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Effect of 6-Month Calorie Restriction and
Exercise on Serum and Liver Lipids and
Markers of Liver Function

D. Enette Larson-Meyer'?, Bradley R. Newcomer®, Leonie K, Heilbronn'#, Julia Volaufova®,
Steven R. Smith', Anthony J. Alfonso’, Michael Lefevre'®, Jennifer C. Rood!, Donald A. Williamson/,
Eric Ravussin' and The Pennington CALERIE Team!

Objective: Nonalcoholic fatty liver disease (NAFLD) and its association with insulin resistance are increasingly
recognized as major health burdens. The main objectives of this siudy were to assess the relation between liver

lipid content and serum lipids, markers of liver function and inflammation in healthy overweight subjects, and to
determine whether caloric restriction (CR) (which improves insulin resistance) reduces liver lipids in association with
these same measures.

Methods and Procedures: Forty-six white and black overweight men and women (BMI = 24,7-31.3kg/m? were
randomized to “control (CO)” = 100% energy requirements; “CR” = 25%; “caloric restriction and increased siructured
exercise (CR+EX)"=12.5% CR + 12.5% increase in energy expenditure through exercise; or “low-calorie diet (LCD)" =
15% weight loss by liquid diet followed by weight-maintenance, for 6 months. Liver lipid content was assessed by
magnetic resonance spectroscopy (MRS) and computed tomography (CT). Lipid concentrations, markers of liver
function (alanine aminotransferase (ALT), alkaline phosphatase (ALK)), and whole-body inflammation (tumor necrosis
factor-a (TNF-q), interleukin-8 (IL-6), high-sensitivity C-reactive protein (hsCRP)) were measured in fasting blood.
Results: At baseline, increased liver lipid content (by MRS} correlated (P < 0.05) with elevated fasting triglyceride
(r=0.52), ALT (r = 0.42), and hsCRP (r = 0.33) concentrations after adjusting for sex, race, and alcohol consumption.
With CR, liver lipid content was significantly lowered by CR, CR+EX, and L.CD (detected by MRS only). The reduction
in liver lipid content, however, was not significantly correlated with the reduction in triglycerides {r = 0.26; P = 0.11) or

with the changes in ALT, high-density lipoprotein (HDL)-cholesterol, or markers of whole-body inflammation.
Discussion: CR may be beneficial for reducing liver lipid and lowering triglycerides in overweight subjects without

known NAFLD.
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INTRODUCTION

Fatty liver disease that develops in the absence of alcohol
abuse is becoming increasingly recognized as a major health
burden (1). This disease, termed nonalcoholic fatty liver dis-
ease (NAFLD), comprises an histological spectrum that ranges
from simple hepatic steatosis (fatty infiltration of liver) to
steatohepatitis (fatty liver accompanied by inflammation) and
end-stage liver disease (2,3). Recently, it has been suggested
that NAFLD is more common than originally expected, and
that it may be present even when serum liver enzymes are not
elevated (4,5). Most recent estimates suggest that the preva-
lence is ~20-33% in adults living in the United States and

other Western Countries (1,4,5), with a higher prevalence in
Hispanics and lower prevalence in blacks than whites (4).
Some degree of hepatic steatosis is present in obesity (6,7)
and type 2 diabetes (7,8), and is associated with many features
of the metabolic syndrome (9) including central fat accumula-
tion (10), insulin resistance (11,12), hypertriglycemia {10-12),
and reduced high-density lipoprotein (HDL)-cholesterol
(10,11). Although the pathogenesis of NAFLD is not completely
understood, a widely supported theory implicates a key role for
insulin resistance leading to hepatic steatosis, and possibly also
to steatohepatitis. A “second hit,” or additional oxidative injury
may also be required to manifest the inflammatory component
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of steatohepatitis. Endotoxin-inducible cytokines, particularly
tumor necrosis factor-a {TNF-o) which is commonly elevated in
obesity, are also hypothesized to play a role (13,14). Treatments
alming at improving insulin sensitivity are commonly recom-
mended (13,15), although only a few studies have documented
improvements in hepatic steatosis. One study in obese women
found that weight reduction improved insulin sensitivity and
reduced hepatic lipid content measured noninvasively by mag-
netic resonance spectroscopy (MRS) (16), whereas another in
obese men and women found reduced hepatic lipids in biopsy
samples after a restricted diet and exercise regimen (17).

Although it is known that caloric restriction (CR), weight loss,
and exercise training improve insulin sensitivity (18-21), the
extent to which these interventions influence liver lipid accu-
mulation has not been adequately explored. The purpose of this
study was twofold: (i) to evaluate the relation between liver lipid
content (measured by MRS and computed tomography (CT)),
and serum lipids, markers of liver function and inflammation
in healthy overweight insulin-sensitive subjects (baseline cross-
sectional analysis); and (if) to determine whether CR reduces
liver lipid stores in association with serum lipids and with mark-
ers of liver function and whole-body inflammation (intervention
analysis). A secondary purpose was to compare the use of MRS
and CT for analyzing liver lipid content. We hypothesized that
fat accumulation in the liver, as measured by both techniques,
would be associated with elevated fasting triglyceride concen-
trations, lower HDL-cholesterol concentrations, and elevated
markers of liver function and inflammation, all of which would
be improved with CR regardless of the addition of exercise.

METHODS AND PROCEDURES

This evaluation was performed as part of a randomized clinical pilot
trial designed to examine the effects of CR on surrogate markers for
longevity in nonobese humans referred to as the CALERIE study
(Comprehensive Assessment of Long term Effects of Reducing Intake of
Energy; Trial registration: ClinicalTrials.gov Identifier: NCT00099151).
Details of the study have been published elsewhere (22). In brief, we
enrolled 48 overweight men and women (25 < screening BMI < 30kg/m?)
with women between 25 and 45 years of age, men between 25 and
50 years of age with no personal history of type 2 diabetes, cardiovascu-
lar disease, high blood pressure (>160/90 mm Hg), liver disease or obes-
ity, no psychiatric or eating disorders, alcoholism or substance abuse,
and not taking any medication. Screening for liver disease included his-
tory, physical examination, liver function tests, including total bilirubin
(normal range = 0.2-1.5mg/dl}, alanine aminotransferase (ALT; nor-
mal range = 10-60IU/l), and alkaline phosphatase (ALK; normal
range = 32-1301U/l), and CT scan. Liver biopsies and serum markers
of chronic hepatitis (B and C) were not performed. Screening for alco-
hol and substance abuse and dependence was by history (no more than
three drinks/day was allowed) and the Structured Clinical Interview for
DSM-IV Axis I Disorders (SCID) (23) that included evaluation for cur-
rent substance abuse and dependence. This study was approved by our
Institutional Review Board and all participants gave written informed
consent before participation.

Intervention

After a 5-week baseline assessment, the 48 participants were rand-
omized into one of four groups (» = 12 for each): 25% CR of base-
line energy requirements; 12.5% CR + 12.5% increase in total energy
expenditure through structured exercise (CR+EX); low-calorie diet
(LCD) until 15% reduction in body weight was achieved followed by
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maintenance of new lower body weight (i.e., “weight clamped”); and
control (CO) with weight-maintenance by a healthy diet (American
Heart Association (AHA) Step 1 diet). The LCD group was included
as a “weight-clamped control group” so all outcomes of interest
(including liver lipid stores) could be compared with a group that
would precisely maintain a new energy balance at an intake pre-
dicted to be 20~25% below their baseline energy requirements after
rapid weight loss (15%). Subjects were stratified according to sex,
race, and screening BMI before sequential randomization. Race was
self-reported with 17 reporting black, 30 white, and 1 Asian ethnic-
ity. Baseline energy requirements were determined from individual
free-living energy expenditure, which was assessed over a 4~week
period using doubly labeled water (22). However, for this analysis,
the one Asian participant (assigned to CR+EX) was excluded and
hence analysis by race could be performed with only black and
white subjects. The two subjects who withdrew during the study
(one in CO and another LCD) (22) were included in the baseline
cross-sectional analysis but not in the intervention analysis.

Diets

For the first 12 weeks after randomization, the diet for all the four
groups was provided by the Center’s Metabolic Kitchen (22). During
weeks 13-22, participants self-selected their own diet on the basis
of their individual calorie target, before returning to the in-feeding
protocol for weeks 22-24. All diets (except LCD) were based on
the AHA Step 1 recommendations (<30% fat; <10% saturated fat).
The very LCD was given in five shakes/day and provided 890kcal/
day (75¢ protein, 110g carbohydrate, 5g fat: HealthOne, Health
and Nutrition Technology, Carmel, CA). An additional 10-g corn
oil bolus was added to one shake/day to stimulate cholecystokinin
release and prevent gallstones.

Alcohol

Participants were advised to limit alcohol intake during the 5-week
baseline assessment and the 6-month intervention to <2 standard
servings/day (1 serving = 12 ounce beer, 5 ounce wine, or 1.5 ounce of
distilled spirits). During the intervention phase, 1 serving of alcohol
could be switched for 100 kilocalories of food aslong as the participants
did not exceed their target energy intake. Participants were asked to keep
daily food and beverage (including alcoholic beverages) intake records
that were used to assess compliance and assist with behavior modifi-
cation, These records were later analyzed for alcohol intake (average
g/week) over the baseline cross-sectional and intervention phases using
Moores Extended Nutrient (MENu) Data Base (2000) (Pennington
Biomedical Research Foundation, Baton Rouge, LA).

Exercise

CR+EX participants were required to increase their energy expenditure
by 12.5% above bascline energy requirements by undergoing struc-
tured exercise (i.e., walking, running, or stationary cycling) 5 days/
week according to an individualized exercise prescription (22,24).
Participants were required to conduct three sessions/week under
supervision. A wireless heart rate monitor (Polar 5-610; Polar Beat,
Port Washington, NY) was used to record exercise duration and aver-
age heart rate.

Metabolic tests

Subjects were tested during a 5-day admission to the clinical research
centfer at baseline {(month 0) and month 6 (22). Testing included dual-
energy X-ray absorptiometry to assess total body composition (QDA
4500A; Hologics, Bedford, MA); MRS to assess liver lipid stores; multi-
slice CT scanning of the abdominal region to assess total, visceral and
subcutaneous adipose tissue and liver and spleen tissue densities for
measuring liver lipid. A fasting blood sample was drawn for determi-
nation of serum lipids and markers of liver function (ALT and ALK)
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Men Women Significance (P)
Sex x
Black (n = 6) White (n = 13) Black (n = 11) White (n = 16) Sex Race race
Age (years) 40 £ 8 (27-47) 38 + 6 (28-49) 38+ 6(27-45) 37 £ 6(27-45)
Weight (kg) 91.1+£10.0(79.3-102.4) 89.7+8.1 (79.8-104.0) 72.9+7.6(61.0-83.1) 78.0+57(70.4-92.2) 0.0001
BMI (kg/m?) 282 +1.8(255-30.5) 27.9+1.7@561-313) 27.3:£1.8(253-30.0) 27.9x1.7(24.7-30.5)
Insufin sensitivity 5, 3.33+1.88(1.44-5.82) 3.26+157(0.99-6.78) 2.12+058(1.3-31) 394+1.13(2.72-5.87) 0.02 003
(10-* mUA/rmin)
Body fat (%) 24.4+£20(22.0-27.7) 245+£38(165-31.0) 36.2x48(29.1-46.2) 38.6+£3.5(32.1-42.7) 0.0001
TAT (kg) 10.3:2.3(8.4-14.2) 10.9£2.1 (7.0-14.6) 103+28(7.6-16.5) 122+2.7(8.1-17.1) 0.056
SAT (kg) 63+1.6(4.4-9.0) 6.6+1.5(4.0-9.1) 8.6+2.2(6.5-124) 99+23(6.9-14.2) 0.0001
VAT (kg) 40+15(2.4-6.1) 43+1.12.9-6.1) 1.6+0.9{0.9-4.1) 22+08(1.2-4.0) 0.0001
IHL (% of oil 112£05{0.2-1.7) 22+18(04-7.2) 09+08(0.3-2.8 14+£15{05-6.4) 0.0
phantom)
HL (>5%) 0 1 0 1 - -
Liver-to-spleen 1.4+0.1{1.2-1.5) 12x01(1.0-1.4) 1.3+0.1(1.2-1.5) 1.3+0.1(1.2-1.5) 0.08 0.08 0.01
ratio
Total-cholesterol 191 + 31 (158-231) 187 + 31 (142-256} 156 + 30 (115-205) 17222 (117-210)  0.006
(mg/dl)
HDL-cholesterol 35 £ 9(22-46) 367 (2248 50 £ 13 (28-77) 45 £ 9 (33-64) 0.0002
(mg/d)
LDL-cholesterol 127 + 37 (68-166.) 119+ 27 (81-173) 88 £ 25 (43-126) 108 + 17 (73-145) 0.003
{mg/dl)
Triglyceride (mg/d} 155 + 114 (72-369) 157 + 81 (63-359) 86 + 70 (34-260) 100 + 44 (28-202) 0.004
ALT (UN) 259+6.7(16.0-33.5) 282+91(1656-420) 126+38(7.5-20.0) 17.3x87{7.0-465  0.0001
ALK (UA) 728+250(52.0-118.0) 62.9+10.0(47.0-75.0) 47.1+9.5(32.0-66.0) 58.7+17.0(27.0-91.0) 0.003 0.03
TNF-a {(pg/ml) 32+15(1.6-4.7) 7.7+6.0(1.6-25.5) 7.2+6.1(1.6-18.3) 81+£5.7(1.6-18.2)
IL-6 {pg/ml) 170562233 (1.6-642.8) 73.3+141.6(1.6-507.3) 113.7 +147 (1.6-452.5) 87.8+ 78.5(17.1-288.9)
hsCRP {mg/d)) 0.37+0.36(0.08-0.96) 0.20+0.21(0.05-0.86) 0.39+0.33(0.07-1.21) 0.30 + 0.28 (0.04-0.98)
Average weekly 7.3+ 12.3(0.0-29.6) 53+10.3(0.0-34.3) 09+22(0.0-7.2 3.2+55{0.0-19.8)
alcohol intake (g)
Values are means + s.e.m. (ranges shown in parentheses). Significance between men vs. women and black vs. white shown for < 0.10.
ALK, alkaline phosphatase; ALT, alanine aminotransferase; Average weekly alcohol intake, average weekly alcohol intake dur-
ing the b5-week baseline period; HOL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; IHL, intrahepatic lipid; IL.-6,

interleukin-6; LDL, low-density lipoprotein; SAT, subcutaneous abdominal adipose tissue; TAT, total abdominal adipose tissue; TNF-a, fumor necrosis factor-a; VAT,

visceral abdominal adipose tissue.

and whole-body inflammation (TNF-a, interleukin-6 (I1-6), and high-
sensitivity C-reactive protein (hsCRP)).

Analysis of lipid level in the liver

Intrahepatic lipid (THL) was determined by proton MRS on a 1.5-T
whole-body imaging and spectroscopy system (Picker Fdge Eclipse;
Picker International, Cleveland, OH) using a PRESS technique. Subjects
were positioned on their belly and a single water-suppressed PRESS box
(20 x 20 x 20 mm®-voxel, echo time = 40 ms, repetition time = 25) was
collected using a commercially available 'H body coil in an area of the
upper left lobe that was free from heavy vascularization (determined
from T2-weighted axial images; echo time = 123 ms, repetition time =
40 ms, echo train length = 32). The peak positions and areas of interest
(intrahepatic CH, (representing ITHL) and CH, of fatty acid chains) were
determined by time domain fitting using jMRUTI (Java-based Magnetic
Resonance User Interface), and referenced to an external oil phantom
(peanut oil, one 7.5 x 7.5 x 10mun’-voxel, repetition time = 2s, echo
time = 35ms) (25). Duplicate measures of THL using PRESS acquisi-
tions at 1.5 T are highly correlated (r = 0.99) with a low test—retest coef-
ficient of variation (8.5%) (5).
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Liver lipid analysis with CT was performed using a General Electric
Light Speed scanner (Milwaukee, WT). Subjects were positioned in the
supine position with arms resting above the head. Eight axial images
were acquired (120kVp, 200 mAs, slice thickness = 10 mm, table spac-
ing = 50 mm) following exhale in a single expiration breath hold. Liver
and spleen analysis was obtained from the L4/L5 disc space scan. The
CT tissue density, in Hounsfield units, was obtained from an average of
three distinct 10 x 10 mm? regions of interest in both the liver and spleen.
"The liver-to-spleen ratio was calculated as the index of lipid content,
i.e, Hounsfield units of spleen was used as an internal normalizer (26).

Serum lipids and markers of liver function and

whole-body inflammation

Serum lipids were analyzed according to standardized procedures (27).
ALT and ALK were analyzed on a Beckman-Coulter Synchron CX7
(Beckman-Coulter, Brea, CA). TNF-a and IL-6 were analyzed on 2
Luminex Labmap 100 (Luminex, Austin, TX) using multiplex kits from
Linco Research (St. Charles, MO). hsCRP was measured on a DPC
2000 automated immunoassay instrument using chemi-luminescent
detection (Diagnostic Products; Siemens Company, St. Louis, MO).
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Figure 1 Relation between intrahepatic lipid (IHL) measured by
magnetic resonance spectroscopy (MRS) and the ratio of the
attenuation (in Hounsfield units (HU)) of liver tissue relative to spleen
tissue (liver-to-spleen ratio) (in HU) measured by computed fomography
{CT) (P < 0.05). A lower liver-to-spleen ratio reflects a higher lipid
content. Data are shown for the group of white men (open triangles),
while women (open circles), black men (black triangles), and black
women (black circles).

Table 2 Relations between liver lipid content by MRS and
selected variables adjusted for sex and race and sex, race, and
alcohol intake

IHL (% oil phantom)

Sexand Sex, race, and

Liver-to-spleen ratio

Sexand Sex, race, and

Variable race  alcoholintake  race alcohol intake
Weight (kg) 0.077 0.11 -0.33" -0.37*
Body fat (%)  0.41* 0.43** -0.03 -0.04
TAT (kg) 0.43" 0.44* -0.21 -0.21
VAT (ka) 0.56** 0.54%= -0.14 -0.11
Triglycerides ~ 0.53*** 0.52%** -0.15 -0.13
(log mg/dl)

HDL- —0.23 -0.21 -0.07 -0.10
cholesterol

ALT (U/) 0.43" 0.42* -0.20 -0.16
ALK (UA) 0.28 0.27* 0.01 0.06
hsCRP 0.31* 0.33* -0.06 -0.08
{mg/d})

Values are partial correlation coefficients (rs) between liver lipid stores and the
variables of interest adjusted for sex and race as well as for sex, race, and
average alcohol consumption measured in g/week during the 5-week baseline
assessment. IHL measured by MRS, liver-to-spleen ratio and liver minus spleen
by computed tomography.

ALK, alkaline phosphatase; ALT, alanine aminotransferase; HDL, high-density
lipoprotein; hsCRP, high-sensitivity C-reactive protein; IHL, intrahepatic lipid; MRS,
magnetic resonance spectroscopy; TAT, total abdominal adipose tissue; VAT,
visceral abdominal adipose tissue.

*P0.05 < 0.10; P < 0.05; *™™F < 0.001.

Statistical analysis

Data in text and tables are presented as mean values + standard deviations.
The analysis was carried out using SAS Software Package Version 9.1.3
(SAS, Institute, Raleigh, NC). To assess the association among variables
{baseline cross-sectional analysis), Pearson correlation coeflicients were
calculated at baseline between liver lipid and measurements of adiposity,
serum lipids and markers of liver function and whole-body inflamma-
tion. In addition, partial correlations were calculated to determine associa-
tion between the variables of interest adjusting for sex and race as well as
for average alcohol consumption measured in g/week. The chenge from
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Table 3 Baseline characteristics of subjects by treaiment
assignment

CR CR+EX LCD co
Age (years) 395 365 397 377
(30-45) (29~45) (27-49) (27-47)
Sex {men/women) 6/6 4/7 4/7 5/7
Race (black/white) 5/7 5/8 4/7 3/9
BM! (kg/m?) 27814 27.7+16 278x+19 278z2.1
(25.7-30.0) (25.3-20.8) (24.7-30.5) (25.1-31.3)
Average weekly 556+£101 27+£39 0711 60106
alcohol intake (g) (0-29.6) ©0-11.6)  (0-3.16) (0-34.3)

Values are means + s.e.m. (with ranges shown in parentheses).

Average weekly alcohol intake, average weekly alcohol intake during the 5-week
baseline period; CO, control; CR, caloric restriction; CR+EX, caloric restriction and
increased structured exercise; LCD, low-calorie diet.

baseline to month 6 (intervention analysis) was assessed on key variables to
investigate sex, race, and treatment effects using an analysis of covariance
with sex, race, and treatment being the main effects and with all interac-
tions up to the third order included in the model. The baseline variable was
included as a covariate in the model. A Tukey adjustment was applied to all
pair-wise comparisons to maintain an overall & of 0.05. Serum triglycerides
were analyzed using log-transformed data. Alcohol consumption was used
as a covariate in analysis of liver lipid. Atbaseline, simple predictive models
with one and two variables were created for liver lipid using sex, race, and
alcohol consumption in each model in addition to added variables.

RESULTS

At baseline, one individual (white men assigned to LCD) with
a history of social drinking was found to have a severely ele-
vated ITIL (IHL = 22% of peanut oil phantom; range of other
subjects = 0.3-7.2%) as well as a slightly elevated ALT (ALT =
691U/ normal range <601U/1). This individual was excluded
from all analysis because his THL was a statistically significant
outlier (internally studentized residual = 13.5 (>2.6 = statistical
significance)) and confirmed by his low liver-to-spleen ratio
(0.726). Thus, analysis for the study included 46 subjects for
the baseline cross-sectional analysis (all treatment groups
combined) and 44 subjects for the intervention analysis
(CR =12, CR+EX = 11, LCD = 10, CO = 11) owing to neces-
sary exclusions and drop outs.

Cross-sectional analysis

Basefine characteristics. Characteristics of the 46 subjects by sex
and race are described in Table 1. The baseline BMI for the group
following the 5-week baseline assessment was 27.8 £ 1.7 kg/m?
(24.7-31.3kg/m?). (Note: some initial BMIs are slightly out of
the 25-30kg/m?* range because of fluctuation during baseline
assessment). Significant differences between men and women
were found for body mass, percent body fat, central adipose
stores, and lipoprotein profile. Markers of liver function were
also higher in men than in women while the liver-to-spleen ratio
tended to be lower (indicating higher liver lipid stores), particu-
larly in white men (P = 0.01, sex X race effect). IHL also tended
to be lower in black than in white participants.

Relations between liver lipid, alcohol intake, and adiposity. THL
was weakly correlated with the liver-to-spleen ratio (r = -0.33,
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Table 4 Change in body composition, insulin sensitivity and markers of liver function and inflammation with calovic restriction

CR CR+EX LCD Co

Value Baseline %Chg Baseline %Chg Baseline %Chg Baseline %Chg
Weight? (kg) (22) 80.9+114 —10+£3*  823+109  ~10+3* 824113 —14z2* 81.7+89 04
Insulin sensitivity S, 3317 40 + 66* 3413 79 £ 64* 33x£1.7 83 + 106* 28+1.2 1+35
(10-* mUA/rain)? (24)

Body fat* (%) (28) 309+83 ~15+9* 331+78 -17 £+ 8* 32.7+83 =21 +11* 322+66 -1+6
TAT (kg) (22) 11122 -27+12  112+25 =30+ 9" 11.0+£3.2 -35+ 10" 11.0£2.6 0+10
SATR (kg) (22) 78:24 26+ 13" 85+27 -30+9* 83x27 -34+9* 81x22 1+10
VAT (kg) (22) 32+18 -28+12% 26+£15 ~-28 £ 10* 28+1.5 -36+ 10" 30+13 —2+13
ALT (U7 23.8+13.0 -28+£19*  19.6+97 24+24* 17253 -2+23 20091 -12 £11*
ALK (U/) 65.5+20.2 B0 547 +9.6 -6+ 15 50.8+13.0 -10+8* 63.9+18.1 —7+14
TNF-a {pg/ml) 83+71 88+115 71+£864 62+114 54+34 51+83 78+£49 49+ 36
IL-6 (pg/mi) 69.0+64.7 711144 134.6+153.7 6+ 31 46.1 £59.3 70+ 170 1458 +197.6 10+ 50
hsCRP (mg/d) 0.25+0.26 20+£184  0.15+0.09 26 +52 046+038  -50zx27* 0.34+0.28 -27 + 28*

Values are means £ s.d.

ALK, alkaline phosphatase; ALT, alanine aminotransferase; CO, control; CR, caloric restriction; CR+EX, caloric restriction and increased structured exercise; hsCRP,
high-sensitivity C-reactive protein; IL-6, interleukin-6; LCD, low-calorie diet; SAT, subcutaneous abdominal adipose tissue; TAT, total abdominal adipose tissue; TNF-q,

tumor necrosis factor-a; VAT, visceral abdominal adipose tissue.
Data previously published in cited reference. *P < 0.05 vs. baseline.
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Figure 2 Liver fipid stores at baseline and after 6 months of treatment
with caloric restriction (CR), caloric restriction and increased structured
exercise (CR+EX), a low-calorie diet (LCD) or control (see text for
treatment details) assessed by (a) magnetic resonance spectroscopy
and (b) computed tomography. For (a) intrahepatic lipid (IHL), values at
6 months are significantly different than baseline for all treatment groups
(CR, CR+EX, and LCD). *Significantly different from control; fsignificantly
different from baseline.

P =0.02; Figure 1; Note: a lower liver-to-spleen ratio reflects
a higher lipid content) but neither IHL nor the liver-to-spleen
ratio were significantly correlated with average alcohol intake
during the prior 5-week baseline assessment (r = 0.18 and ~0.16
respectively, P > 0.05). By simple correlation analysis, IHL was
positively correlated with BMI (r = 0.30, P = 0.04), and total
abdominal fat {(r = 0.42, P = 0.005) and visceral abdominal
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fat adjusted for total abdominal fat {r = 0.55, P < 0.0001}, but
not with body weight or other markers of adiposity. The liv-
er-to-spleen ratio was negatively correlated with body mass
{r=-0.42, P = 0.004) and visceral abdominal fat adjusted for
total abdominal fat (r = -0.37, P = 0.01), and positively cor-
related with percent body fat (r = 0.31, P = 0.04,). The rela-
tion between THL and percent body fat and total and visceral
abdominal tissue was statistically significant after adjusting for
sex, race, and alcohol intake (Table 2).

Relations between liver lipid and serum lipids. By simple correla-
tion analysis, IHL (but not the liver-to-spleen ratio) was posi-
tively correlated with serum triglyceride (r = 0.57, P < 0.0001)
and negatively correlated with HDL-cholesterol concentrations
(r=-0.32, P =0.03). The correlation between THL and triglycer-
ide concentrations was statistically significant after adjusting for
sex, race, and alcohol intake (Table 2).

Relations betwsen liver lipid and markers of liver function and
inflammation. By simple correlation analysis, IHL was positively
correlated with ALT (r = 0.49, P = 0.0005) and ALK (r = 0.31,
P=0.03) concentrations but not with any markers of whole-body
inflammation. The liver-to-spleen ratio was negatively corre-
lated with ALT concentration (r= -0.39, P £0.01} and positively
correlated with IL-6 concentration (r = 0.51, P < 0.001). After
adjusting for sex, race, and alcohol intake, IHL was significantly
correlated with ALT, ALK, and hsCRP, whereas no significant
correlations were found for the liver-to-spleen ratio and matkers
of liver function and inflammation (Table 2).

Intervention analysis
The characteristics of the 46 subjects assigned to the interven-

tion and CO groups are shown in Table 3. Statistical differences

1359



ARTICLES

INTERVENTION ARD PREVERTION

among treatment groups at baseline were not found for any of
the variables analyzed. There was a trend (P = 0.07), however,
for hsCRP to differ at baseline among the treatment groups.

Effect of CR. Details on the change in body weight, body com-
position, and insulin sensitivity have been previously reported
(22,24,28). In brief, and as summarized in Table 4, body weight
was significantly reduced from baseline (P < 0.001) by 10, 10, and
14% in CR, CR+EX, and LCD groups, respectively at the end of
the 6-month intervention. The reduction in body weight was sig-
nificantly lower in the LCD than the caloric-restricted groups (P <
0.05). Insulin sensitivity and body composition were significantly
improved in all caloric-restricted groups (Table 4) but improve-
ments were not statistically different between treatments.

CR and liver and serum lipids. A significant treatment effect
(P < 0.01) was found for IHL levels (Figure 2), which was
reduced from baseline in the CR, CR+EX, and LCD treat-
ments (P < 0.01). There was no ditference in the response
between treatments, but the response in each treatment
was significantly different (P < 0.05) from CO. The treat-
ment effect was not influenced by sex or race (P = 0.1 for the
sex-by-race-by-treatment interaction). In contrast, the liver-
to-spleen ratio (Figure 2) and the density of the liver and spleen
(in Hounsfield units) were not significantly altered by CR.

Serum triglyceride concentrations were significantly decreased
from baseline in the CR (21 + 16%), CR+EX (15 + 18%), and
LCD (12 + 37%) groups and significantly increased from base-
line in the CO group (22 + 319%; P < 0.05). HDL-cholesterol was
also increased by 10 £ 11%, 10 £ 9%, and 12 + 16% in the CR,
CR+EX, and LCD groups, respectively, but did not change sig-
nificantly in the CO group. Details of the changes in the lipopro-
tein profile are included in a forthcoming article (29).

CR and markers of liver function and inflammation. Baseline con-
centrations for markers of liver function and inflammation, and
the change in these markers with CR are shown in Table 4. ALT
was significantly decreased from baseline in the CR, CREX,
and CO groups but not in the LCD group, whereas ALK was
significantly reduced in the CR and LCD groups. hsCRP was
significantly reduced from baseline in the LCD and CO groups
and increased slightly (but not significantly) in the CR group.
IL-6 tended to increase with treatment (P = 0.08) but was signifi-
cantly increased only in the CR group. TNF-a tended to increase
in all treatment groups as well as the CO group but this increase
was not statistically significant.

Changes in liver lipid vs. other parameters. After adjustment
for treatment group, the reduction in IHL was positively cor-
related with the change in visceral adipose tissue (r = 0.33;
P = 0.04) and also tended to be correlated with the reduction
in serum triglycerides (r = 0.26; P = 0.11). However, [HL was
not related to the change in other indices of body adiposity or
changes in HDL-cholesterol, ALT, or ALK concentrations. The
reduction in IHL was not correlated with the change in hsCRP
or TNE-a but was negatively correlated with the change in
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IL-6 (r = -0.59; P < 0.01). The change in IHL was not signifi-
cantly correlated with the difference in the liver-to-spleen ratio
(r=-0.27,P=0.10).

DISCUSSION

This study examines liver lipid content measured by both MRS
and CT in healthy overweight black and white men and women
before and after 6 months of CR with or without exercise. At
baseline, we found, as hypothesized, that liver lipid accretion
which ranged from 0.3 to 7.2% of peanut oil phantom was
correlated with elevated fasting triglyceride and low HDL-
cholesterol concentrations, and higher ALT, AST, and hsCRP
concentrations. With CR, we found that liver lipid content
(measured by MRS but not CT) was significantly reduced but
not in association with the improvement in serum lipids and
markers of either liver function or whole-body inflammation,
as was also hypothesized.

Although a consistent and striking association has been
noted between insulin resistance and increased liver lipid
stores (11,12,30) and NAFLD (10), it is not clearly established
whether insulin resistance is a cause (1) or consequence (31) of
liver lipid accumulation. Although some clinical evidence sug-
gests that insulin resistance (or hyperinsulinemia) may pro-
mote metabolic abnormality and liver lipid accretion (1,32),
a widely accepted hypothesis holds that accumulation of fat in
nonadipose tissues (i.e., ectopic fat) such as liver, blood, skel-
etal muscle, and pancreas interferes with insulin signaling and
promotes insulin resistance/secretion (33). Data from animal
studies have shown that steatosis and hepatic insulin resist-
ance can be induced by overexpression of liver-specific lipo-
protein lipase in mice (34) and by 3 days of high-fat feeding in
rats (35). Intracellular accumulation of fatty acid metabolites,
including long-chainfatty acyl-CoAs, also reduces insulin acti-
vation of IRS 2-associated phosphatidylinositol 3-kinase activ-
ity (34) thereby inhibiting insulin signaling (31). Furthermore,
accumulation of fatty acids in the liver may damage biological
membranes (36) and/or promote liver damage in concert with
pro-inflammatory cytokines (13).

In an earlier analysis, we reported that liver lipid accretion was
negatively correlated with insulin sensitivity in overweight men
and women, and that accretion was greater in those who also
had enlarged adipocytes (24). The reduction in liver lipid stores
with CR was also found to occur in association with the reduc-
tion in body weight but not with the improvement in insulin
sensitivity. In this analysis, we extend these findings to show that
liver lipid accretion is directly correlated with hsCRP concentra-
tion, a marker of whole-body inflammation, after adjusting for sex
and race but is not related to concentrations of pro-inflammatory
cytokines including TNF-a and IL-6. We also found that liver
lipid stores tend to be higher in white than black individuals
(particularly white men) despite higher insulin sensitivity in this
group (as has been noted in large-scale studies (4)), but these
differences were statistically significant only for liver fat assessed
by CT (P = 0.03) and not by MRS (P = 0.09). Collectively, our
findings from the CALORIE Study suggest that the pathogen-
esis of NAFLD is complex and may involve an interplay between
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adipocyte size (24), excess body weight, insulin sensitivity/resis-
tance, and whole-body inflammation that is likely to vary among
racial groups independent of alcohol intake.

In agreement with previous studies, we found that liver lipid
content and/or hepatic steatosis is associated with many fea-
tures of the metabolic syndrome (9) including hypertriglycemia
(10-12) and reduced HDL-cholesterol (10,11), aswell asinsulin
resistance (11,12,24). Qur results, however, also show that CR
with or without exercise is an effective lifestyle-modification
that simultaneously reduces liver lipid stores and improves the
metabolic profile. Quite interestingly, the improvement in liver
and serum lipids with a 109 weight loss by CR with or without
exercise was similar to that with a 14% rapid weight loss in our
weight-clamped control group (24). By comparison, treatment
with rosiglitazone (37), and pioglitazone (38) lowers liver lipid
content and improves insulin sensitivity, but only pioglitazone
treatment impacts serum triglyceride and HDL-cholesterol con-
centrations (39). Other lifestyle interventions that have reduced
body weight via diet (16) or diet plus exercise (17) found only
small changes in triglyceride concentrations despite ~39-49%
reduction in liver lipid stores (16) or steatosis (17) with-
out changes in HDL-cholesterol concentrations. Differences
between these findings and ours may be partially explained
by our healthy caloric-restriction diet (i.e., AHA Step 1 diet),
which was provided during the first 3 months of the study in
the caloric-restricted groups and after weight clamping in the
LCD group, and/or by our intense behavioral intervention
that educated volunteers on healthy lifestyle modifications.
The association between liver lipid accumulation and elevated
triglycerides and lowered HDL-cholesterol may indicate that
lipid accretion in liver modulates the uptake and utilization of
very low-density lipoproteins resulting in elevated triglycer-
ides (12). Normally, insulin acutely suppresses the production
of very low-density lipoprotein particles from liver leading to
a decrease in serum triglyceride concentrations (40), but this
mechanism is defective in insulin-resistant subjects (41). Our
results suggest that this disruption may be present as patients
develop insulin resistance, and perhaps more importantly
that CR may be an effective treatment for reducing both hyper-
triglyceridemia and liver lipid accumulation.

The employment of both MRS and CT to assess liver lipid
content in this study presents some important results for
future intervention studies. Although a few studies have vali-
dated the use of both techniques against the gold standard of
histomorphometrical analysis in liver biopsy samples (42-44)
or compared with MRS and CT (42,45), none have compared
these two techniques during alifestyle intervention. Somewhat
surprisingly, we found only a modest correlation between
ITL assessed by MRS and the liver-to-spleen density ratio
(r=-0.33) at baseline, and a weak but not statistically signifi-
cant correlation (r = -0.27) between the change in ITHL and
the change in the liver-to-spleen ratio with CR, both lower
than those reported by Longo et al. (42) but higher than those
reported by Ishii et al. (45). This lack of consistency between
the two techniques combined with our data showing no
change in the liver-to-spleen ratio despite a change in THL
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suggests that MRS may be a more sensitive measurement of
liver lipid content than CT, particularly when liver lipid con-
tent is low (Le., in “healthy” overweight subjects but not in
obese subjects). In addition, MRS is a more direct method of
measuring lipid stores. MRS assesses the hydrogen atoms on
the carbon chains of triglyceride molecules stored in tissue,
whereas CT is an X-ray imaging technique that distinguishes
fat from other tissue based on tissue attenuation characteris-
tics that are a function of tissue density and chemical com-
position (such that a Jower mean attenuation reflects higher
lipid content). CT may be influenced by intervention-induced
factors (other than lipid concentration) that effect tissue density
including hydration and liver glycogen and/or iron content (26).
The reliability of the two techniques possibly also differs fol-
lowing weight loss when CT measures may be influenced by
differences in patient’s size and shape (26), as noted in this
study, and artifacts such as beamn hardening (26). In contrast,
MRS has not been found to be influenced by technical factors
including sampling size or location (5). Our results, neverthe-
less, should not preclude use of CT for analysis of fatty liver
disease but rather suggest that caution be used when employ-
ing CT to assess liver lipid accretion in populations with sus-
pected low liver lipid content.

While this study reports some interesting findings that
may help gain a better understanding of the pathogenesis and
treatment of NAFLD, the study has some limitations. First,
our careful screening of participants for good general health
likely resulted in recruitment of an overweight sample that
was “healthier” than the general population and therefore had
a lower prevalence of liver lipid accumulation. Second, our
screening to rule out liver disease by history, physical examina-
tion, liver function tests, and CT scan was not perfect and did
not specifically rule out all causes of liver disease including viral
hepatitis. Third, our study size was relatively small and limited
our power to detect differences among CR treatment and con-
trol groups for improvements in insulin sensitivity (24}, hyper-
insulinernia and liver lipid accumulation. These limitations,
however, were compensated in part by the very tight control of
the intervention and control groups and by the number of tests
and experimental procedures that allowed a more comprehen-
sive assessment of factors that may contribute to liver lipid accu-
mulation or NAFLD (i.e., elevated hsCRP) or be influenced by
its accumulation {e.g., hypertriglyceridemia and hyperinsuline-
mia) Nevertheless, both mechanistic and larger-scale well-con-
trolled longitudinal studies are needed to elucidate the factors
involved in NAFLD pathogenesis and determine the long-term
therapeutic effect of CR or other altered lifestyle approaches for
preventing and treating NAFLD.
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