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OBJECTIVE—Weight loss reduces abdominal and intrahepatic fat, thereby improving met-
abolic and cardiovascular risk. Yet, many patients regain weight after successful diet-induced
weight loss. Long-term changes in abdominal and liver fat, along with liver test results and insulin
resistance, are not known.

RESEARCH DESIGN AND METHODS — e analyzed 50 overweight to obese subjects
(46 = 9 years of age; BMI, 32.5 £ 3.3 kg/mz; women, 77%) who had participated in a 6-month
hypocaloric diet and were randomized to either reduced carbohydrates or reduced fat content.
Before, directly after diet, and at an average of 24 (range, 17-36) months follow-up, we assessed
body fat distribution by magnetic resonance imaging and markers of liver function and insulin
resistance.

RESULTS —Body weight decreased with diet but had increased again at follow-up. Subjects
also partially regained abdominal subcutaneous and visceral adipose tissue. In contrast, intra-
hepatic fat decreased with diet and remained reduced at follow-up (7.8 = 9.8% [baseline], 4.5 *
5.9% [6 months], and 4.7 £ 5.9% [follow-up]). Similar patterns were observed for markers of
liver function, whole-body insulin sensitivity, and hepatic insulin resistance. Changes in intra-
hepatic fat und intrahepatic function were independent of macronutrient composition during
intervention and were most effective in subjects with nonalcoholic fatty liver disease at baseline.

CONCLUSIONS—A 6-month hypocaloric diet induced improvements in hepatic fat, liver
test results, and insulin resistance despite regaining of weight up to 2 years after the active
intervention. Body weight and adiposity measurements may underestimate beneficial long-term
effects of dietary interventions.

Diabetes Care 36:3786-3792, 2013

ncreases in visceral and subcutaneous
abdominal fat as well as ectopic fat
deposition contribute to the develop-
ment of metabolic abnormalities in obe-
sity (1). In particular, intrahepatic fat

accumulation is associated with increased
insulin resistance and promotes the de-
velopment of type 2 diabetes (2,3), inde-
pendently of total or visceral fat mass
(4,5). Excessive hepatic fat also predisposes
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to nonalcoholic steatohepatitis, which
may progress to cirrhosis and hepatic can-
cer (6). Thus, interventions reducing he-
patic fat address the root cause for both
obesity-associated metabolic disease and
liver disease. Lifestyle interventions in-
cluding hypocaloric diets are a corner-
stone of obesity management because
diet-induced weight loss improves insu-
lin sensitivity (7) while preventing type 2
diabetes (8). Weight reduction through
caloric restriction decreased hepatic fat
in studies lasting up to 12 months
(9,10). The improvement in hepatic fat
during dieting was primarily related to
caloric restriction rather than macronutri-
ent composition (11). Two important is-
sues are involved in weight reduction
studies. First, there may be dissociation
between body weight changes and cardio-
vascular and metabolic risk factors over
time. For example, whereas bariatric sur-
gery decreases the risk for new-onset di-
abetes for many years, the risk for arterial
hypertension may not be reduced despite
sustained weight loss (12). Second, many
subjects regain weight after diet-induced
weight loss (13). Whether weight regain
negates previous improvements in he-
patic fat and liver function has not been
investigated. Given the importance of he-
patic fat in the pathogenesis of obesity-
associated metabolic disease, we assessed
long-term changes in visceral fat, subcu-
taneous fat, liver fat, liver test results, and
insulin resistance after dietary weight loss
in overweight or obese subjects.

RESEARCH DESIGN AND
METHODS

Participants

Between March 2007 and June 2010, 108
overweight and obese subjects without
signs and symptoms of cardiac, vascular,
renal, metabolic, and gastrointestinal dis-
eases completed a 6-month hypocaloric
diet (—30% energy intake) with either re-
duced carbohydrate or reduced fat content.
Subject characteristics had been de-
scribed previously (11). Subjects received
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no medications and required no other
medical care. We excluded subjects re-
porting more than 2 h of physical activity
per week, subjects consuming >20 g/day
of alcohol, and pregnant or nursing
women. All subjects who completed the
study were invited to participate in a
long-term follow-up. The study was per-
formed in accordance with the Declaration
of Helsinki (1996). Our Institutional Re-
view Board approved the study and writ-
ten informed consent was obtained before
entry.

Study design

The follow-up investigation presented
here is part of the B-SMART study (Clinical
trial reg. no. NCT00956566, clinicaltrials.
gov), which compared weight loss and
changes of associated metabolic and
cardiovascular markers in hypocaloric
diets with reduced carbohydrates and re-
duced fat. The randomized 6-month di-
etary intervention consisted of individual
and group dietary counseling with the
goals of reducing energy intake by 30%
with a minimum of 1,200 kcal/day and
adherence to one diet or the other. The
reduced carbohydrate diet contained =90 g
carbohydrates, 0.8 g protein/kg body
weight, and =30% fat. The reduced-fat
diet contained =20% fat, 0.8 g protein/kg
body weight, and the remaining energy
content comprised carbohydrates. All
subjects who completed the 6-month
diet were invited to participate in a follow-
up visit. The only contacts during follow-up
were occasional telephone calls to monitor
weight changes and to invite subjects to
the final examination. No intervention of
any kind was offered during follow-up.
The follow-up visit occurred between
17 and 36 months after completion of the
supervised dietary intervention (Supple-
mentary Fig. 1). All anthropometric, met-
abolic, and magnetic resonance imaging
studies were conducted in an academic
clinical research center with the same
equipment, scientific staff, and protocols
as applied during the baseline and post-
diet measurements (11).

Anthropometric and metabolic
evaluation

We measured body weight, waist circum-
ference, and height in a standardized man-
ner after an overnight fast. We obtained
blood samples at baseline and at 15, 30,
45, 60, 90, and 120 min after glucose in-
gestion (75 g glucose/300 mL; oral glucose
tolerance test [OGTT]) to measure glucose
and insulin. Imaging studies were performed

after another overnight fast. Participants
provided a 7-day food protocol that was
analyzed for energy intake and macronu-
trient content using Optidiet (V3.1.0.004;
GOE, Linden, Germany), an analysis soft-
ware based on nutritional content of food
as provided by the German National Food
Key.

Abdominal and liver fat imaging

A clinical 1.5-T magnetic resonance scan-
ner (Sonata and Avanto; Siemens Medical
Solution AG, Erlangen, Germany) was
used to measure abdominal subcutaneous
and visceral fat mass as well as liver fat
content as previously described (14).
Briefly, we applied a T1-weighted, water-
suppressed, gradient echo technique (repe-
tition time, 80 ms; echo time, 6.11 ms;
512 X 512 matrix; field of view, 500 X
500 mm; slice thickness, 10 mm; interslice
gap, 10 mm) to image abdominal fat dur-
ing repetitive breath-holds. Axial slices
were acquired from the diaphragm to
symphysis. We quantified visceral and
subcutaneous adipose tissue by semi-
automated image segmentation software
using a contour-following algorithm
(Vitom). In addition, we measured intra-
hepatic lipids by respiratory-gated 'H
spectrometry (spin-echo: repetition time
according to respiratory cycle (>5 s);
echo time, 30 ms). Unsuppressed spectra
were acquired in end-expiration from a sin-
gle 30- X 30- X 20-mm” voxel located at
liver segment 7 (24 averages). Intrahepatic
lipid content was quantified using peak
areas and expressed (as percent) as fat +
(fat + water).

Biochemical measurements and
calculations

Glucose (mmol/L), insulin (wU/mL), lipo-
proteins, alanine aminotransferase (U/L),
aspartate aminotransferase (U/L), and
v-glutamyltransferase (U/L) were deter-
mined by standard methods in a certified
clinical chemistry laboratory. Insulin re-
sistance was estimated by homeostasis
model assessment of insulin resistance in-
dex. Homeostasis model assessment of
insulin resistance was calculated from fast-
ing insulin and glucose by the following
equation: (insulin [wU/mL] X glucose
[mmol/L]) + 22.5). Whole-body insulin
sensitivity was calculated by the compos-
ite insulin sensitivity index (15). Compos-
ite insulin sensitivity index = 10,000 +
J[(fasting plasma glucose X fasting plasma
insulin) X (glucose X insulin)]; fasting
plasma glucose was expressed as mg/dL
and fasting plasma insulin was expressed
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as pU/mL, and glucose (mg/dL) and insu-
lin (WU/mL) were the mean glucose and
mean insulin concentrations during the
glucose load. The hepatic insulin resis-
tance index was estimated from the results
of the OGTT. This approach has been val-
idated in nondiabetic subjects by using
euglycemic insulin clamp testing includ-
ing labeled glucose administration (16).

Statistical analysis

Data were first tested for normal distri-
bution and variance homogeneity with
Kolmogorov-Smirnov test and the Levene
test, respectively. Differences between
time points (baseline, after diet, follow-
up) were analyzed using ANOVA for
repeated measures with Bonferroni post
hoc test. Univariate associations between
parameters were described by Pearson
correlation coefficient. To test for inter-
actions between diet groups or weight
loss groups over time, we used two-way
ANOVA for repeated measures and
Bonferroni post hoc test. To identify in-
dependent predictors of hepatic fat con-
tent at baseline and of long-term reduction
in hepatic fat after the dietary intervention,
we conducted multivariate linear regres-
sion analyses. All statistical analyses were
performed with SPSS 18 (SPSS, Chicago,
IL). Significance was accepted at P < 0.05.
Unless otherwise stated, values are given
as mean * SD. Post hoc power analysis
was calculated with G*Power 3.1.7
(http://www.psycho.uni-duesseldorf.de/
abteilungen/aap/gpower3).

RESULTS —Fifty subjects had complete
data sets at follow-up and were included
in the analysis (Table 1). Participant flow
is shown in Supplementary Fig. 1. The
time between completion of diet and
follow-up visit was 24 = 6 months (range,
17-36). The long noninterventional
follow-up period was associated with a
substantial discontinuation rate (54 of
108 eligible subjects participated in the
follow-up visit). Approximately half of
the subjects changed housing and contact
details without notifying the investigators
(lost to contact). The other subjects with-
drew consent to further participation be-
cause of time constraints or disinterest in
further scientific evaluations. To test the
possibility that the high discontinuation
rate introduced a substantial bias, we
compared participants and nonpartici-
pants with respect to baseline data and
changes at 1, 3, and 6 months after diet
initiation (Supplementary Table 1). Sub-
jects who discontinued the follow-up
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Body fat redistribution after diet

Table 1—Anthropometric and metabolic variables after the 6-month diet intervention and

at follow-up 17-36 months after diet

Women/men (n = 40/10)

Baseline 6-month diet Follow-up

Age, years 46 £ 9 — —
Body weight, kg 915+ 13.6 843 *x122* 87.0x 13.4*}
Waist circumference, cm 102 = 11 95 = 9% 98 + 10*7
Blood lipids

Total cholesterol, mmol/L 4809 45+ 0.9* 46 *07

HDL cholesterol, mmol/L 1.5£0.8 1403 14+04

LDL cholesterol, mmol/L 3.0+0.8 2.8 *+0.7* 28 *+0.7

Triglycerides, mmol/L 1.1 04 0.9 = 0.4* 09 =05
Liver tests

Alanine aminotransferase, units/L 252 *+ 148 20.8 =94 18.7 = 6.1%

Aspartate aminotransferase, units/L 302171 23.7 * 6.9*% 20.8 £ 5.3*

y-Glutamyltransferase, units/L 228 *17.6  19.6 * 16.1 192 = 14.1*%
OGTT

Whole-body insulin sensitivity (C-ISI) 55+22 8.6 x47* 7.4+ 32%

HOMA-IR 1.67 £1.28 1.00 = 0.50* 1.40 £ 1.20%

2-h glucose, mg/dL 144 = 30 132 £ 28* 131 £ 35*

Hepatic IR index, mmol/L X pU/L/min 6,732 * 4,647 4,908 + 2,821*% 4,652 = 2,316*

Data are mean * SD. C-ISI, composite insulin sensitivity index; HOMA-IR, homeostasis model assessment
of insulin resistance; IR, insulin resistance. *Significantly different than baseline. fSignificantly different
than 6-month diet as assessed by one-way ANOVA for repeated measures with Bonferroni post hoc tests

(P <0.05).

period had similar age, baseline BMI, and
improvements in anthropometric and met-
abolic parameters during the active inter-
vention period compared with those who
participated in the follow-up evaluation.

Total energy intake was reduced dur-
ing the dietary intervention period (P <
0.01) and remained reduced at follow-up
(baseline: 2,245 = 619 kcal/d; end of
diet: 1,720 *£ 450 kcal/d; follow-up:
1,836 £ 468 kcal/d). To analyze predic-
tors of baseline hepatic fat content, we
conducted a multivariate regression anal-
ysis with age, sex, BMI, insulin sensitivity,
total cholesterol, LDLs, HDLs, triglycer-
ides, free fatty acids, visceral and subcutane-
ous abdominal fat mass, cardiorespiratory
fitness (Voymax), total energy intake, and
percentage of fat and carbohydrate intake
relative to total energy intake. The analysis
revealed only visceral fat mass (B = 0.64;
P =0.006) as an independent predictor of
baseline hepatic fat content.

We calculated weight regain as the
difference between body weight at follow-
up and body weight after the active di-
etary intervention period at 6 months.
After successful reduction of body weight
and BMI with dietary intervention, we
observed a significant weight regain at
follow-up (Table 1 and Fig. 1). The con-
comitant increase in visceral and subcu-
taneous abdominal fat mass followed a

parallel trend (Fig. 1). In contrast, intra-
hepatic lipids decreased during the die-
tary intervention but remained reduced
at follow-up (Fig. 1). Body weight regain
was correlated with a regain in visceral
(r = 0.70; P < 0.001) or subcutaneous
abdominal adipose tissue (r = 0.90; P <
0.001), but less so with increased hepatic
fat content (r = 0.30; P < 0.05). Long-
term reduction of hepatic lipids was
associated with sustained improve-
ments in serum alanine aminotransfer-
ase, aspartate aminotransferase, and
y-glutamyltransferase activities (Table 1).
Finally, indices of insulin resistance were
obtained from OGTT. All measured data
and calculated variables improved with
the active diet and remained so at follow-
up (Table 1 and Fig. 2). When analyzed
separately for subjects initially randomized
to reduced-carbohydrate or reduced-fat di-
ets, all analyzed variables changed similarly
in both groups over time.

Hepatic fat reduction is particularly
relevant in subjects with nonalcoholic
fatty liver disease (NAFLD). We stratified
subjects into a group with NAFLD and a
group without NAFLD at baseline (he-
patic fat >5.6% or <5.6%; Table 2).
Groups were similar in age, body weight,
and sex distribution. Both groups lost
similar amounts of body weight and vis-
ceral and subcutaneous abdominal fat

mass with the same total energy intake
reduction during dietary intervention.
Subjects with NAFLD showed sustained
improvement in hepatic fat content and
liver function despite modest weight re-
gain during follow-up.

We conducted a multivariate regres-
sion analysis using age, sex, baseline BMI,
type of diet, changes in body weight with
diet, changes in visceral and subcutane-
ous fat mass with diet, changes in hepatic
fat with diet, changes in total cholesterol
with diet, and changes in insulin sensi-
tivity with diet as independent variables;
changes from baseline to long-term follow-
up of liver fat was used as the dependent
variable. Only changes in total body weight
with diet (B = 0.31; P = 0.02) and changes
in hepatic fat with diet (B = 0.86; P <
0.001) predicted long-term intrahepatic
fat loss. The model explained 68% of the
total variation in the observed long-term
liver fat reduction.

CONCLUSIONS —The important and
novel finding of our study is a sustained
improvement in hepatic fat content, liver
function tests, and insulin resistance over
>2 years after a 6-month hypocaloric diet
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Figure 1—BMI, abdominal fat, and intra-
hepatic fat after 6-month diet and at follow-up.
Changes in BMI and subcutaneous abdominal
adipose tissue (AT) (upper panel) and visceral
AT and intrahepatic lipids (lower panel) in 50
overweight and obese subjects. Magnetic res-
onance studies were performed at baseline,
after a 6-month hypocaloric diet, and at long-
term follow-up. *P < 0.01 compared with
baseline. 1P < 0.01 compared with end of diet.
Group comparison by one-way ANOVA for
repeated measures with Bonferroni post hoc
test. Data are mean = SEM.
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in overweight and obese subjects. All im-
provements occurred despite regain of
body weight, abdominal visceral adipose
tissue, and subcutaneous adipose tissue
mass during follow-up. Our findings
highlight the beneficial long-term effects
of a well-controlled dietary lifestyle inter-
vention on hepatic fat content and metab-
olism. Furthermore, our findings suggest
that the benefit of dietary interventions
should not be judged solely by anthropo-

metric measurements. In fact, reductions

in caloric intake may have weight-
independent effects on liver fat and
metabolism.

Various types of caloric restriction are
effective in decreasing body weight (13)
and fat mass (17). Whereas short-term re-
ductions of body weight and fat mass can
be impressive, most studies with long-
term follow-up were discouraging and re-
ported at least partial body weight regain
within 1-2 years (13). Data regarding
changes of visceral adipose tissue and

Haufe and Associates

ectopic fat storage during long-term
follow-up are scarce. The issue is relevant
because visceral adipose tissue is indepen-
dently associated with cardiovascular and
metabolic risk (1). Furthermore, ectopic
fat storage in liver, skeletal muscle, pan-
creas, and the heart adversely affects organ
function through a mechanism often re-
ferred to as “lipotoxicity.” Intrahepatic fat
content is an important predictor of
whole-body insulin resistance, increased
secretion rates of VLDLs, and progression
to type 2 diabetes (2,4,18). Type 2 diabe-
tes, in turn, increases the risk of progres-
sive liver disease (e.g., nonalcoholic
steatohepatitis, cirrhosis, and hepatocellu-
lar carcinoma) (19-21). Our study is the
first to assess abdominal fat mass and liver
fat several months after diet-induced
weight loss and has scientific as well as
clinical implications.

Abdominal visceral adipose tissue
drains into the portal vein and the liver
is exposed to large amounts of free fatty
acids derived from this metabolically
active fat depot. In our study, hepatic fat
at baseline was strongly related to visceral
fat mass. Yet, visceral adipose tissue mass
may not be the sole determinant of how
hepatic fat responds to dietary interven-
tions (22). Short-term studies suggested
that hepatic fat accumulation is, at least in
part, regulated independently of body
weight and abdominal visceral fat mass.
In obese subjects, caloric restriction de-
creased hepatic fat by 10-30% within
48 h (23). Furthermore, <5% weight
loss decreased hepatic fat by 28-40%
(24-26). Finally, aerobic exercise training
ameliorated hepatic fat content while
body weight (27) and visceral fat mass
(28) remained stable. Our study extends
these observations and suggests that dif-
ferential regulation of adipose tissue mass
and hepatic fat stores may not be re-
stricted to the acute weight loss period.
Moreover, our observations further sup-
port the idea that intrahepatic fat is inde-
pendently associated with metabolic risk
(4,5,29).

There is an ongoing debate whether
hepatic insulin resistance is primarily me-
diated through fatty acid and adipokine
release from expanded and dysfunctional
visceral adipose tissue or through genera-
tion of intrahepatic lipid mediators, such
as diacylglycerols and ceramides that di-
rectly interfere with insulin signaling (30).
Our finding that insulin sensitivity re-
mained improved during follow-up de-
spite the weight and fat mass regain
strengthens the notion that intrahepatic
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Table 2—Changes with 6-month diet and at long-term follow-up in subjects stratified for the presence of NAFLD at baseline

o
3
5 N o N~ =
© © & —~ N N o
X | A c o oo c oo
9 V
£
H
)‘C>;<I’ & < *
5l s 2 o+
%hooﬁmoﬂ— — N
kel fo I +I 4+l
HE HE R E
~ | K o0 — . 00 0O
§ oom"f" ~
1o}
N
—
~ |5 o= — oM
Q:),j:‘ — N~ ™M — N O
2|2 A A 4
Qg 0~ B A x o™
Q| 5 n o g © N o
o | O O ™M ~ [a\]
< —
A
=i
(a8
<
Z @© 1N B N
9 + DN MO~
[=} — N~ N — N~
§ + 44+ +I 4+l
N WEsE BB
§R~=d N2
~
.8 B
* *
e ~NeELR ©caoa
| 5o~ M~ S o~
El S 414+ H 4 H 44
TSl o~ oo ¥ 0 ©
QEl " T e3s22g Yo
33 w ™M =4 —
N
V
= *
~ 1.y O % [
Y| — = s & MN®OS
=15 — N 0 T S N~
()
Qg + 44+ +1 4+l
Q| E | BN 2 IS
- 1
21 I 8 D~
[ —
=i
(a8
<
Z.
°) <+ - ©
Z | v o~ M ~ N A
s — N oo (SIS
Tm) + 4+t +1 4+
3 o BB B
. %)
SRS —
~
Bo
a4
i
= <
= —_
S g
= i=
g5 S £ R
A G .
[STRES = 9N
Q Q T
S X o S A,
Vo Bi=
—~ 0] i) N AR ]
g X g g 8727
2 ; ELSBE 82
E _EN S&S<:8«
S oEbE 5 o= S §
[SEE=INS] 5 Y0 o5
N 5 S ) <
E 0208388
S L T-m—~m5 232 &
2 oo g RS < 3£
ST ws =S 08w
s<@mE& L

Liver tests

0.17
0.10
0.23

20.9 = 7.0*
21.1 = 54*
172 £79

245+ 9.0
263+ 7.7*%
21.3 £ 10.5

30.7 £ 17.9
36.1 = 18.5
262 £21.8

173 5.1
20.6 = 5.2*%

18.4 £ 0.1

20.9 = 8.8
264 +153
174 £738

Alanine aminotransferase, units/L

219 = 57*
14779

Aspartate aminotransferase, units/L

y-Glutamyltransferase, units/L
Indices of insulin sensitivity, OGTT

14.6 = 6.6

0.11
0.80
0.37
0.76

6.7 = 3.8*%

1.72 £ 1.79

144 = 36
4,620 = 2,584*

47 24 7.1 £ 3.8*
1.07 £ 0.39

1.90 = 181

7.8 £29*%

9.5 £ 4.9*

59+20

Whole-body insulin sensitivity, C-ISI

HOMA-IR

1.22 = 0.617F

124 = 32%*
4,671 = 2,189

0.93 * 0.55*%
126 + 29*
4354 = 2.550*

1.52 + 0.84
142 + 30
5711 + 2,248

143 £ 22
5,808 = 3,087

149 = 31
8,390 = 6,772

2-h glucose, mg/dL

Hepatic IR index, mmol/L X pU/L/min

Data are mean = SD. No changes were observed between diets over time (time X group) as assessed by two-way ANOVA. AT, adipose tissue; C-ISI, composite insulin sensitivity index; HOMA-IR, homeostasis model
assessment of insulin resistance; IHL, intrahepatic lipid; IR, insulin resistance. *Significantly different than baseline. ¥Significantly different than 6-month diet as assessed by one-way ANOVA for repeated measures with

Bonferroni post hoc tests (P < 0.05).

lipids and their metabolites are mediators
of hepatic insulin resistance.

We observed a constantly reduced
energy intake during follow-up but regain
of body weight and fat mass. A possible
explanation is that weight loss and caloric
restriction led to compensatory reduc-
tions in metabolic rate (31). Approxi-
mately 80% of liver fatty acids originate
from circulating fatty acids (32) that are
mobilized predominantly from adipose
tissue. Improved insulin resistance with
weight loss attenuates adipose tissue li-
polysis and enhances fatty acid storage
within the large adipose tissue depots.
Fatty acids are taken-up into liver and ad-
ipose tissue through fatty acid transport
proteins and FAT/CD36 (33). In obese
subjects, intrahepatic lipid content deter-
mined the expression of fatty acid trans-
porters and FAT/CD36 in liver and
adipose tissue. Fatty acid transporters
were expressed to a lesser extent in the
liver and to a higher extent in adipose tis-
sue when subjects had normal liver fat
content, and this was reversed in subjects
with high liver fat content, suggesting that
fatty acid flux from adipose tissue to the
liver determines liver fat content (33).
Opverall, our study suggests that success-
ful weight loss achieved through hypo-
caloric dieting improves fatty acid flux
from the liver toward the primary storage
site in the long-term. The same pattern,
rerouting of free fatty acids from the liver
toward adipose tissue together with im-
proved insulin sensitivity, also has been
observed with thiazolidinedione treat-
ment (34).

Our clinically important observation
is that a controlled 6-month intervention
elicited sustained lifestyle changes in a
surprisingly large proportion of our sub-
jects. Caloric intake was still reduced
during the follow-up assessment. Thus,
important lifestyle improvements may be
obscured if the focus is on weight changes
only. We also observed that similar sus-
tained improvements in hepatic fat, mark-
ers of liver function, and insulin resistance
occurred in subjects initially assigned to
carbohydrate-reduced or fat-reduced di-
ets. This finding extends our results ob-
served at the end of the 6-month diet
period (11) and suggests that changes in
energy balance may be more important
than changes in dietary composition for
sustained hepatic fat reduction. Also clin-
ically important is the observation that
subjects fulfilling diagnostic criteria of
NAFLD had a particularly pronounced re-
duction in hepatic fat over time. NAFLD
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affects up to 30% of adults in developed
countries (35) and is related to the ongo-
ing obesity epidemic (3). The condition is
an independent risk factor for cardiovas-
cular disease and type 2 diabetes, predis-
poses to nonalcoholic steatohepatitis, and
may progress to cirrhosis and hepatic can-
cer (6). The 45% reduction of hepatic fat
with hypocaloric diets observed in this
study is a particular benefit in subjects
with NAFLD. Our findings suggest that
this important improvement in hepatic
liver fat can be maintained in the long-
term even when body weight is partly
regained.

The major limitation of our study is
that 50% of the subjects who had finished
the active intervention period discontin-
ued participation during the follow-up
period. Discontinuation rates ranged be-
tween 33 and 50% in two recent trials
reporting 1-year treatment data for Food
and Drug Administration-approved
weight loss drugs (36,37). In these stud-
ies, discontinuation occurred during the
active treatment period, whereas our par-
ticipants discontinued during an observa-
tional period after the active intervention
while contact was maintained through oc-
casional telephone calls only. Clearly,
more close contact may have increased
the retention rate; however, the long-
term value of our weight loss program
for the influence on hepatic steatosis
could not have been assessed as planned
because close and regular contact repre-
sents an intervention by itself. Instead, we
wanted to determine the impact of the in-
tervention with the least interaction with
subjects as possible. This study design,
however, resulted in the problem of los-
ing contact with approximately half of the
subjects who discontinued participation.
The other half discontinued by withdraw-
ing consent; however, if we were in-
formed correctly by these subjects,
withdrawn consent was not related to un-
successful weight loss or any other unde-
sired developments during follow-up.
Based on mathematical models estimating
discontinuation rates in dietary interven-
tion studies (38,39), the rate in our study
is in the expected range. However, sub-
jects more successful at losing weight and
maintaining their diets could be more
motivated to participate in follow-up in-
vestigations. As shown in Supplementary
Table 1, subjects who discontinued par-
ticipation did not differ from participants
included in the follow-up analysis in
terms of baseline anthropometric mea-
surements, metabolism, or early and

sustained weight loss success during the
intervention period. Furthermore, we ob-
served no differences in sex distribution
between participants and those who dis-
continued study participation. The anal-
ysis suggests that discontinuation was not
limited to a specific patient population,
thus rendering a major bias less likely.
To test whether the sample size was suffi-
ciently large to assess the reduction in in-
trahepatic fat from baseline to 24-month
follow-up, we conducted a post hoc
power calculation. With a statistical power
of 80%, a sample size of 33 would have
been sufficient to detect the observed dif-
ference in liver fat of 3.1 * 6.1% with a
one-sided a-error of 0.025. Given the in-
clusion of 50 subjects in our study, the
probability of the detected difference
with a one-sided a-error of 0.025 was
94%. Nevertheless, losing 50% of partici-
pants could have introduced bias; there-
fore, results should be interpreted with
caution.

There are other methodological lim-
itations of our study. First, we did not
perform liver biopsies. Thus, we cannot
prove that the sustained improvement in
hepatic fat in our study was associated
with beneficial changes in hepatic in-
flammation and fibrosis. In contrast to
steatosis, advanced liver fibrosis is less
amenable to therapeutic interventions
(35). Second, we are aware that hyperin-
sulinemic euglycemic clamping would
have provided more direct information re-
garding insulin sensitivity compared with
OGTT. Third, we did not measure food
intake directly. Because of the possibility
of underreporting, the magnitude of the
reduced caloric intake after diet and at
follow-up needs to be interpreted with
caution (40).

Despite these limitations, particu-
larly the high discontinuation rate, we
conclude that hypocaloric dietary inter-
ventions have a long-lasting effect on
intrahepatic lipid accumulation despite
weight regain. Because obesity manage-
ment programs commonly focus on
body weight and anthropometric mea-
surements, beneficial long-term effects of
dietary interventions on human metab-
olism may be underestimated. We sug-
gest that the beneficial response to
reduced caloric intake in our study may
be driven in large part by changes in liver
metabolism.

Acknowledgments—This study was part of
a joint project between Metanomics GmbH

Haufe and Associates

(Berlin, Germany) and Charité University
Medical School, which was supported by the
Federal Ministry of Education and Research
(BMBF-0313868). A.L.B. was supported by a
grant from the German Research Foundation
(BI1292/4-1). The German Competence Net-
work of Obesity (projects 01Gl0830 and
01GI1122D; S.E.) supported the project.

No potential conflicts of interest relevant to
this article were reported.

S.H. wrote the manuscript and researched
data. V.H. and W.U. researched data and
contributed to discussion. A.L.B. and J.S.-M.
contributed to discussion and reviewed and
edited the manuscript. S.J. researched data.
J.B. conceived and designed the study and
researched data. A M. researched data. F.C.L.
and J.J. conceived and designed the study,
contributed to discussion, and reviewed and
edited the manuscript. M.B. conceived and
designed the study and contributed to dis-
cussion. S.E. conceived and designed the
study, researched data, and wrote the man-
uscript. All authors had access to the study
data and reviewed and approved the final
manuscript. S.E. is the guarantor of this work
and, as such, had full access to all the data in
the study and takes responsibility for the
integrity of the data and the accuracy of the
data analysis.

The authors thank Gritt Stoffels, Anke
Strauss, and Elke Nickel-Sczcech (all affiliated
with Franz Volhard Clinical Research Center at
the Experimental and Clinical Research Cen-
ter, Charité University Medical School, and
Max Delbriick Center for Molecular Medicine,
Berlin, Germany) for expert technical help.

References

1. DesprésJP, Lemieux I. Abdominal obesity
and metabolic syndrome. Nature 2006;
444:881-887

2. Korenblat KM, Fabbrini E, Mohammed
BS, Klein S. Liver, muscle, and adipose
tissue insulin action is directly related to
intrahepatic triglyceride content in obese
subjects. Gastroenterology 2008;134:1369—
1375

3. Stefan N, Kantartzis K, Haring HU. Causes
and metabolic consequences of fatty liver.
Endocr Rev 2008:29:939-960

4. Fabbrini E, Magkos F, Mohammed BS,
Pietka T, Abumrad NA, Patterson BW,
Okunade A, Klein S. Intrahepatic fat, not
visceral fat, is linked with metabolic com-
plications of obesity. Proc Natl Acad Sci
USA 2009;106:15430-15435

5. Magkos F, Fabbrini E, Mohammed BS,
Patterson BW, Klein S. Increased whole-
body adiposity without a concomitant
increase in liver fat is not associated with
augmented metabolic dysfunction. Obe-
sity (Silver Spring) 2010;18:1510-1515

6. Starley BQ, Calcagno CJ, Harrison SA.
Nonalcoholic fatty liver disease and he-
patocellular carcinoma: a weighty con-
nection. Hepatology 2010;51:1820-1832

care.diabetesjournals.org

DiaBETES CARE, VOLUME 36, NOVEMBER 2013

3791


http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc13-0102/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc13-0102/-/DC1

|
Body fat redistribution after diet

7.

10.

11.

12.

13.

14.

15.

16.

17.

Petersen KF, Dufour S, Befroy D, Lehrke
M, Hendler RE, Shulman GI. Reversal of
nonalcoholic hepatic steatosis, hepatic
insulin resistance, and hyperglycemia by
moderate weight reduction in patients
with type 2 diabetes. Diabetes 2005;54:
603-608

. Saaristo T, Moilanen L, Korpi-Hyovalti E,

et al. Lifestyle intervention for prevention
of type 2 diabetes in primary health care:
one-year follow-up of the Finnish National
Diabetes Prevention Program (FIN-D2D).
Diabetes Care 2010;33:2146-2151

. Elias MC, Parise ER, de Carvalho L,

Szejnfeld D, Netto JP. Effect of 6-month
nutritional intervention on non-alcoholic
fatty liver disease. Nutrition 2010;26:1094—
1099

Pozzato C, Verduci E, Scaglioni S, et al.
Liver fat change in obese children after a
1-year nutrition-behavior intervention. ]
Pediatr Gastroenterol Nutr 2010;51:331—
335

Haufe S, Engeli S, Kast P, et al. Random-
ized comparison of reduced fat and re-
duced carbohydrate hypocaloric diets on
intrahepatic fat in overweight and obese
human subjects. Hepatology 2011;53:
1504-1514

Sjostrom CD, Peltonen M, Wedel H,
Sjostrom L. Differentiated long-term ef-
fects of intentional weight loss on diabetes
and hypertension. Hypertension 2000;
36:20-25

Larsen TM, Dalskov SM, van Baak M,
etal.; Diet, Obesity, and Genes (Diogenes)
Project. Diets with high or low protein
content and glycemic index for weight-
loss maintenance. N Engl ] Med 2010;
363:2102-2113

Haufe S, Engeli S, Budziarek P, et al.
Cardiorespiratory fitness and insulin
sensitivity in overweight or obese subjects
may be linked through intrahepatic lipid
content. Diabetes 2010;59:1640-1647
Matsuda M, DeFronzo RA. Insulin sensi-
tivity indices obtained from oral glucose
tolerance testing: comparison with the
euglycemic insulin clamp. Diabetes Care
1999;22:1462-1470

Abdul-Ghani MA, Matsuda M, Balas B,
DeFronzo RA. Muscle and liver insulin
resistance indexes derived from the oral
glucose tolerance test. Diabetes Care
2007;30:89-94

Gardner CD, Kiazand A, Alhassan S, et al.
Comparison of the Atkins, Zone, Ornish,
and LEARN diets for change in weight and
related risk factors among overweight
premenopausal women: the A TO Z

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Weight Loss Study: a randomized trial.
JAMA 2007;297:969-977

Adiels M, Taskinen MR, Packard C, et al.
Overproduction of large VLDL particles is
driven by increased liver fat content in
man. Diabetologia 2006;49:755-765
Tolman KG, Fonseca V, Dalpiaz A, Tan
MH. Spectrum of liver disease in type 2
diabetes and management of patients with
diabetes and liver disease. Diabetes Care
2007;30:734-743

Loria P, Lonardo A, Anania F. Liver and
diabetes. A vicious circle. Hepatol Res
2013;43:51-64

Yilmaz Y. Review article: is non-alcoholic
fatty liver disease a spectrum, or are steatosis
and non-alcoholic steatohepatitis distinct
conditions? Aliment Pharmacol Ther 2012;
36:815-823

Klein S. The case of visceral fat: argument
for the defense. J Clin Invest 2004;113:
1530-1532

Kirk E, Reeds DN, Finck BN, Mayurranjan
SM, Patterson BW, Klein S. Dietary fat and
carbohydrates differentially alter insulin
sensitivity during caloric restriction [cor-
rected in Gastroenterology 2009;137:
393]. Gastroenterology 2009;136:1552—
1560

Kantartzis K, Thamer C, Peter A, et al.
High cardiorespiratory fitness is an in-
dependent predictor of the reduction in
liver fat during a lifestyle intervention
in non-alcoholic fatty liver disease. Gut
2009;58:1281-1288

Schifer S, Kantartzis K, Machann J, et al.
Lifestyle intervention in individuals with
normal versus impaired glucose tolerance.
Eur J Clin Invest 2007;37:535-543
Thomas EL, Brynes AE, Hamilton G, et al.
Effect of nutritional counselling on he-
patic, muscle and adipose tissue fat con-
tent and distribution in non-alcoholic
fatty liver disease. World ] Gastroenterol
2006;12:5813-5819

Sullivan S, Kirk EP, Mittendorfer B,
Patterson BW, Klein S. Randomized trial
of exercise effect on intrahepatic triglyc-
eride content and lipid kinetics in non-
alcoholic fatty liver disease. Hepatology
2012;55:1738-1745

van der Heijden GJ, Wang ZJ, Chu ZD,
etal. A 12-week aerobic exercise program
reduces hepatic fat accumulation and in-
sulin resistance in obese, Hispanic ado-
lescents. Obesity (Silver Spring) 2010;18:
384-390

Koska J, Stefan N, Permana PA, et al. In-
creased fat accumulation in liver may link
insulin resistance with subcutaneous

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

abdominal adipocyte enlargement, vis-
ceral adiposity, and hypoadiponectinemia
in obese individuals. Am J Clin Nutr 2008;
87:295-302

Samuel VT, Shulman GI. Mechanisms for
insulin resistance: common threads and
missing links. Cell 2012;148:852-871
Ebbeling CB, Swain JF, Feldman HA, et al.
Effects of dietary composition on energy
expenditure during weight-loss mainte-
nance. JAMA 2012;307:2627-2634
Donnelly KL, Smith CI, Schwarzenberg
SJ, Jessurun J, Boldt MD, Parks EJ. Sources
of fatty acids stored in liver and secreted
via lipoproteins in patients with non-
alcoholic fatty liver disease. J Clin Invest
2005;115:1343-1351

Cusi K. Role of obesity and lipotoxicity in
the development of nonalcoholic steato-
hepatitis: pathophysiology and clinical
implications. Gastroenterology 2012,
142:711-725, 6

Gastaldelli A, Harrison SA, Belfort-Aguilar
R, et al. Importance of changes in adipose
tissue insulin resistance to histological
response during thiazolidinedione treat-
ment of patients with nonalcoholic steato-
hepatitis. Hepatology 2009;50:1087-1093
Browning JD, Szczepaniak LS, Dobbins R,
et al. Prevalence of hepatic steatosis in an
urban population in the United States:
impact of ethnicity. Hepatology 2004;40:
1387-1395

Allison DB, Gadde KM, Garvey WT, et al.
Controlled-release phentermine/topiramate
in severely obese adults: a randomized con-
trolled trial (EQUIP). Obesity (Silver Spring)
2012;20:330-342

Fidler MC, Sanchez M, Raether B, et al.;
BLOSSOM Clinical Trial Group. A one-
year randomized trial of lorcaserin for weight
loss in obese and overweight adults: the
BLOSSOM trial. J Clin Endocrinol Metab
2011;96:3067-3077

Landers PS, Landers TL. Survival analysis
of dropout patterns in dieting clinical tri-
als. J] Am Diet Assoc 2004;104:1586—
1588

Elobeid MA, Padilla MA, McVie T, et al.
Missing data in randomized clinical trials
for weight loss: scope of the problem, state
of the field, and performance of statistical
methods. PLoS ONE 2009:4:e6624
Johnson RK, Friedman AB, Harvey-Berino
J, Gold BC, McKenzie D. Participation in a
behavioral weight-loss program worsens
the prevalence and severity of under-
reporting among obese and overweight
women. ] Am Diet Assoc 2005;105:1948—
1951

3792

DiaBETES CARE, VOLUME 36, NOVEMBER 2013

care.diabetesjournals.org



