 
the MNO group (2.8 ± 0.8 μmol/kg FM/min) was also not different 
from that seen in the MAO group (2.5 ± 0.8 μmol/kg FM/min), and 

matical modeling); body fat distribution (by using magnetic res-
onance spectroscopy and imaging); and assessment of adipose 
tissue global transcriptional changes by microarray analyses (by 
obtaining s.c. adipose tissue biopsies) in obese subjects with nor-
mal (<5.6%) (21) and increased (≥10%) IHTG content, before and 
after they gained ~6% body weight by consuming an additional 
~1,000 kcal/day of macronutrient-balanced foods obtained from 
selected fast-food restaurants.

Results
High-calorie diet intervention. The increase in daily total energy 
intake during the high-calorie diet intervention was similar in 
the MNO and MAO groups (1,171 ± 403 kcal and 1,324 ± 522 kcal, 
respectively; P = 0.491) (Table 1). There was a small decrease in 
the percentage of calories derived from protein compared with 
that observed before the high-calorie diet, but the percentage of 
calories from carbohydrates and fat did not change significantly 
in either group (Table 1). Weight gain caused a similar increase 
in resting energy expenditure (REE) in both groups (Table 1)  
(P value for the intervention × group interaction = 0.216; P value 
for the intervention = 0.011). The targeted weight gain was 
achieved after about the same duration of the high-calorie diet 
intervention in the MNO (6.8 ± 2.7 weeks) and MAO (8.3 ± 2.4 
weeks) groups (P = 0.239).

Table 1. Energy expenditure, calorie consumption, and diet composition before 
and during overfeeding

MNO MAO
Before During Before During

REE (kcal/d) 1,468 ± 391 1,596 ± 576A 1,499 ± 205 1,838 ± 414A

Energy intake (kcal/d) 2,022 ± 568 3,193 ± 512A 2,206 ± 333 3,531 ± 555A

Protein intake (%) 15 ± 2 13 ± 2A 15 ± 2 14 ± 2A

Carbohydrate intake (%) 49 ± 6 51 ± 6 46 ± 8 46 ± 6
Fat intake (%) 36 ± 5 36 ± 5 39 ± 6 39 ± 5

Values represent the mean ± SD. AP < 0.05, value was significantly different from the 
corresponding value before weight gain.

Table 2. Body composition characteristics before and after weight gain

MNO (n = 12) MAO (n = 8) ANOVA
Before After Change Before After Change Px Pi Pg

BMI (kg/m2) 34.0 ± 3.0 36.0 ± 3.2 6% 35.7 ± 3.9 37.8 ± 4.2 6% 0.953 <0.001 0.285
BW (kg) 95.8 ± 13.7 101.7 ± 14.4 6% 103.0 ± 11.0 109.0 ± 11.6 6% 0.842 <0.001 0.239
Body FM (%) 44.9 ± 6.7 46.2 ± 6.2 3% 43.2 ± 5.3 44.8 ± 4.8 4% 0.544 <0.001 0.561
FM (kg) 42.8 ± 7.4 46.8 ± 7.6 9% 44.2 ± 5.4 48.6 ± 5.2 10% 0.494 <0.001 0.596
FFM (kg) 52.5 ± 11.4 54.2 ± 12.3 3% 58.3 ± 10.2 59.9 ± 10.1 3% 0.863 <0.001 0.277
IHTG content (%) 2.4 ± 1.1 3.9 ± 2.6A 63% 15.2 ± 4.0B 22.8 ± 4.3A,B 50% <0.001 – –
VAT volume (cm3) 885 ± 240 987 ± 295 12% 1,714 ± 585 1,912 ± 645 12% 0.243 0.001 <0.001
SAAT volume (cm3) 3,008 ± 796 3,071 ± 809 2% 3,145 ± 871 3,308 ± 928 5% 0.503 0.141 0.625

Values represent the mean ± SD. AP < 0.05, value was significantly different from the corresponding value before weight gain; BP ≤ 0.05, value was significantly 
different from the corresponding value in the MNO group. Px denotes ANOVA P values for the intervention × group interaction; Pi denotes ANOVA P values for 
the effect of the intervention; Pg denotes ANOVA P values for the differences between groups. SAAT, subcutaneous abdominal adipose tissue.
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Before weight gain, the rates of hepatic VLDL apoB100 secre-
tion into plasma were higher in MAO subjects than in MNO subjects 
(P < 0.01) (Figure 2). Weight gain caused a further increase in VLDL 
apoB100 secretion rates in MAO (P = 0.004), but not MNO, sub-
jects. The rates of VLDL apoB100 clearance from plasma were sim-
ilar in the MNO and MAO groups before weight gain (18.7 ± 6.2 and 
17.6 ± 6.3 ml/min, respectively) and did not change after weight gain 
(19.4 ± 7.5 and 19.2 ± 7.7 ml/min, respectively).

Adipose tissue gene expression profile. Parametric analysis of 
gene set enrichment (PAGE) of microarray data (22, 23) was used 
to evaluate global transcriptional changes in s.c. adipose tissue 
induced by weight gain in the MNO and MAO subjects. Biological 
pathways related to lipid metabolism and synthesis were mark-
edly increased by weight gain in the MNO, but not in the MAO, 
group (Figure 3A; e.g., FATTY_ACID_BIOSYNTHETIC_PROCESS 
[Z score = 7.8 in the MNO group, 0.77 in the MAO group]; LIPID_ 
BIOSYNTHETIC_PROCESS [Z score = 6.1 in the MNO group, 
1.5 in the MAO group]; LIPID_METABOLIC_PROCESS [Z score 
= 5.4 in the MNO group, 0.16 in the MAO group]). Consistent 
with the upregulation in lipogenic pathways, adipose tissue gene 
expression of key lipogenic enzymes (fatty acid desaturase 1 
[FADS1], fatty acid desaturase 2 [FADS2], and fatty acid elongase 
6 [ELOVL6]) were also significantly increased by weight gain in 
the MNO group, but did not change in the MAO group (Figure 3B).

Discussion
Although obesity is commonly associated with a constellation 
of risk factors for cardiovascular disease, including insulin resis-
tance, diabetes, dyslipidemia, and increased blood pressure, some 
obese people do not have metabolic abnormalities. In the present 
study, we used the accumulation of IHTG to identify obese sub-
jects who are metabolically normal and those who are metaboli-
cally abnormal and challenged each group with a high-calorie diet 

this did not change with weight gain in either the MNO (2.4 ± 0.8 
μmol/kg FM/min) or MAO (2.3 ± 0.8 μmol/kg FM/min) group.

Before weight gain, the endogenous glucose Ra during low-
dose insulin infusion and the relative suppression of glucose Ra 
(index of hepatic insulin sensitivity) were 52% higher and 22% 
lower (P < 0.001), respectively, in MAO subjects compared with 
that observed in MNO subjects (Figure 1A). The endogenous glu-
cose Ra during low-dose insulin infusion was higher after weight 
gain than before weight gain in MAO subjects (P = 0.014), but did 
not change in MNO subjects (P value for intervention × group inter-
action = 0.018) (Figure 1A). The relative suppression of glucose Ra 
during low-dose insulin infusion decreased after weight gain in 
MAO subjects (P = 0.017), but did not change in MNO subjects  
(P value for intervention × group interaction = 0.05) (Figure 1A).

Before weight gain, glucose Rd during high-dose insulin 
infusion and the relative increase in glucose Rd (index of skeletal 
muscle insulin sensitivity) were 52% and 75% lower, respectively, 
in MAO subjects compared with the levels seen in MNO subjects 
(both P < 0.001) (Figure 1B). After weight gain, both glucose Rd 
(P = 0.07; P value for intervention × group interaction = 0.024) 
and the percentage increase in glucose Rd during high-dose insu-
lin infusion (P = 0.043; P value for intervention × group interac-
tion = 0.004) decreased in MAO subjects, but did not change in 
MNO subjects (Figure 1B).

Before weight gain, palmitate Ra during low-dose insulin 
infusion and the relative suppression of palmitate Ra (index of 
adipose tissue insulin sensitivity) were 64% higher and 33% 
lower, respectively, in MAO subjects compared with that seen in 
MNO subjects (both P < 0.001) (Figure 1C). After weight gain, 
the relative suppression of palmitate Ra during low-dose insulin 
infusion decreased in MAO subjects, but did not change in MNO 
subjects (P = 0.046, P value for intervention × group interaction 
= 0.019) (Figure 1C).

Table 3. Metabolic characteristics before and after weight gain

MNO (n = 12) MAO (n = 8) ANOVA
Before After Change Before After Change Px Pi Pg

Glucose (mg/dl) 93 ± 4 96 ± 5 3% 105 ± 9 110 ± 13 5% 0.564 0.033 0.001
Insulin (mU/l) 8.6 (6.8, 11) 9.4 (6.8, 13) 9% 23.3 (15.2, 35.8) 27.4 (17.5, 42.8) 18% 0.579 0.104 <0.001
HOMA-IR 2.0 (1.5, 2.5) 2.2 (1.6, 3.1) 10% 6.0 (3.8, 9.5) 7.3 (4.4, 12.2) 22% 0.570 0.062 <0.001
Free fatty acid (μmol/ml) 0.52 ± 0.14 0.44 ± 0.11 –15% 0.53 ± 0.03 0.54 ± 0.13 2% 0.198 0.415 0.216
LDL cholesterol (mg/dl) 106 ± 24 107 ± 26 1% 133 ± 20 128 ± 29 –4% .537 0.480 0.041
HDL cholesterol (mg/dl) 49 ± 10 51 ± 9 4% 43 ± 8 44 ± 8 2% 0.262 0.004 0.116
Triglycerides (mg/dl) 89 ± 43 89 ± 32 0% 134 ± 61C 170 ± 52A,C 27% 0.017 – –
VLDL apoB100 (mg/dl) 3.0 ± 2.4 3.2 ± 2.3 7% 4.9 ± 2.4C 7.0 ± 2.3A,C 43% 0.048 – –
ALT (IU/l) 14 ± 6 15 ± 8 7% 22 ± 6 31C 31 ± 9B,C 14% 0.017 – –
Total BCAAs (μM/l) 388 ± 74 390 ± 69 1% 458 ± 75 455 ± 48 –1% 0.941 0.847 0.035
Adiponectin (μg/ml) 9.4 (5.9, 15.0) 9.5 (6.1, 14.6) 1% 6.6 (5.0, 8.8) 5.9 (4.3, 8.1) –11% 0.046 – –
Leptin 54 ± 24 67 ± 24 24% 56 ± 25 67 ± 24 20% 0.798 0.008 0.952
SBP (mmHg) 123 ± 12 118 ± 13 –4% 128 ± 13 139 ± 6A,C 9% 0.045 – –
DBP (mmHg) 67 ± 9 67 ± 14 0% 71 ± 8 81 ± 6A,C 14% 0.056 – –

Values represent the mean ± SD or 95% CIs. AP < 0.05 and BP = 0.06, values significantly different from the corresponding values before weight gain;  
CP ≤ 0.05, value significantly different from the corresponding value in the MNO group. Px denotes ANOVA P values for the intervention × group interaction; 
Pi denotes ANOVA P values for the effect of the intervention; Pg denotes ANOVA P values for the differences between groups. DBP, diastolic blood pressure; 
SBP, systolic blood pressure; TG, triglyceride.
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erate weight gain. These findings have important clinical implica-
tions and suggest that the intensity of obesity therapy should be 
based on metabolic function rather than BMI values alone.

The concept that some obese people are predisposed to, 
while others are protected from, cardiometabolic disease was 
first proposed nearly 60 years ago (24). Since then, a series of 
studies have used the components of the metabolic syndrome or 
some measure of insulin sensitivity to identify a subset of obese 
people who are metabolically normal. However, there is no con-
sensus as to how metabolic normality should be defined, so the 
reported prevalence of MNO ranges from 2% to 50%, depending 
on the specific criteria used and the population studied (9–18). In 
the present study, we used IHTG content to identify obese people 
who have already demonstrated either a propensity for or a resis-
tance to accumulating triglycerides in organs other than adipose 
tissue. This approach also separated our subjects into those who 
were insulin resistant or insulin sensitive with respect to hepatic, 
muscle, and adipose tissue insulin action. Our results demonstrate 
that IHTG content is a robust marker of the adaptive response to 
weight gain and that obese people who have normal IHTG content 
tolerate moderate weight gain without serious adverse metabolic 
effects compared with those who have NAFLD. Moreover, our 
data suggest that the absolute, not the relative, increase in IHTG 
content tracks with the adverse metabolic effects that occur with 
weight gain. However, the association between IHTG content 
and metabolic dysfunction does not prove a cause-effect relation-
ship. In fact, a dissociation between hepatic steatosis and insulin 
resistance has been observed in patients with familial hypobeta-

until the subjects achieved moderate (~6%) weight gain. Our data 
demonstrate distinct differences in the response to weight gain in 
MNO and MAO subjects. In MAO subjects, but not MNO subjects, 
moderate weight gain exacerbated several metabolic risk factors 
for cardiovascular disease, including increased blood pressure, 
plasma triglyceride levels, VLDL apoB100 concentrations, and 
VLDL apoB100 secretion rates, and decreased plasma adiponectin 
concentrations and insulin sensitivity in the liver, skeletal muscle, 
and adipose tissues. Weight gain also caused a greater absolute, but 
not relative, increase in IHTG content in MAO subjects compared 
with that seen in MNO subjects. These data demonstrate that 
obese people with normal IHTG content represent a distinct obese 
phenotype that is resistant to the adverse metabolic effects of mod-

Figure 1. Hepatic, skeletal muscle, and adipose tissue insulin sensitivity. 
(A) Hepatic, skeletal muscle, and adipose tissue insulin sensitivity in MNO 
(n = 12) and MAO (n = 8) subjects before (white bars) and after (black bars) 
weight gain. Endogenous glucose Ra in plasma and percentage of suppres-
sion of glucose Ra during low-dose insulin infusion (stage 1) of the clamp 
procedure (an index of hepatic insulin sensitivity). (B) Skeletal muscle 
glucose Rd from plasma and percentage of stimulation of glucose Rd dur-
ing high-dose insulin infusion (stage 2) of the clamp procedure (an index 
of skeletal muscle insulin sensitivity). (C) Palmitate Ra in plasma and 
percentage of suppression of palmitate Ra during low-dose insulin infu-
sion (stage 1) of the clamp procedure (an index of adipose tissue insulin 
sensitivity). Repeated-measures ANCOVA was used for statistical analysis, 
with the intervention as the within-subjects factor (before vs. after weight 
gain), the group as the between-subjects factor (MNO vs. MAO), and sex 
and race as covariates. §P < 0.01, value different from the corresponding 
MNO value; *P < 0.05, value different from the before–weight-gain value. 
Data represent the mean ± SEM (A and C) or the mean and 95% CIs (B).

Figure 2. VLDL apoB100 kinetics. VLDL apoB100 secretion rates in MNO  
(n = 12) and MAO (n = 8) obese subjects before (white bars) and after (black 
bars) weight gain. Repeated-measures ANCOVA was used for statistical 
analysis, with the intervention as the within-subjects factor (before vs. 
after weight gain), the group as the between-subjects factor (MNO vs. 
MAO), and sex and race as covariates. §P < 0.05, value different from the 
corresponding MNO value; *P < 0.01, value different from the before-over-
feeding value. Data represent the mean ± SEM.
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sue depots (e.g., visceral or gluteofemoral fat), skeletal muscle, or 
other tissues. Therefore, we cannot exclude the possibility that we 
missed other adipose tissue factors (33) or potential mediators of 
insulin resistance, such as diacylglycerol, ceramides, and acylcar-
nitines, in other tissues (34–36) that could help explain the different 
responses to weight gain in our MNO and MAO subjects.

The results from our study demonstrate that moderate weight 
gain elicits very different physiological responses in MNO and 
MAO people and that IHTG content can be used to identify obese 
people who are prone to, or protected from, the development of 
metabolic disease. These data support the need for more aggres-
sive weight-management therapy in the subset of obese people 
who have NAFLD and are at high risk for continued deterioration 
of metabolic function with additional weight gain.

Methods

Subjects
The flow chart of study subjects is shown in Figure 4. Between August 
2010 and February 2014, a total of 68 potential subjects were screened 
for this study, 36 of whom were considered eligible. Subjects were 
recruited through the Volunteers of Health Database at Washington 
University School of Medicine and by local postings. Eleven subjects 
discontinued the study because of relocation (n = 1), withdrawal of 
consent (n = 9), and nonstudy-related surgery (n = 1); 5 subjects were 
excluded from the final analyses because they did not achieve the 
predetermined acceptable 5%–7% weight gain. Therefore, data were 
collected and final analyses were performed on a total of 20 subjects. 

lipoproteinemia who have increased IHTG content because of a 
genetic truncation of apoB100 that impairs VLDL export (25, 26). 
Overall, these findings support the notion that MNO people with 
normal IHTG content represent a distinct phenotype and are not 
simply in a transition phase toward MAO. Nonetheless, we cannot 
exclude the possibility that our MNO subjects would develop met-
abolic abnormalities with greater weight gain.

The cellular mechanisms responsible for the differences in met-
abolic function between MNO and MAO people are not clear. One 
prominent hypothesis is that a decreased capacity of adipose tis-
sue to transport glucose and convert carbohydrate precursors into 
triglycerides is associated with adverse effects on metabolic health. 
We and others have previously found that, compared with MNO 
subjects, MAO subjects have decreased adipose tissue expression 
of genes involved in glucose uptake and lipogenesis (3, 27–31). In 
the present study, we extend these findings by demonstrating that 
several biological pathways and genes related to lipid metabolism 
and synthesis were significantly increased by weight gain in the 
MNO, but not MAO, subjects. These data are consistent with the 
results from a study conducted in a rodent model indicating that an 
experimental increase in the expression of adipose tissue lipogenic 
genes prevented weight gain–induced insulin resistance and the 
metabolic complications associated with obesity (32). Together, 
these data suggest that increased adipose tissue capacity for lipo-
genesis helps protect against the adverse metabolic effects of 
weight gain. However, an important limitation of our study is that 
we evaluated adipose tissue samples from only 1 compartment (s.c. 
abdominal fat) and did not obtain samples from other adipose tis-

Figure 3. Adipose tissue gene expres-
sion profile. PAGE was performed on 
microarray data to identify pathways 
in s.c. adipose tissue that changed 
with weight gain in MNO (n = 12) and 
MAO (n = 8) subjects. (A) The top-20 
significantly upregulated pathways in 
MNO subjects are listed on the basis 
of their Z scores values before and 
after weight gain. (B) Gene expression 
of key lipogenic enzymes in s.c. adi-
pose tissue was determined by real-
time PCR in MNO and MAO subjects 
before (white bars) and after (black 
bars) weight gain. ANCOVA was used 
for statistical analysis, with the inter-
vention as the within-subjects factor 
(before vs. after weight gain), the 
group as the between-subjects factor 
(MNO vs. MAO), and sex and race as 
covariates. *P < 0.02, value different 
from the before–weight-gain value. 
Data represent the mean ± SEM.
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All parts of this study were conducted at the Clinical Research Unit of 
Washington University School of Medicine. IHTG content was used 
to identify subjects who were either MNO (IHTG <5.6%, n = 12, age = 
43 ± 10 years, 2 males, 5 African-Americans, 1 Native-American, and 
6 subjects of mixed European descent) or MAO (IHTG >10%, n = 8, 
age = 52 ± 7 years, 4 males, 2 African-Americans, and 6 subjects of 
mixed European descent), because increased IHTG content is a robust 
marker of inappropriate fat distribution and metabolic dysfunction (3, 
7, 37). All subjects completed a comprehensive medical evaluation. 
To minimize potential weight gain–induced health risks to the study 
subjects, those with extreme obesity (BMI ≥40 kg/m2), IHTG con-
tent greater than 25%, diabetes, poorly controlled obesity comorbid-
ities (e.g., blood pressure >150/100), or other serious diseases were 
excluded. No subject smoked tobacco or took medications that could 
affect the study’s outcome measures.

Study design
Body composition. Body FM and FFM were determined using dual- 
energy x-ray absorptiometry (Lunar iDXA; GE Healthcare). VAT 
and s.c. abdominal adipose tissue volumes were quantified using 
MRI (Siemens; Analyze 7.0 software; Mayo Clinic, Mayo Founda-
tion), and IHTG content was determined using magnetic resonance 
spectroscopy (Siemens) (38).

Hepatic, skeletal muscle, and adipose tissue insulin sensitivity. The 
subjects were admitted to the Clinical Research Unit at Washington 

University School of Medicine on the evening before the clamp proce-
dure. At 1900 hours, the subjects were served a standard meal and then 
fasted until study completion the next day. At 0500 hours the follow-
ing morning, one catheter was inserted into a forearm vein to infuse 
stable isotopically labeled tracers, dextrose and insulin, and a second 
catheter was inserted into a radial artery in the contralateral hand 
to obtain blood samples. At 0600 hours, a primed (22.5 μmol/kg),  
continuous (0.25 μmol/kg/min) infusion of [6,6-2H2]glucose (Cam-
bridge Isotope Laboratories) was started, followed by a continuous  
(6 nmol/kg FFM/min) infusion of [U-13C]palmitate (Cambridge Iso-
tope Laboratories) bound to albumin at 0800 hours. After infusion of 
the glucose tracer for 3.5 hours and palmitate tracer for 1.5 hours (basal 
period), a 2-stage hyperinsulinemic-euglycemic clamp procedure was 
started and continued for 6 hours. Insulin was infused at a rate of  
7 mU/m2 BSA/min (initiated with a priming dose of 28 mU/m2/min for 
5 min and then 14 mU/m2/min for 5 min) during stage 1 (3.5–6.5 h) 
and at a rate of 50 mU/m2 BSA/min (initiated with a priming dose of 
200 mU/m2/min for 5 min and then 100 mU/m2/min for 5 min) dur-
ing stage 2 of the clamp procedure (6.5–9.5 h). These 2 insulin infu-
sion rates were chosen to evaluate hepatic and adipose tissue insu-
lin sensitivity (low-dose insulin infusion to submaximally suppress 
endogenous glucose production and adipose tissue lipolysis) and skel-
etal muscle insulin sensitivity (high-dose insulin infusion to stimulate 
muscle glucose uptake) (39). The infusion rates of glucose and palmi-
tate were reduced by 50% during stage 1 and turned off during stage 2  

Figure 4. Study flow chart. A total of 68 subjects were assessed for eligibility, 36 of whom were considered eligible. Eleven subjects withdrew from the 
study, and 5 subjects did not achieve the acceptable 5%–7% weight gain, thus data were collected and analyses performed on 12 MNO and 8 MAO subjects.
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of the clamp procedure to account for expected decreases in hepatic 
glucose production and lipolytic rates. Euglycemia (~100 mg/dl) was 
maintained by variable infusion of 20% dextrose, which was enriched 
to 2.5% with [6,6-2H2]glucose to help ensure a constant glucose tracer-
to-tracee ratio (TTR). REE was determined during the basal period of 
the clamp procedure by using online expiratory gas exchange analyses 
(TrueOne 2400; Parvo Medics). Blood samples were collected before 
beginning the tracer infusion to determine the background plasma 
substrate TTR and every 10 minutes during the final 30 minutes of the 
basal period and in stages 1 and 2 of the clamp procedure to determine 
glucose and insulin concentrations and substrate kinetics.

VLDL apoB100 kinetics. Approximately 1 week after the hyperinsu-
linemic-euglycemic clamp procedure, the subjects were readmitted to 
the Clinical Research Unit to assess VLDL apoB100 kinetics. At 1900 
hours, the subjects were served a standard meal and then fasted until 
study completion the next day. At 0500 hours the following morning, 
a catheter was inserted into a forearm vein to infuse the stable isoto-
pically labeled leucine tracer. A second catheter was inserted into a 
contralateral hand vein, which was heated to 55°C by using a thermo-
statically controlled box to obtain arterialized blood samples. At 0600 
hours, a primed (4.2 μmol/kg) constant (0.062 μmol/kg/min) infusion 
of [5,5,5-2H3]leucine (Cambridge Isotope Laboratories) was started 
and maintained for 12 hours (4). Blood samples were obtained before 
the start of the tracer infusion and at 5, 15, 30, 60, 90, and 120 minutes 
and then every hour for 10 hours after starting the tracer infusion to 
determine the leucine TTR in plasma and in VLDL apoB100.

Adipose tissue biopsies. Adipose tissue biopsies were obtained 
during the basal stage of the clamp procedure at ~0700 hours. After 
anesthetizing the skin and underlying tissues by percutaneous injec-
tion of lidocaine, abdominal s.c. adipose tissue was aspirated through 
a 4-mm liposuction cannula (Tulip Medical Products) connected to a 
30-cc syringe from the periumbilical area. Tissue samples were imme-
diately rinsed with ice-cold saline and frozen in liquid nitrogen before 
being stored at –80°C for subsequent RNA extraction.

High-calorie diet and weight gain. After baseline studies were com-
pleted, the subjects were instructed to consume 1,000 kcal/day more 
than their estimated baseline total energy requirements (calculated 
as 1.25 times the measured REE) (40), but maintain the same relative 
macronutrient composition as their baseline diet, until they gained 
~6% (acceptable range of 5% to 7%) of their initial body weight. This 
additional food intake was achieved by having subjects eat specific 
menu choices from among 5 fast-food restaurant chains (Burger King, 
Kentucky Fried Chicken, McDonald’s, Pizza Hut, and Taco Bell). The 
subjects were required to keep daily food records and meet individu-
ally and weekly with the study dietitian to help ensure dietary compli-
ance. Four consecutive days of food records were collected, validated, 
and analyzed at baseline and at ~4 weeks after the subjects started 
the high-calorie diet to assess total daily energy intake and dietary 
macronutrient composition. The subjects were also seen every week 
for a medical examination and blood tests to ensure medical safety. 
After the subjects achieved the targeted 5%–7% gain in body weight, 
they were kept weight stable for more than 2 weeks before repeating 
the same procedures conducted at baseline. To help maintain weight 
stability, the subjects were instructed to reduce their energy intake by 
approximately 200 kcal/day. At each weekly visit, the subjects were 
weighed, and dietary recommendations were adjusted as needed to 
keep their weight stable. Once the final studies were completed, the 

subjects were enrolled in a weight-loss program, supervised by our 
study dietitian and behavioral therapist, until they lost at least as much 
weight as they gained during the study.

Analyses of samples and calculations. Plasma glucose concentra-
tion was measured by an automated glucose analyzer (Yellow Springs 
Instruments Co.). Plasma insulin concentration was measured by 
using electrochemiluminescence technology (Elecsys 2010; Roche 
Diagnostics). Plasma adiponectin and leptin concentrations were 
determined by performing ELISA and a radioimmunoassay, respec-
tively (both from EMD Millipore). Plasma samples for BCAAs were 
prepared according to the manufacturer’s instructions (Phenomenex) 
for analyses by gas chromatography–mass spectrometry (41). The glu-
cose, palmitate, and leucine TTR in plasma and the leucine TTR in 
VLDL particles were determined by using gas chromatography–mass 
spectrometry (3, 4). VLDL was separated from plasma by density-gra-
dient ultracentrifugation (42). Plasma VLDL apoB100 concentrations 
were measured by using an immunoturbidimetric kit (Wako).

HOMA-IR was measured from the subjects’ fasting plasma glu-
cose levels and insulin concentrations (43). Isotopic steady-state con-
ditions were achieved during the final 30 minutes of the basal period 
and stages 1 and 2 of the clamp procedure, and Steele’s equation for 
steady-state conditions was used to calculate substrate kinetics (44). 
Glucose Ra in plasma was calculated by dividing the glucose tracer 
infusion rate by the average plasma glucose TTR during the last 30 
minutes of the basal period and in stages 1 and 2 of the clamp proce-
dure. During the clamp procedure, the endogenous glucose produc-
tion rate was calculated by subtracting the dextrose infusion rate from 
total glucose Ra. Glucose Rd from plasma was assumed to equal total 
glucose Ra. Palmitate Ra was calculated by dividing the palmitate 
tracer infusion rate by the average plasma palmitate TTR obtained 
during the final 30 minutes of the basal period and in stage 1 of the 
clamp procedure. Hepatic and adipose tissue insulin sensitivity was 
assessed as the relative decrease in glucose and palmitate Ra, respec-
tively, from basal to low-dose insulin infusion (stage 1) of the clamp 
procedure. Skeletal muscle insulin sensitivity was determined as the 
relative increase in glucose Rd from basal to high-dose insulin infu-
sion (stage 2) of the clamp procedure (7).

The fractional turnover rate (FTR) of VLDL apoB100 (in pools/h) 
was determined by fitting the TTR of leucine in plasma and in VLDL 
apoB100 to a multicompartmental model, as previously described 
(42). The rate of VLDL apoB100 secretion into plasma (in nmol/l/
min) was calculated by multiplying the FTR of VLDL apoB100 (in 
pools/min) by the steady-state concentration of VLDL apoB100 (in 
nmol/l) and the plasma volume (in liters). Plasma VLDL apoB100 
clearance (in ml/min) was calculated by multiplying the FTR of VLDL 
apoB100 (in pools/h) by the plasma volume (in liters), divided by 60.

Total RNA was isolated from frozen s.c. adipose tissue samples by 
using QIAzol and an RNeasy Mini Kit (QIAGEN). Microarray analyses 
were performed with the GeneChip Human Gene 1.0 ST Array (Affy-
metrix). PAGE was performed as previously described (22, 23). Gene 
sets were obtained from the gene set enrichment analysis (GSEA) 
database (gene ontology [GO] gene sets, C5 collection; http://www.
broad.mit.edu/gsea/msigdb/msigdb_index.html), and Z scores and  
P values were calculated for each gene set. A P value of less than 0.05 
was considered statistically significant. All data were analyzed using 
the R statistical software package (http://www.bioconductor.org). 
Microarray datasets used in this study have been deposited in the 
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studied previously (39, 45), we estimated that 8 subjects in each group 
(MNO and MAO) would be needed to detect between-group differ-
ences in insulin sensitivity of ≥19% in hepatic tissue, ≥25% in adipose 
tissue, and ≥29% in skeletal muscle, with a β value of 0.20 (i.e., 80% 
power) and an α value of 0.05. We estimated that 15–20 subjects would 
need to be recruited in each group to ensure that an adequate number 
of subjects completed the study, after allowing for dropouts and sub-
jects who were not able to achieve the required 5%–7% weight gain.

Study approval
Subjects provided written informed consent before participating in 
this study, which was approved by the Human Research Protection 
Office of the Washington University School of Medicine.
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NCBI’s Gene Expression Omnibus database (GEO GSE62832). Real-
time PCR was performed on key enzymes involved in adipose tissue 
lipogenesis (FADS1, FADS2, and ELOVL6). Gene expression was 
determined using an ABI 7500 real-time PCR system (Invitrogen) and 
SYBR Green Master Mix (Invitrogen). The expression of each gene was 
determined by normalizing the Ct value of each sample to the house-
keeping control gene, ribosomal protein (36B4). Primer details are 
listed in Supplemental Table 1 (supplemental material available online 
with this article; doi:10.1172/JCI78425DS1).

Statistics
The statistical analyses were based on a hierarchy of outcomes: (a) 
skeletal muscle insulin sensitivity was considered the primary out-
come; (b) hepatic and adipose tissue insulin sensitivity and VLDL 
apoB100 kinetics were considered secondary outcomes; and (c) all 
other variables (body composition, other cardiometabolic variables, 
and adipose tissue gene expression) were considered exploratory 
analyses. All datasets were tested for normality according to the 
Shapiro-Wilks method, and non-normally distributed variables were 
log transformed for analysis and back transformed for presentation. 
The effect of weight gain was determined by repeated-measures 
ANCOVA, with the intervention as the within-subjects factor (before 
vs. after overfeeding) and the group as the between-subjects factor 
(MNO vs. MAO), and adjusting for sex and race as covariates. When 
significant interactions between the intervention and group were 
found, a 2-tailed Student’s t test was used to evaluate the effect of 
treatment within each group (paired Student’s t test) and differences 
between groups at baseline and after intervention (independent Stu-
dent’s t test). Results are presented as the mean with SDs (for normally 
distributed variables) or 95% CIs (for non-normally distributed vari-
ables), unless otherwise indicated. A P value of 0.05 or less was con-
sidered statistically significant. Analyses were performed using SPSS 
software, version 19 (SPSS Inc.).

On the basis of the interindividual variability of insulin-mediated 
suppression of glucose and palmitate Ra and insulin-mediated stimula-
tion of glucose Rd, assessed by using the hyperinsulinemic-euglycemic 
clamp procedure in a large cohort of nondiabetic obese subjects we had 
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