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Abstract

Weight gain is associated with an increase in intrahepatic triglycerides (IHTGs), and is the 

primary cause of nonalcoholic fatty liver disease in obese people. We combined imaging and 

stable isotope tracer techniques to evaluate the physiologic mechanisms of weight gain-induced 

steatosis in 27 obese people. Weight gain appeared to increase IHTG content by generating an 

imbalance between hepatic fatty acid availability and disposal, and resulted in increased hepatic de 

novo lipogenesis, decreased intrahepatic fatty acid oxidation, and inadequate increases in IHTG 

export via very low-density lipoprotein secretion.
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Obesity is an important risk factor for the development of nonalcoholic fatty liver disease 

(NAFLD); the prevalence of NAFLD is ~15% and ~65% in lean and obese adults, 

respectively.1 The mechanisms responsible for excessive accumulation of intrahepatic 

triglyceride (IHTG) induced by weight gain are not known,2,3 but likely involve an 

imbalance between free fatty acid (FFA) delivery to the liver and de novo fatty acid 

synthesis and the rate of fatty acid oxidation and export (as triglyceride [TG] within very 

low-density lipoprotein [VLDL]).4
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The purpose of this study was to evaluate the physiological mechanisms responsible for the 

accumulation of IHTG after moderate weight gain in obese people. Twenty-seven obese 

subjects (7 men, 20 women; age 48±10 years old) (Table 1) were studied before and after 

they gained a target of ~6% body weight by consuming an additional ~1000 kcal/d of foods 

containing the same macronutrient distribution (percent calories from carbohydrate, fat and 

protein) as their usual diet. Magnetic resonance spectroscopy and imaging were used to 

evaluate body composition and fat distribution. Stable isotopically-labeled glycerol, 

palmitate, leucine, acetate and β-hydroxybutyrate tracer infusions were used to evaluate: i) 

the rate of release of FFA from adipose tissue into the bloodstream, which is an important 

source of fatty acids delivered to the liver for IHTG synthesis; ii) hepatic de novo 

lipogenesis (DNL), which provides fatty acids synthesized from carbohydrate precursors for 

esterification into IHTG; iii) hepatic β-hydroxybutyrate secretion rate, which is a marker of 

intrahepatic fatty acid oxidation; iv) hepatic VLDL-TG secretion rate, which exports TG out 

of the liver, and are comprised of fatty acids derived from both systemic (plasma FFA) and 

non-systemic (lipolysis of intrahepatic, visceral adipose tissue, and circulating TGs, and/or 

DNL) sources;5 and v) VLDL-apolipoprotein B100 (VLDL-apoB100) secretion rate, which 

is a marker of the number of VLDL particles secreted by the liver because each particle 

contains one molecule of apoB100 (see Supplemental Material for details of experimental 

protocol, sample analyses, calculations and statistical analyses).

Studies were performed before and after subjects consumed the high-calorie diet for up to 12 

weeks in an effort to gain ~6% body weight. The average duration of high-calorie diet 

consumption was 8±3 weeks, which caused a 5.8±1.1% (range 3% to 9 %) weight gain that 

was mostly due to an increase in fat mass (Table 1). Genotyping for the PNPLA3 SNP 

rs738409 (I148M) was performed because of the known association between this SNP and 

steatosis.6 We identified 16 non-carriers (genotype C/C) and 11 carriers (G/C and G/G); 2 of 

the 11 carriers were homozygous for the risk allele (G/G). Although there was a trend for 

carriers to have higher baseline IHTG content (8±6% carriers vs. 6±7% non-carriers) and to 

increase IHTG content more after weight gain than non-carriers (13±11% carriers vs. 9±9% 

non-carriers), these differences were not statistically significant. Weight gain caused a 

4.0±4.1% absolute increase (55±49% relative increase) in IHTG content (Table 1), which 

corresponds to an accrual of ~60 g of IHTG, assuming a liver weight of 1,500 g. Basal 

plasma glucose did not significantly change with weight gain, whereas plasma insulin and 

HOMA-IR values increased by 15% to 20%, demonstrating a deterioration in insulin 

sensitivity (Table 1).

We then evaluated the effect of weight gain on the metabolic pathways that influence IHTG 

production rate, namely hepatic fatty acid availability from plasma and DNL from 

carbohydrate precursors. Plasma FFA concentration and the rate of appearance (Ra) of FFA 

into plasma, a measure of adipose tissue lipolytic rate and fatty acid availability to the liver, 

did not change with weight gain (Table 1). In contrast, the rate of intrahepatic de novo 

synthesis of fatty acids increased by ~20% with weight gain (Figure 1A).

We also evaluated the effect of weight gain on the metabolic pathways that are involved in 

the removal of IHTG, namely intrahepatic fatty acid oxidation and export of TG within 

VLDL particles. Fatty acids are used by the liver to produce energy through a multi-step 
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process that involves β-oxidation and production of β-hydroxybutyrate (the most 

predominant ketone body). Accordingly, the rate of release of β-hydroxybutyrate into the 

systemic circulation reflects the rate of hepatic fatty acid oxidation.7,8 We found that weight 

gain caused a reduction in hepatic fatty acid oxidation rate, as demonstrated by a decrease in 

both β-hydroxybutyrate concentration (Table 1) and β-hydroxybutyrate Ra (Figure 1B). 

Weight gain also caused a decrease in whole-body fatty acid oxidation rate and an increase 

in carbohydrate oxidation rate (Table 1). VLDL particles produced by the liver are 

composed primarily of TG, a single molecule of apoB100 and some cholesterol, 

phospholipids and small, exchangeable lipoproteins.9 The secretion of VLDL provides a 

mechanism for exporting water-insoluble lipids from the liver as a water soluble particle into 

the bloodstream to peripheral tissues. The rate of VLDL-apoB100 secretion represents the 

number of VLDL particles secreted by the liver, and the rate of secretion of VLDL-TG is a 

measure of the amount of triglyceride exported from the liver. Weight gain caused an 

increase in both VLDL-apoB100 (Figure 1C) and VLDL-TG (Figure 1D) secretion rates, 

and an increase in plasma total triglyceride and total apolipoprotein B100 (Table 1). 

Moreover, the increase in VLDL-TG secretion rate was almost entirely attributable to a 

marked increase in the contribution of fatty acids originating from non-systemic sources 

(lipolysis of intrahepatic, visceral adipose tissue, and circulating TGs, and/or DNL) (Figure 

1D).

Our study has several limitations. First, although we tried to keep dietary macronutrient 

content stable throughout the study by providing careful diet instructions, diet plans, and 

weekly reviews of food intake, it is possible that changes in macronutrient composition 

occurred when subjects consumed the high-calorie diet, which could have had independent 

effects on our outcome measures. Second, our study evaluated the effect of weight gain after 

~8 weeks of a high-calorie diet, so we cannot exclude the possibility that a slower rate of 

weight gain over a much longer period of time would produce different results. Finally, all 

metabolic assessments were performed after subjects fasted for ~12 h overnight, so we 

cannot determine the effect of weight gain on total 24-h metabolic activity, which includes 

both fasted and fed conditions. Nonetheless, it is likely that the effect of weight gain on our 

basal measurements would have the same qualitative effect on measurements made 

throughout the day.

The results from the present study elucidate the physiological mechanisms responsible for 

IHTG accumulation caused by moderate weight gain in obese people. Our data demonstrate 

that weight gain induced by a macronutrient-balanced, high-calorie diet causes alterations in 

specific metabolic pathways that contribute to an increase in steatosis. Weight gain affected 

both sides of intrahepatic triglyceride balance by increasing the de novo synthesis of fatty 

acids from carbohydrate, in conjunction with a decrease in the elimination of fatty acids by 

intrahepatic fatty acid oxidation. In fact, the decrease in fatty acid oxidation in the liver was 

associated with a shift in whole-body substrate oxidation from lipid to carbohydrate. Weight 

gain also caused an increase in the export of TG out of the liver by secreting a greater 

number of TG-rich VLDL particles, manifested by the increase in VLDL-apoB100 and 

VLDL-TG secretion rates. The increase in VLDL-TG secretion was due entirely to a 

contribution from non-systemic fatty acid sources, presumably derived from lipolysis of 
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visceral adipose tissue, intrahepatic and circulating TGs, and/or DNL. However, the increase 

in TG export was not adequate to fully compensate for the increased rate of IHTG 

production, because IHTG content increased. The alteration in VLDL kinetics was likely 

responsible for the observed increase in plasma TG and apoB100 concentrations. In contrast, 

weight gain did not cause an increase in the basal delivery of fatty acids to the liver from 

lipolysis of subcutaneous adipose tissue triglycerides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effect of moderate weight gain on: A) hepatic de novo lipogenesis, assessed as fatty acid 

produced from carbohydrate precursors and incorporated into very low-density lipoprotein-

triglyceride (VLDL-TG); B) β-hydroxybutyrate rate of appearance (Ra); C) hepatic secretion 

of VLDL-apolipoprotein B100 (VLDL-apoB100); and D) hepatic secretion of VLDL- TG, 

and contribution of systemic (dark grey) and non-systemic (light grey) fatty acid sources to 

triglyceride secreted within VLDL. *Value different from before weight gain value, P<0.05. 

Data are back-transformed from the log and are presented as means and 95% CIs.
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Table 1

Body composition and metabolic characteristics before and after weight gain

Before After

Body mass index (kg/m2) 34.6±3.5 36.6±3.7*

Body weight (kg) 96.8±13.8 102.4±14.6*

Fat-free mass (kg) 52.5±11.0 54.1±11.3*

Fat mass (kg) 43.8±6.8 47.7±7.1*

Body fat mass (%) 45.5±5.8 46.8±5.3*

Visceral adipose tissue (g) 1057 (902, 1239) 1183 (1012, 1381)*

Intrahepatic triglyceride content (%) 4.8 (3.3, 7.0) 7.1 (4.7, 10.7)*

Glucose (mg/dL) 97 (94, 100) 99 (96, 103)

Insulin (mU/L) 13 (10, 16) 15 (11, 19)*

HOMA-IR 3.1 (2.4, 4.0) 3.7 (2.8, 4.8)*

Free fatty acid (μmol/L) 350±80 360±90

Free fatty acid Ra (μmol/min) 300±69 305±72

Triglyceride (mg/dL) 110±48 126±51*

Apolipoprotein B100 (mg/dL) 82±22 89±25§

β-hydroxybutyrate (μmol/L) 79 (52, 121) 46 (37, 58)*

Respiratory quotient 0.73±0.03 0.76±0.05**

Fat oxidation (g/kg/d) 1.5±0.4 1.3±0.4**

Carbohydrate oxidation (g/kg/d) 0.6±0.6 0.9±1.0**

Values are mean ± SD or 95% CIs.

HOMA-IR, homeostasis model assessment of insulin resistance; Ra, rate of appearance.

Value significantly different than corresponding value before weight gain:

*
P<0.001,

**
P<0.05,

§
P=0.07.
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