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Abstract

Nonalcoholic fatty liver disease (NAFLD) and alterations in hepatic lipoprotein kinetics are
common metabolic complications associated with obesity. Lifestyle modification involving diet-
induced weight loss and regular exercise decreases intrahepatic triglyceride (IHTG) content and
very low density lipoprotein (VLDL) triglyceride (TG) secretion rate. The aim of this study was to
evaluate the weight loss-independent effect of following the physical activity guidelines
recommended by the Department of Health and Human Services on IHTG content and VLDL
kinetics in obese persons with NAFLD. Eighteen obese people (BMI: 38.1 + 4.6 kg/m?2) with
NAFLD were randomized to 16 weeks of exercise training (45-55% Vngeak, 30-60 min x 5 days/
week; n = 12) or observation (control; n = 6). Magnetic resonance spectroscopy and stable isotope
tracer infusions in conjunction with compartmental modeling were used to evaluate IHTG content
and hepatic VLDL-TG and apolipoprotein B-100 (apoB-100) secretion rates. Exercise training
resulted in a 10.3 £ 4.6 % decrease in IHTG content (p<0.05), but did not change total body
weight (103.1 + 4.2 kg before and 102.9 + 4.2 kg after training) or percent body fat (38.9 £ 2.1 %
before and 39.2 + 2.1 % after training). Exercise training did not change the hepatic VLDL-TG
secretion rate (17.7 £ 3.9 wmol/min before and 16.8 + 5.4 pumol/min after training) or VLDL-
apoB-100 secretion rate (1.5 + 0.5 nmol/min before and 1.6 = 0.6 nmol/min after training).
Conclusions: Following the Department of Health and Human Services recommended physical
activity guidelines has small but beneficial effects on IHTG content, but does not improve hepatic
lipoprotein kinetics, in obese persons with NAFLD.
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Nonalcoholic fatty liver disease (NAFLD) is a common complication of obesity, and is
associated with abnormalities in hepatic very-low-density lipoprotein (VLDL) metabolism
and increased serum triglyceride (TG) concentration (1, 2). Lifestyle modification involving
diet-induced weight loss and regular physical activity reduces intrahepatic triglyceride
(IHTG) content and improves the metabolic derangements associated with NAFLD (3-17).
Very small amounts of weight loss can cause marked decreases (20%-60%) in IHTG content
(18-20). In fact, we have found that even 48 h of calorie restriction caused a 20% decrease in
IHTG content in obese subjects (21). However, few studies have evaluated the effect of
regular physical activity, independent of weight loss, on NAFLD.

Current guidelines from the Department of Health and Human Services, the American
College of Sports Medicine, and the American Heart Association, recommend that adults
perform at least 150 min, but preferably 300 min of moderate-intensity physical activity per
week; or at least 75 minutes, but preferably 150 minutes, of vigorous physical activity per
week to achieve health benefits (22, 23). Data from two studies have recently shown that
4-12 weeks of vigorous intensity exercise training caused a small decrease in IHTG content
(24, 25). However, obese people are more likely to adhere to a moderate intensity than a
vigorous intensity exercise program (26), in part, because obese persons have lower levels of
pleasure after high intensity exercise (27), and exercise intensity is perceived to be higher in
obese than lean subjects (28). The potential benefits of regular moderate intensity exercise
on IHTG content and hepatic metabolic function in obese people with NAFLD has not been
carefully studied.

The purpose of this study was to investigate the effect of the recommended exercise
guidelines for moderate intensity endurance exercise training (150-300 min per week) on
IHTG content and VLDL kinetics in obese subjects with NAFLD. We hypothesized that
exercise training would result in decreased IHTG content and hepatic VLDL-TG and
VLDL-apolipoprotein B-100 (apoB-100) secretion rates. Magnetic resonance spectroscopy
(MRS) was used to assess IHTG content and stable isotopically labeled tracer techniques
were used to assess VLDL-TG and VLDL-apoB-100 kinetics in our study subjects before
and after 16 weeks of supervised exercise training.

This was a single-center, randomized, controlled trial conducted at Washington University
School of Medicine in St. Louis, MO, approved by the local Human Research Protection
Office and in compliance with the ethical guidelines of the 1975 Declaration of Helsinki. All
subjects provided written informed consent before participating in the study.

Eighteen obese subjects (5 men; 13 women) with NAFLD (IHTG content >10 %), who were
recruited between June 2006 and July 2010, participated in this study. The flow of study
participants is shown in Figure 1. All subjects completed a medical evaluation, which
included a history and physical examination, blood tests, the Michigan Alcohol Screening
Test (29), and an oral glucose tolerance test. Subjects were excluded from the study if they
had chronic liver disease other than NAFLD, a Michigan Alcohol Screening Test score >4,
diabetes, or plasma TG concentration >400 mg/dl. All subjects were weight stable (<3 %
change in self-reported weight for at least 3 months before the study) and sedentary (<1 h of
self-reported exercise per week).

Hepatology. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

Experimental Protocol

Body composition, aerobic fitness, and hepatic VLDL-TG and VLDL-apoB-100 secretion
rates were assessed before and after 16 weeks of exercise training or the control period.

Body composition analyses—Body fat mass and fat-free mass (FFM) were determined
by using dual-energy-X-ray absorptiometry (Hologic QDR 4500, Waltham, MA)(30).
Intrahepatic TG content was determined by using MRS (Magnetom Trio/3T, Siemens,
Erlanger, Germany) (31).

Aerobic fitness—Peak aerobic capacity (VO, peak) Was determined by measuring peak
oxygen consumption while walking on a motor-driven treadmill at a constant speed of 3.0
mph while increasing the grade by 2.5% every 2 minutes (32). Respiratory gas exchange
rates were measured throughout the duration of the test by using indirect calorimetry (Parvo
Medics’ TrueOne® 2400, Sandy, UT).

VLDL-TG and VLDL-apoB-100 kinetics—Subjects were admitted to the Clinical
Research Unit in the evening before the study and consumed a standard meal at 1900 h.
Subjects then fasted (except for water) until the completion of the study the next day. At
0500 h the next morning, one catheter was inserted into a forearm vein for tracer infusions
and a second catheter was inserted into a vein on the opposite hand, which was heated to
55°C by using a thermostatically controlled box, to obtain arterialized blood samples. At
0600 h, a bolus of [1,1,2,3,3-2Hs]glycerol (75 pmol/kg) and 12-h constant infusions of
[5,5,5-2Hz]leucine (0.06 wmol-kg™1-min~1; priming dose: 4.2 wmol/kg;) and [2H,]palmitate
(0.03 pmol-kg~1-min~1) were administered through the catheter in the forearm vein. Blood
samples were collected before the bolus tracer injection and at 5, 15, 30, 60, 90 and 120 min
and then hourly for 10 h after the tracer infusions were started. An aliquot of each plasma
sample was kept in the refrigerator to isolate VLDL by ultracentrifugation (33); the
remainder of each sample was frozen and stored at —80°C until final analyses were
performed.

Randomization and Study Intervention—Subjects who passed screening were
randomized into the control or the exercise group by an independent statistician who did not
participate in subject enrollment by using a 2:1 computer-generated randomization scheme.
Subjects in the control group were instructed to continue their current activities of daily
living; they were contacted once a week to review compliance with the study protocol and
reported to the research center once a month to obtain accurate body weight measurements.
Subjects in the exercise group were instructed to exercise for 30-60 min, 5 times per week at
45%-55% of their VO, peak (i-€., brisk walk). Subjects initiated their exercise program by
walking on a treadmill for 15-30 minutes at a heart rate equivalent to 45-55% of their pre-
training VO, peak, and progressively increased the duration of exercise during the initial 4
weeks until 30-60 min of moderate intensity exercise 5 times a week was achieved. Subjects
exercised under direct supervision once a week in our exercise facility; the remaining
sessions were completed at home. Compliance with home exercises was assessed by
recording heart rate (Polar Electro heart rate monitor, Kempele, Finland) during all exercise
sessions. Subjects were required to complete 16 weeks of exercise training; those who
completed <3 exercise sessions in any week were required to extend their training period by
an additional week. Subjects in the exercise group were weighed weekly on the same scale
and without shoes before supervised exercise. The post-intervention lipid metabolism study
was performed on the day after the last bout of exercise was performed.

Sample analyses—Total cholesterol, HDL-cholesterol (HDL-C), and LDL-cholesterol
(LDL-C) concentrations in plasma were measured enzymatically by using a Hitachi 917
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autoanalyzer (Hitachi, Tokyo, Japan). Plasma alanine transaminase (ALT) concentration
was measured enzymatically by using a Cobas ¢501 autoanalyzer (Roche, Indianapolis,
USA). Plasma free fatty acid (FFA) concentrations were determined by gas chromatography
(Hewlett-Packard 5890-I1; Hewlett-Packard, Palo Alto, CA) after adding hepadecanoic acid
to plasma as an internal standard (34). Total TG and VLDL-TG concentrations in plasma
were determined by using a colorimetric enzymatic kit (Sigma Chemicals, St. Louis, MO).
VLDL-apoB-100 concentration was determined by using a commercially available
immunoturbidimetric kit (Wako Chemicals, Richmond, VA). Plasma glycerol, palmitate,
and leucine tracer-to-tracee ratios (TTR) were measured by using gas chromatography/mass
spectrometry (MSD 5973; Hewlett-Packard) (35).

Calculations—~Palmitate rate of appearance (Ra) in plasma was calculated between 60 and
180 minutes of tracer infusion by using Steele’s equation for steady-state conditions (36).
The fractional turnover rates (FTR) of VLDL-TG and VLDL-apoB-100 were determined by
fitting the TTR time-courses of free glycerol in plasma and glycerol in VLDL-TG and the
TTR time-courses of free leucine in plasma and leucine in VLDL-apoB-100, respectively to
a compartmental model (35, 37). The secretion rates of VLDL-TG and VLDL-apoB-100
were calculated by multiplying the FTR of VLDL-TG and VVLDL-apoB-100 by the steady-
state plasma VLDL-TG and VLDL-apoB-100 concentrations and the plasma volume,
respectively (35, 37). The molar ratio of VLDL-TG and VLDL-apB-100 secretion rates was
calculated by dividing the VLDL-TG secretion rate by the VLDL-apoB 100 secretion rate
and provides an index of the TG content of newly secreted VLDL particles (38). The
relative contribution of systemic plasma FFA to VLDL-TG production, which is defined as
FFA taken up by the liver from the systemic circulation and directly incorporated into
VLDL-TG, was determined by the degree of isotopic dilution of the palmitate enrichment in
VLDL-TG vs. plasma (35, 39). The remaining fatty acids in VLDL-TG are considered “non-
systemic”, and include fatty acids derived from lipolysis of intrahepatic and visceral adipose
tissue TG, lipolysis of plasma lipoproteins taken up by the liver, and hepatic de novo
lipogensis (40).

Statistical analysis

Power Calculation—The primary study endpoint was the change in IHTG content in the
exercise vs. the control group. Assuming an average (= SD) IHTG content of 23 £7 % in
obese subjects with NAFLD, which is the average value observed in our previous studies,
and no change in IHTG content in the control group, we estimated that a total of 6 subjects
in the control group and 12 subjects in the exercise group would give us a power of 95% to
detect a 30% change and a power of 80% to detect a 20% change in IHGT content in the
exercise group. Power calculations were performed by using G*Power 3.1.2 software,
(Franz Faul, Universitat Kiel, Germany).

Data Analysis—The Student’s t-test for independent samples (normally distributed data
sets) or the Mann Whitney U test (skewed data sets) were used to compare outcome
measures in the two groups at baseline. Analysis of covariance (ANCOVA) was used to
evaluate the effect of exercise (vs. control) on the outcome measures after adjusting for
differences in baseline plasma TG concentrations between groups; variables that were not
normally distributed were log-transformed for analysis. Pearson’s product moment
correlation coefficient was used to evaluate the relationship between plasma ALT
concentration and IHTG content. All results are expressed as mean + SEM or median
[quartiles]. A two-sided p-value of <0.05 was considered statistically significant. Statistical
analyses were performed by using SPSS (Windows) v17.0 for Windows (IBM, New York).
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Compliance with the intervention

Eighteen subjects completed all study testing; n = 6 in the control group (1 man; 5 women,
age: 47.5 £ 3.1 years) and n = 12 in the exercise group (4 men; 8 women, age: 48.6 + 2.2
years). The 12 subjects who completed study testing in the exercise group performed 94 +
1.5% of the scheduled exercise sessions; 8 subjects completed the exercise program within
16 weeks and 4 within 18 weeks. On average, subjects exercised for 224 + 22 min per week.
No study related adverse events occurred.

Body composition and peak aerobic capacity

Values for VO, peak, Dody weight, body mass index (BMI), body fat mass, FFM, and IHTG
content at baseline were similar in the exercise and control groups (Table 1). VO peax
increased by 9.0 + 2.5 % after exercise training, but the difference between the exercise and
the control groups was not statistically significant, possible due to a type 2 statistical error
because of the small number of subjects. Body weight, body fat mass and FFM values at the
end of the study were not different from the corresponding values obtained at the beginning
of the study. There was a 10.3 = 4.6% relative decrease in IHTG content in the exercise
group compared with the control group (p = 0.044), (Figure 2).

Plasma lipids and ALT concentrations

There were no differences in total TG, VLDL-TG, VLDL-apoB-100, and FFA
concentrations in plasma between the control and exercise groups at baseline (all p > 0.12),
(Table 2). Exercise training did not affect plasma total TG, VLDL-TG, VLDL-apoB-100,
and FFA concentrations. Plasma ALT concentration decreased by 12.8 + 3.1% in the
exercise group compared with the control group (p = 0.04), (Table 2). The exercise-induced
change in plasma ALT concentration correlated directly with the exercise-induced change in
IHTG content (R? = 0.60, p < 0.001).

Lipid Kinetics

FFA Ra into plasma was not different between the exercise (3.8 + 1.1 pmol/kg/min) and
control (3.6 = 1.1 pmol/kg/min) groups at baseline and did not change after either exercise
training or control intervention (4.0 £ 1.1 pmol/min and 4.0 £ 1.2 umol/kg/min,
respectively) (all p >0.6). There were also no differences between the exercise and control
groups in baseline VLDL-TG and VLDL-apoB-100 secretion rates (all p >0.18) and exercise
had no effect on these metabolic outcome measures (all p >0.5; Figure 3 A and B). The
proportion of fatty acids in VLDL-TG derived from systemic plasma FFA and non-systemic
fatty acid sources were not different between the exercise and control groups at the
beginning of the study, and were not affected by the exercise program (Figure 3C). The
molar ratio of VLDL-TG and VLDL-apoB-100 secretion rates did not differ between the
exercise and control groups at baseline (13,136 + 1,737 and 11,576 + 774, respectively) and
was not affected by the interventions (12,293 + 1,913 and 10,990 + 1,223 respectively, p=
0.932).

Discussion

We investigated the effects of the current physical activity guidelines recommended by the
Department of Health and Human Services, the American College of Sports Medicine, and
the American Heart Association on IHTG content and VLDL kinetics in obese people with
NAFLD. Our data demonstrate that this moderate intensity exercise program causes a small
decrease in IHTG content, even when body weight and total body fat mass are maintained.
Moreover, the change in IHTG content was directly associated with a change in plasma ALT
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concentration. In contrast, the exercise program did not improve the abnormalities in
lipoprotein metabolism associated with NAFLD, specifically hepatic VLDL-TG or VLDL-
apoB-100 secretion rates, or plasma VLDL-TG and VLDL-apoB-100 concentrations (1, 2).
Therefore, these data demonstrate that the current physical activity recommendations have
modest beneficial effects on IHTG content, and suggest that the marked improvement in
steatosis and lipoprotein metabolism associated with lifestyle intervention (3-17) is largely
due to weight loss rather than increased physical activity.

A series of studies have evaluated the effect of lifestyle-induced weight loss on IHTG
content in subjects with NAFLD (3-17). Mean weight loss varied among studies, ranging
from 1.5% to 14% of initial body weight, and the effect of weight loss on IHTG content also
varied, ranging from&20% to a ~60% relative reduction. The magnitude of weight loss-
induced effects on IHTG content depends on the initial IHTG content; the reduction is
greater in subjects who have more than those who have less IHTG for the same amount of
weight loss (4, 20). In addition, even short term negative energy balance with minimal
weight loss has a marked effect on IHTG content (4, 18, 20, 21). These data, in conjunction
with results from the present study, demonstrate that lifestyle therapy that results in even
minimal weight loss, without moderate physical activity, is an effective therapy for NAFLD.

Several studies have evaluated the effect of endurance exercise alone, without concomitant
weight loss, on IHTG content (24, 25, 41, 42). Two studies found no change in IHTG
content with endurance exercise without weight loss (41, 42). However, these studies may
not reflect the true effect of endurance exercise in patients with NALFD for a number of
reasons; one study was conducted in subjects with a normal amount of liver fat (42), and the
other study used computed tomography, which does not provide a quantitative assessment of
IHTG content, to determine changes in IHTG content (41). The two other studies (24, 25)
were conducted in obese adults and adolescents who had NAFLD and found that vigorous
intensity exercise training (70% VO, peak for 90-135 min/week for 4-12 weeks) caused a
small decline in total IHTG content, similar to the effect of the moderate intensity exercise
program in our study. However, it is more likely that obese people will adhere to a
moderate-intensity than a vigorous-intensity endurance exercise program (26-28).

We did not detect an effect of 16 weeks of moderate intensity exercise training on plasma
FFA or VLDL-TG and VLDL-apoB 100 concentrations or kinetics. These data extend the
observations from Johnson et al (24), who found that vigorous intensity exercise training
without weight loss did not affect plasma TG concentrations in obese subjects with NAFLD,
and are consistent with the conclusion from several systematic reviews, which found a
minimal effect of moderate or vigorous-intensity exercise on plasma TG concentrations
(43-46). Our findings suggest that the reduction in IHTG content is due to an increase in
hepatic fatty acid oxidation, not an increase in TG export out of the liver or a decrease in
FFA delivery to the liver. This notion is consistent with data from studies conducted in
rodent models that found chronic exercise increases hepatic fatty acid oxidation and
prevents steatosis (47) (48).

We found that the decrease in IHTG content after exercise training correlated with a
decrease in plasma ALT concentrations. Although increased plasma ALT concentration is
considered a marker of hepatocellular injury (49), changes in plasma ALT concentrations do
not necessarily correlate with changes in liver histology (50, 51) and most people with
NAFLD have plasma ALT concentrations that are within the laboratory normal range (52).
In fact, 14 of our 18 subjects had baseline plasma ALT concentrations that were within our
laboratory’s normal range; although, only 2 subjects had normal plasma ALT concentrations
when the proposed cut-off values of 30 1U/l for men and 19 1U/I for women were used (53,
54). Nevertheless, data from a recent meta-analysis found that the hazard ratio for diabetes
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was 1.83 for each 1 unit increase in log transformed ALT concentration (55). Therefore,
although the change in plasma ALT observed in our study is small, it is possible this change
has beneficial medical implications.

Our study has several limitations. First, we studied a small number of subjects, which
decreased our ability to detect differences between the control and exercise groups.
Nonetheless, we were able to detect an effect of exercise on IHTG content. We should have
also been able to detect a 15%-20% difference in VLDL-TG or VLDL-apoB-100
metabolism before and after training with the number of subjects enrolled in our study,
based on the known reproducibility of our stable isotope-labeled tracer methods (35). In
addition, the variability in baseline values for IHTG and VLDL kinetics were similar in the
exercise and control groups. Therefore the ability to detect significant effects of exercise
training was the same for the VLDL kinetics as it was for IHTG content. Furthermore,
VLDL-TG or VLDL-apoB-100 kinetics after exercise training were nearly identical to those
obtained before training, so adding hundreds of additional subjects would not have changed
our conclusions, provided the effects in these additional subjects would be similar to those
already studied. Second, although we speculate that the reduction in IHTG content was due
to an increase in hepatic fatty acid oxidation, not an increase in TG export out of the liver or
a decrease in FFA delivery to the liver, it is possible that we missed diurnal changes in FFA
and VLDL-TG kinetics that contributed to the improvement in steatosis.

In conclusion, we found that following the physical activity guidelines recommended by the
Department of Health and Human Services causes a small decrease in IHTG content and
plasma ALT concentrations, but do not affect hepatic VLDL-TG or VLDL-apoB-100
secretion rates or plasma lipid concentrations, in obese persons with NAFLD. These results
demonstrate that moderate intensity endurance exercise training alone has only modest
therapeutic effects on hepatic TG and lipoprotein metabolism. Further studies are needed to
evaluate the mechanism through which moderate-intensity exercise training decreases IHTG
content.
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Figure 1.
Diagram of study subject flow.
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Figure 2.
Intrahepatic triglyceride content in the Control (n = 6) and Exercise (n = 11) groups before

and after the 16 week intervention. Data are means + SEM. ANCOVA revealed a significant
group x time interaction (p = 0.044).
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Figure 3.

VLDL-TG secretion rate (A) and VLDL-ApoB-100 secretion rate (B) before (white bars)
and after (black bars) intervention in the Control and Exercise groups. Relative contribution
of non-systemic fatty acids (gray speckled bars) and systemic fatty acids (white speckled
bars) to secreted VLDL-TG (C). Data are means + SEM.
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