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Abstract: Dietary fat and oxidative stress are hypothesized to contribute to non-alcoholic
fatty liver disease and progression to steatohepatitis. To determine the effects of dietary fat
content on hepatic triglyceride, body fat distribution and markers of inflammation and
oxidative stress, overweight/obese subjects with normal glucose tolerance consumed a
control diet (CONT: 35% fat/12% saturated fat/47% carbohydrate) for ten days, followed by
four weeks on a low fat (LFD (n = 10): 20% fat/8% saturated fat/62% carbohydrate) or high
fat diet (HFD (n = 10): 55% fat/25% saturated fat/27% carbohydrate). Hepatic triglyceride
content was quantified by MRS and abdominal fat distribution by MRI. Fasting biomarkers
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of inflammation (plasma hsCRP, IL-6, IL-12, TNFa, IFN-y) and oxidative stress (urinary
F2-a isoprostanes) were measured. Body weight remained stable. Compared to the CONT,
hepatic triglyceride decreased on the LFD (mean (95% CI): change —2.13% (—3.74%,
—0.52%)), but did not change on the HFD and there was no significant difference between
the LFD and HFD. Intra-abdominal fat did not change significantly on either diet, but
subcutaneous abdominal fat increased on the HFD. There were no significant changes in
fasting metabolic markers, inflammatory markers and urinary F2-a isoprostanes. We conclude
that in otherwise healthy overweight/obese adults under weight-neutral conditions, a diet low
in fat and saturated fat has modest effects to decrease liver fat and may be beneficial. On the
other hand, a diet very high in fat and saturated fat had no effect on hepatic triglyceride or
markers of metabolism, inflammation and oxidative stress.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a condition in which fat accumulates in the liver in the
absence of significant alcohol intake. A subset of individuals with NAFLD develop inflammation,
hepatocyte injury and fibrosis (non-alcoholic steatohepatitis or NASH) which can progress to cirrhosis [1].
Combining this effect with the obesity epidemic, NASH is now projected to be the leading cause for
liver transplant by 2020 [2]. Oxidative stress and inflammation are thought to be key factors in this
progression [3].

Dietary fat may be an important modifiable factor in the development of NAFLD and NASH.
Multiple animal models have demonstrated that high fat/saturated fat diets (HFD) increase liver fat and
promote hepatocyte injury [4,5], but few well-controlled, isocaloric dietary intervention studies in
humans have been performed. Two studies found that two to three weeks on a low fat/low saturated fat
diet (LFD) decreased liver fat compared to a HFD [6,7], while we demonstrated in older non-diabetic
adults a modest effect of four weeks on a LFD to decrease liver fat, but no effect of a HFD [8]. Based
on this last study, the ability of high dietary fat intake to induce fatty liver in humans is questionable.

We hypothesized that dietary fat plays a causal role in the development of NAFLD. Thus, an isocaloric
HFD should increase and a LFD should decrease hepatic triglyceride content and associated oxidative
stress and inflammation compared to a control diet containing moderate amounts of fat (CONT).

2. Subjects and Methods
2.1. Study Design

This study was a prospective, random order, controlled dietary feeding study. To standardize baseline
diet composition, all subjects completed a 10-day CONT diet prior to the intervention diet. The CONT
was based on a standard American macronutrient composition and was similar to the average
macronutrient composition reported by study subjects. Thus, 10 days was felt to be adequate time to
achieve standardization. The CONT diet was then followed by four weeks on either a LFD or HFD.
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Seven participants completed both intervention diets, with the CONT diet being repeated before each
intervention diet and a 6-week washout period separating the two diet periods. During the washout period
study subjects ate their usual diet and received no food from the study.

2.2. Subjects

Participants were enrolled if they were 18-55 years old, with normal fasting (<100 mg/dL) and 2 h
glucose (<140 mg/dL) on an oral glucose tolerance test, and BMI > 27 kg/m?. Subjects had to be healthy,
nonsmokers, with normal liver and renal function, and drink fewer than 2 alcoholic drinks/day by
self-report. Exclusion criteria included food allergies/intolerances, contraindications to MRI, and
medications affecting inflammation, insulin sensitivity, or liver fat. All subjects gave written informed
consent. This study was approved by the Institutional Review Boards of the Veterans Affairs Puget
Sound Health Care System and the University of Washington and was in accordance with ethical
standards on human experimentation.

2.3. Dietary Intervention

Menus were designed by a research nutritionist using ProNutra (VioCare, Inc., Princeton, NJ, USA):
CONT: 35% energy from fat/12% saturated fat; LFD: 20% fat/8% saturated fat; HFD: 55% fat/25%
saturated fat. Major sources of fats in all three diets included butter and high oleic safflower oil.
Vegetable content was matched. Because fructose was limited on the HFD due to the low carbohydrate
content, fructose was limited in all diets to <30 g/day based on a 2000 kcal/day diet (Table 1). Menus
are provided in supplemental Tables S1-S3.

Table 1. Diet composition: baseline diet as estimated by 3-day food record and study
diets consumed.

Title Baseline @ CONT LFD LFD CONT HFD HFD

Daily energy (kcal) 2326 £334 3284+ 125 3321+ 150 3140 £ 120 3208 £ 92
Fat (% of total energy) 38621 35.8+0.6 20.2 +0.003* 35.2 £ 0.02 54.8 +0.05 23
Saturated fat (% of total energy) 13.2+0.9 11.9+04 7.7+0.011 11.6 £0.02 23.7£0.05 %3
MUFA (% of total energy) 13.7+£1.0 16.7+0.1 7.7+0.01° 16.6 + 0.04 22.2+£0.06 23
PUFA (% of total energy) 8.2+0.8 47x0.01 3.0+0011 4.7+0.03 5.2+0.04 23
Carbohydrate (% of total energy) 42527 46.4+0.6 61.7+0.021 46.9+0.01 27.4 £0.05 %3
Protein (% of total energy) 18.9+1.3 17.9+0.01 18.1+0.021 17.8 £ 0.01 17.8+0.03°3

Cholesterol (mg/day) 479 £ 93 378 £ 10 492 +211 352+11 506 + 172
Total fiber (g/day) 16.2+2.1 472+20 46.1+2.1 458+1.8 39.8+1.323
Fructose (g/day) 26.7+7.6 341+138 46.1+2.1° 33.1+14 10.0+0.323
Vitamin C (mg/day) 68.8+20.0 260.8+13.0 306.6 +16.2° 230.4 £20.8 121.1+4.823
Vitamin E (mg/day) 9.0+£1.7 274+1.1 144+061 248+1.6 28.5+0.823

Data for the study diet composition is inclusive of all subjects who completed the control and corresponding LFD or HFD
(n = 10 for each). Mean diet composition data for the subset of subjects (n = 7) who completed both diet protocols is not
listed separately here, but was similar to those who completed only one of the intervention diets. All data are reported as
mean + SEM. 2 Food record data were only available on 11 subjects. Abbreviations: MUFA = mono-unsaturated fatty acids,
PUFA = poly-unsaturated fatty acids. ! p < 0.017 compared to CONT LFD.? p < 0.017 compared to CONT HFD.3 p < 0.017
HFD vs. LFD for the 7 subjects who completed both diet interventions.
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At baseline, subjects completed a 3-day food record. Fructose values were estimated from the USDA
Standard Reference 18-20 (USDA Database for the Added Sugar Content of Selected Foods, Release 1,
2006) [9] and Food and Nutrient Database for Dietary Studies 2.0 [10]. Caloric needs were estimated
using the average of the Mifflin-St. Jeor [11] and Harris-Benedict [12] equations, adjusted for physical
activity. All food was prepared in the University of Washington Nutrition Research Kitchen. Subjects
picked up their food and were weighed twice weekly, and caloric intake was adjusted to achieve weight
stability. Subjects were instructed to maintain regular physical activity and to eat all of the food provided,
not to eat any non-study food, and to report any deviations from the diet. Physical activity was assessed
at the end of each control diet and each intervention diet by use of the short form seven-day international
physical activity questionnaire (IPAQ) [13]. To determine compliance, subjects recorded all food
consumed each day using a checklist which was returned to the nutritionist.

2.4. Study Procedures
Study procedures were performed at the end of the CONT diet and at the end of the LFD or HFD.
2.5. Quantification of Liver Fat

Magnetic resonance spectroscopy (MRS) was used to quantify hepatic triglyceride using a Philips
Achieva 3 Tesla, version 2.5.3.0 (Philips Healthcare, Andover, MA, USA) whole body scanner as
previously described [8]. A single radiologist blinded to the diet intervention interpreted the scans.
Hepatic lipid content is expressed as percent fat by weight. The inter- and intra-scan coefficients of
variation (CVs) for liver fat were 18.6% and 1.2% respectively.

2.6. Body Fat Distribution

Total fat and lean mass were determined on the first control diet by Dual Energy X-Ray
Absorptiometry using the QDR® 4500A bone densitometer system (Hologic, Inc., Bedford, MA, USA).

Abdominal fat distribution was measured using MRI abdominal images as previously described [8].
Intra-abdominal fat (IAF) and abdominal subcutaneous fat (SQF) volumes were calculated by a single
radiologist blinded to diet assignment using software fslview V3.1 (FMRIB Analysis Group, Oxford,
UK) [14] combined with custom software. The inter- and intra-scan CVs were 4.9% and 2.4% for IAF
and 6.2% and 3.1% for SQF respectively.

2.7. Assays

The following assays were performed: glucose in triplicate by glucose oxidase with intra- and
inter-assay CVs of <1.7% and 1.7%; insulin in duplicate by automated electrochemiluminescence
immunoassay with intra- and inter-assay CVs of 2.1% and 3.9% (Cobas €601, Indianapolis, IN, USA);
highly sensitive C-reactive protein (hsCRP) by nephelometry with intra- and inter-assay CVs of 2.7%
and 3.0% (Siemens, Tarrytown, NY, USA); adiponectin in duplicate by radioimmunoassay with intra- and
inter-assay CVs of 6.2% and 9.3% (Millipore, Billerica, MA, USA); samples for IL-6, IL-10, IL-12 and
gamma-interferon were run in duplicate with each individual’s samples run together in the same assay
by ELISA with intra-assay CVs of 2.2%, 2.6%, 3.7% and 3.1% respectively (eBioscience, San Diego,
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CA, USA); total and HDL cholesterol were analyzed in the clinical laboratory using an enzymatic
colorimetric Roche Cobas c¢501 assay (F. Hoffmann-La Roche, Basel, Switzerland) with LDL
cholesterol calculated using Friedewald’s formula; total nonesterified free fatty acids (NEFAs) using HR
Series NEFA-HR kit (Wako Diagnostics Home, Richmond, VA, USA) with intra- and inter-assay CVs
of 0.8% and 3.7%. Fasting urinary F2-o isoprostanes were measured by gas chromatography/mass
spectroscopy (GC/MS) using the procedure detailed by D. Milatovic et al. [15]. GC/MS analysis was
conducted using a 6890N Agilent gas chromatograph coupled to a 5973 quadrupole mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA) in the negative-ion mode. Areas under peaks for m/z
569.5 and 573.2 (internal standard) were manually integrated to quantify both analytes. Urinary
isoprostanes concentrations were corrected for urine creatinine concentrations.

2.8. Statistical Analysis

Statistical analyses were performed using SPSS software (V19.0, SPSS Inc., Chicago, IL, USA).
Non-normal data were loge transformed. Comparisons of diet composition between the study diets were
performed using paired t-test analysis with a p value less than 0.017 considered significant to account
for three comparisons. Generalized Estimating Equation (GEE) analysis was performed to determine the
effect of diet type on the change in each outcome variable (intervention diet—respective control diet),
adjusted for diet order. Bonferroni correction for multiple comparisons was applied. A p < 0.05 was
considered significant.

3. Results
3.1. Baseline Subject Characteristics and Diet Composition

A total of 13 subjects (10M/3F: 3 African Americans, 1 Asian and 9 Caucasians; age 36 + 2.9 years;
BMI 33.6 + 1.3 kg/m?; fasting glucose 90.3 + 1.9 mg/dL; 2-h glucose 94.2 + 6.0 mg/dL) completed study
diets and procedures. NAFLD (liver fat >5%) was present in 7/13 subjects. All three African Americans
had <5% liver fat.

Analysis of baseline food records and study diet content and composition is reported in Table 1.
Protein, fiber and cholesterol content were fairly well matched across study diets. Servings of fruit could
not be matched due to differences in carbohydrate content of the LFD and HFD. This resulted in little to
no fruit on the HFD and more fruit on the LFD compared to the CONT diet. As a result, fructose content
and vitamin C were higher on the LFD and lower on the HFD. However, the absolute amounts of fructose
consumed were kept relatively low on both the LFD and HFD. MUFA and PUFA content were lower
on the LFD and higher on the HFD due to overall differences in fat content resulting in differences in
the fat-soluble antioxidant, vitamin E.

All participants except two reported consuming all food provided. One subject had a short illness
while on the LFD diet. Her recorded diet intake revealed lower calorie intake, but macronutrient
composition similar to the prescribed diet (18.9% protein, 18.8% fat and 62.3% carbohydrate).
The second subject failed to pick up his food once during the LFD and thus was off diet for 2 days.

There was no significant change in physical activity between the control diet and the corresponding
intervention diets (p > 0.2 for all comparisons, data not shown).
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3.2. Response to the LFD

4683

Body weight, IAF and SQF remained stable during the LFD compared to CONT (Table 2; Figure 1).
The LFD resulted in a statistically significant 13.9 £ 10.2% relative decrease in hepatic triglyceride
content (mean (95% CI): absolute change —2.13% (—3.74%, —0.52%)) (Table 2; Figure 2), but no change
in metabolic parameters, inflammatory markers or urinary F2-a isoprostanes.

Figure 1. Effect of dietary fat on abdominal fat distribution. Compared to the control
(CONT) diet, intra-abdominal fat (IAF) volume did not change on either diet (Panels A
and B). Abdominal subcutaneous fat (SQF) increased on the high fat diet (HFD)
(mean (95% CI): change 156 (73, 239) cm?), but did not change on the low fat diet (LFD)

(panels C and D).
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Weight and IAF remained stable on the HFD, but SQF increased significantly compared to CONT
(Table 2; Figure 1). There were no significant changes in hepatic triglyceride content (mean (95% CI):
change —1.25% (—2.64%, 0.14%)) (Table 2; Figure 2), urinary F2-a isoprostane levels, metabolic
variables, markers of inflammation or adipokines (Table 2).
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Table 2. Effect of the diets on body weight, liver fat, abdominal fat distribution and metabolic parameters.

Title Low Fat Diet High Fat Diet
CONT LFD CONT HFD
Weight (kg) 100.7+4.1 1005+ 4.4 104.0+5.8 104.1+5.9
Liver fat (%) 9.4+75 72771 83+£7.9 70+£7.2
IAF (cm®) 1479 + 331 1447 + 321 1179 + 235 1202 + 238
SQF (cm®) 2440 + 316 2413 + 301 2704 £ 478 2861 + 483 12
ALT (Units/L) 26.2+2.8 23.8+29 25.2+3.0 254121
AST (Units/L) 21+£1.6 19.0+£15 206+1.9 22.2+2.7
GGT (Units/L) 30.8+6.0 33.7+10.2 29.0+7.2 26.8+8.0°
Total cholesterol (mg/dL) 179.1£6.0 179.4+£7.3 159.3+£6.2 166.5+ 8.8
Triglycerides (mg/dL) 120.1 £10.7 148.7 £ 25.4 84.2+9.8 88.6 £14.1
HDL cholesterol (mg/dL) 415+4.4 40.0+4.6 48.1+4.8 474 +53
LDL cholesterol (mg/dL) 113.6 +6.8 109.7 £ 6.9 94.4+6.8 101.3+8.6
Fasting glucose (mg/dL) 95.5+3.3 97.1+£4.0 95.3+3.3 947129
Fasting insulin (LU/mL) 139+21 128+20 16.6 £ 3.7 15.0+3.3
Fasting NEFA (mE/L) 0.39+0.04 0.39 £ 0.06 0.34+0.04 0.35+£0.04
Adiponectin (pg/mL) 34+03 41+12 42+09 46+1.2
Leptin (ng/mL) 13.9+3.3 15.1+£3.3 17.3+£35 16.8+4.1
hsCRP (mg/L) 3.3+£0.9 2.8+0.8 2.3+0.6 22104
IL-6 (pg/mL) 1.08 (1.09) 1.01 (1.14) 0.91(1.4) 0.83(2.4)
IL-10 (pg/mL) 3.7+£0.3 3.4+0.2 32101 3.4+0.2
IL-12 (pg/mL) 1.24 (3.02) 1.14 (4.57) 1.12 (6.35) 1.04 (11.01)
y-interferon (pg/mL) 11.1 (19.0) 14.2 (15.2) 13.7 (21.4) 9.9 (19.8)
Urinary F2a isoprostanes (ng/mg Cr) 1.04+£0.12 1.00+0.11 13+£0.2 13+£0.2

Data are presented as Mean = SEM or Median (interquartile range) for non-normally distributed data for all subjects who completed the control and corresponding LFD or
HFD. Mean data for the seven subjects who completed both diets are not shown separately.! p < 0.05 for significant change from respective CONT; 2 p < 0.05 LFD vs. HFD
in the subset who completed both interventions (n = 7). Abbreviations: IAF = intra-abdominal fat, SQF = subcutaneous fat, ALT = alanine aminotransferase, AST = aspartate

aminotransferase, GGT = gamma-glutamyl transferase, NEFA = non-esterified fatty acids, hsCRP = high sensitivity C-reactive protein, IL-6 = interleukin-6,
IL-10 = interleukin-10, IL-12 = interleukin-12.
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Figure 2. Effect of dietary fat on hepatic triglyceride. Compared to the CONT diet, hepatic
triglyceride content by MRS decreased on the LFD (Panel A: mean (95% CI): change
—2.13% (—3.74%, —0.52%)), but did not change on the HFD (Panel B). One subject on the
LFD had a dramatic decrease in hepatic triglyceride from 13.9% to 1.3%. Removal of this
subject decreased the mean change, but there was still a significant decrease from the CONT
diet (Panel A: change —1.18% (—2.11%, —0.25%)).
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3.4. Comparison of the LFD and HFD

There was no main effect of diet type on the change in hepatic triglyceride content (p = 0.39) or IAF
(p = 0.19), but there was a significant effect of diet type on SQF with the HFD resulting in an increase
in SQF (p = 0.02). There was no effect of diet type on ALT or AST, but a trend for GGT (p = 0.05)
favoring an increase in GGT on the LFD compared to the HFD. There was no significant effect of diet
type on other metabolic variables, markers of inflammation, urinary isoprostanes or adipokines.

4. Discussion

We demonstrate that in weight stable individuals, a diet with a very high fat and saturated fat content
did not increase hepatic triglyceride content. We observed an increase in SQF on the HFD suggesting
appropriate storage of excess dietary fat, even in those with NAFLD. We confirmed our previous finding
that a diet low in fat and saturated fat results in a modest decrease in hepatic triglyceride content.
Surprisingly, neither diet intervention impacted markers of inflammation or oxidative stress, both key
features of NASH.

Although the data shown in Table 1 suggest that total energy intake was substantially higher on the
study diets compared to the baseline diet, it is important to emphasize that the baseline dietary intake
data were estimates based on a 3-day dietary record; it is well known that this dietary assessment
instrument underestimates energy intake, particularly in overweight and obese individuals [16]. In contrast,
the energy intake data on the study diets were based on reported consumption of weighed foods provided
by a nutrition research kitchen and therefore likely much more reliable. The fact that body weight did
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not change significantly suggests that we were able to administer the diets in isocaloric and energy
balanced fashion.

The lack of an increase in hepatic triglyceride content on the HFD despite very high fat and saturated
fat content is consistent with our previous findings using more modest fat content (45% calories from
fat) [8]. These observations are contrary to previous studies that showed an increase in hepatic
triglyceride content on a HFD compared to a LFD [6,7]. These previous studies used similarly high
fat/saturated fat content and saw significant changes after only two or three weeks. Thus, the four weeks
in our study should have been adequate time to observe a change in hepatic triglyceride content. The fact
that hepatic triglyceride decreased on the LFD but did not change on the HFD suggests that either (a)
the relationship between dietary fat/SFA intake and hepatic triglyceride is not linear and/or (b) factors
other than total fat and saturated fat content of the HFD contribute to hepatic triglyceride content.
Differences in fat and carbohydrate composition, age and underlying glucose metabolism status may
have contributed to the discrepant findings between studies. For example, the higher MUFA content on
our HFD might have had a protective effect as a high MUFA diet (27% MUFA/6.7% saturated fat) was
shown to decrease liver fat in subjects with type 2 diabetes [17]. Similarly, our HFD and LFD were
matched for dietary fiber content, resulting in an unusually high fiber intake in the HFD arm. It is
possible that this higher fiber intake might have had a protective effect. We also cannot completely
exclude a beneficial effect of lower fructose in the HFD that might have counterbalanced negative effects
of the high fat content on liver fat. Whether a diet specifically designed to be low in fructose is able to
decrease liver fat in humans is currently under investigation.

Our finding of a modest, 14% relative decrease in hepatic triglyceride on the LFD confirms
similar findings in our previous study in which a 20% relative decrease compared to baseline diet was
observed [8], but in a younger, more overweight/obese group with higher hepatic triglyceride content at
baseline. We doubt that the higher fructose content in the LFD impacted our results as the average
difference between the CONT and LFD diet was only 12 g per day and both were relatively low in
fructose. Previous studies in humans used much higher amounts of fructose and only observed changes
in liver fat under hypercaloric conditions. One week on a hypercaloric, high fructose diet (3 ¢
fructose/kg/day [18] and 3.5 g fructose/kg fat free mass/day [19]) resulted in adverse effects on
glucose metabolism, increased de novo lipogenesis [18] and increased intrahepatic lipids [19].
However, two weight-stable studies that provided extra fructose (1.5 g fructose/kg/day [20] and
150 g fructose/day [21]) for four weeks found no changes in liver fat.

Increased markers of oxidative stress are a consistent observation in subjects with NAFLD and NASH
compared to control subjects [22-25] and such stress is thought to play a role in the progression to
NASH [3,26]. Lipid peroxidation is increased in NAFLD [27], which can lead to increased production
of reactive oxygen species. Beneficial effects of the anti-oxidant vitamin E on liver fat and hepatocyte
injury [28] lend further support for a deleterious role of oxidative stress in the liver. The higher Vitamin
E content on the HFD may have had a protective effect and may have counterbalanced other detrimental
effects of the high saturated fat content resulting in no overall change in oxidative stress on the HFD.
Previous studies have shown that weight loss achieved by diet and exercise decreases markers of
oxidative stress and inflammation in diabetic men [29] and overweight youth [30]. Contrary to these
studies, subjects in our study remained weight stable and we did not observe any changes in markers of
inflammation or oxidative stress. Diets supplemented with extra virgin olive oil or nuts have also been
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shown to decrease markers of oxidative stress in subjects at high cardiovascular risk [31]. However,
similar to what was observed here on the HFD, a low carbohydrate, high fat diet did not impact oxidative
stress in overweight/obese women [32].

The strengths of our study include the controlled diet intervention, weight stability and the use of
MRS to quantify hepatic triglyceride content. The small sample size is a limitation, which may have
precluded our ability to detect significant effect of the diet interventions on other outcome variables.
A further limitation is that it is not possible to extend these findings to other groups, such as individuals
with type 2 diabetes who may have different underlying mechanisms for hepatic triglyceride accumulation.
We specifically selected subjects with normal glucose tolerance and normal liver enzymes. Thus, our
findings may reflect a relatively healthier overweight/obese population that may be able to adapt to
changes in dietary fat intake. However, 50% of study subjects had NAFLD and should have responded
to the diet interventions if the dietary fat-to-carbohydrate ratio was a major underlying mechanism.
Finally, the HFD contained very high fat and saturated fat content that is not usually consumed in the
general population. However, this study design strengthens the negative findings regarding the impact
of high fat and saturated fat diets on inflammation and hepatic triglyceride.

5. Conclusions

Based on the absence of a significant change in hepatic triglyceride content after a very high fat/high
saturated fat diet, we conclude that it is unlikely that excess dietary fat in the absence of caloric excess
is @ major driver in the development of NAFLD in otherwise healthy overweight/obese subjects.
However, a diet very low in fat and saturated fat showed a modest decrease in hepatic triglyceride content
and thus over a longer period of time may protect against development or progression of NAFLD.

Acknowledgments

We are grateful to the study participants for their contribution and time. This study was supported
by funding and resources from the Department of Veteran Affairs, the Diabetes Research Center
(P30DK017047), the Institute for Translational Health Sciences (UL1TR000423), the Nutrition
Obesity Research Center (P30 DK035816), the Diagnostic Imaging Sciences Center at the University
of Washington, and the Brazilian Federal Agency for Support and Evaluation of Graduate
Education (CAPES).

Author Contributions

The authors’ responsibilities were as follows: A.M. performed study procedures, data analysis and
contributed to the writing of the manuscript; A.D.F. assisted with data analysis, interpretation and
contributed to the writing of the manuscript; S.S. assisted with data analysis, interpretation and
contributed to the writing of the manuscript; H.C. designed the study diets, analyzed the food records
and supervised the diet preparation; M.K. assisted with the design of the study diets as well as data
interpretation and contributed to the writing of the manuscript; T.L.R. analyzed the MRS/MRI scans;
K.U. designed the study and was involved in all aspects of the study including data analysis and
manuscript preparation. All authors read and approved the final manuscript.



Nutrients 2014, 6 4688

Conflicts of Interest
The authors have no conflicts of interest to disclose.
References

1. Matteoni, C.A.; Younossi, Z.M.; Gramlich, T.; Boparai, N.; Liu, Y.C.; McCullough, A.J.
Nonalcoholic fatty liver disease: A spectrum of clinical and pathological severity. Gastroenterology
1999, 116, 1413-1419.

2. Singal, A.K.; Guturu, P.; Hmoud, B.; Kuo, Y.F.; Salameh, H.; Wiesner, R.H. Evolving frequency
and outcomes of liver transplantation based on etiology of liver disease. Transplantation 2013, 95,
755-760.

3. Day, C.P.; James, O.F. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842—-845.

4. Wang, D.; Wel, Y.; Pagliassotti, M.J. Saturated fatty acids promote endoplasmic reticulum stress
and liver injury in rats with hepatic steatosis. Endocrinology 2006, 147, 943-951.

5. Lieber, C.S.; Leo, M.A.; Mak, K.M.; Xu, Y.; Cao, Q.; Ren, C.; Ponomarenko, A.; DeCarli, L.M.
Model of nonalcoholic steatohepatitis. Am. J. Clin. Nutr. 2004, 79, 502-509.

6. Van Herpen, N.A.; Schrauwen-Hinderling, V.; Schaart, G.; Mensinck, R.P.; Schrauwen, P.
Three weeks on a high-fat diet increases intrahepatic lipid accumulation and decreases metabolic
flexibility in healthy overweight men. JCEM 2011, 96, E691-E695.

7. Westerbacka, J.; Lammi, K.; Hakkinen, A.M.; Rissanen, A.; Salminen, I.; Aro, A.; Yki-Jarvinen, H.
Dietary fat content modifies liver fat in overweight nondiabetic subjects. J. Clin. Endocrinol. Metab.
2005, 90, 2804-2809.

8. Utzschneider, K.M.; Bayer-Carter, J.L.; Arbuckle, M.D.; Tidwell, J.M.; Richards, T.L.; Craft, S.
Beneficial effect of a weight-stable, low-fat/low-saturated fat/low-glycaemic index diet to reduce
liver fat in older subjects. Br. J. Nutr. 2013, 109, 1096-1104.

9. USDA Database for the Added Sugar Content of Selected Foods, Release 1. Available online:
http://www.megaheart.com/pdf/addedsugars.pdf (accessed on 22 October 2014).

10. Agricultural Research Services USDA. Available online: http://www.ars.usda.gov/SP2UserFiles/
Place/80400530/pdf/fndds2_doc.pdf (accessed on 22 October 2014).

11. Mifflin, M.D.; St Jeor, S.T.; Hill, L.A.; Scott, B.J.; Daugherty, S.A.; Koh, Y.O. A new predictive
equation for resting energy expenditure in healthy individuals. Am. J. Clin. Nutr. 1990, 51,
241-247.

12. Harris, J.A.; Benedict, F.G. A Biometric Study of Basal Metabolism in Man; Carnegie Institution of
Washington: Washington, DC, USA, 19109.

13. Craig, C.L.; Marshall, A.L.; Sjostrom, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.;
Ekelund, U.; Yngve, A.; Sallis, J.F.; et al. International physical activity questionnaire: 12-Country
reliability and validity. Med. Sci. Sports Exerc. 2003, 35, 1381-1395.

14. Jenkinson, M.; Beckmann, C.F.; Behrens, T.E.; Woolrich, M.W.; Smith, S.M. FSL. Neurolmage
2012, 62, 782-790.



Nutrients 2014, 6 4689

15.

16.
17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

Milatovic, D.; vanRollins, M.; Li, K.; Montine, K.S.; Montine, T.J. Suppression of murine cerebral
F2-isoprostanes and F4-neuroprostanes from excitotoxicity and innate immune response in vivo by
alpha- or gamma-tocopherol. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2005, 827, 88-93.
Willett, W. Nutritional Epidemiology; Oxford University Press: New York, NY, USA, 2012.
Bozzetto, L.; Prinster, A.; Annuzzi, G.; Costagliola, L.; Mangione, A.; Vitelli, A.; Mazzarella, R.;
Longobardo, M.; Mancini, M.; Vigorito, C.; et al. Liver fat is reduced by an isoenergetic MUFA
diet in a controlled randomized study in type 2 diabetic patients. Diabetes Care 2012, 35, 1429-1435.
Faeh, D.; Minehira, K.; Schwarz, J.M.; Periasamy, R.; Park, S.; Tappy, L. Effect of fructose
overfeeding and fish oil administration on hepatic de novo lipogenesis and insulin sensitivity in
healthy men. Diabetes 2005, 54, 1907-1913.

Le, K.A,; Ith, M.; Kreis, R.; Faeh, D.; Bortolotti, M.; Tran, C.; Boesch, C.; Tappy, L. Fructose
overconsumption causes dyslipidemia and ectopic lipid deposition in healthy subjects with and
without a family history of type 2 diabetes. Am. J. Clin. Nutr. 2009, 89, 1760-1765.

Le, K.A.; Faeh, D.; Stettler, R.; Ith, M.; Kreis, R.; Vermathen, P.; Boesch, C.; Ravussin, E.;
Tappy, L. A 4-wk high-fructose diet alters lipid metabolism without affecting insulin sensitivity or
ectopic lipids in healthy humans. Am. J. Clin. Nutr. 2006, 84, 1374-1379.

Silbernagel, G.; Machann, J.; Unmuth, S.; Schick, F.; Stefan, N.; Haring, H.U.; Fritsche, A. Effects
of 4-week very-high-fructose/glucose diets on insulin sensitivity, visceral fat and intrahepatic lipids:
An exploratory trial. Br. J. Nutr. 2011, 106, 79-86.

Musso, G.; Gambino, R.; de Michieli, F.; Biroli, G.; Premoli, A.; Pagano, G.; Bo, S.; Durazzo, M.;
Cassader, M. Nitrosative stress predicts the presence and severity of nonalcoholic fatty liver at
different stages of the development of insulin resistance and metabolic syndrome: Possible role of
vitamin A intake. Am. J. Clin. Nutr. 2007, 86, 661-671.

Chalasani, N.; Deeg, M.A.; Crabb, D.W. Systemic levels of lipid peroxidation and its metabolic and
dietary correlates in patients with nonalcoholic steatohepatitis. Am. J. Gastroenterol. 2004, 99,
1497-1502.

Madan, K.; Bhardwaj, P.; Thareja, S.; Gupta, S.D.; Saraya, A. Oxidant stress and antioxidant status
among patients with nonalcoholic fatty liver disease (NAFLD). J. Clin. Gastroenterol. 2006, 40,
930-935.

Yesilova, Z.; Yaman, H.; Oktenli, C.; Ozcan, A.; Uygun, A.; Cakir, E.; Sanisoglu, S.Y.; Erdil, A;
Ates, Y.; Aslan, M.; et al. Systemic markers of lipid peroxidation and antioxidants in patients with
nonalcoholic fatty liver disease. Am. J. Gastroenterol. 2005, 100, 850—855.

Gawrieh, S.; Opara, E.C.; Koch, T.R. Oxidative stress in nonalcoholic fatty liver disease:
Pathogenesis and antioxidant therapies. J. Investig. Med. 2004, 52, 506-514.

Sanyal, A.J.; Campbell-Sargent, C.; Mirshahi, F.; Rizzo, W.B.; Contos, M.J.; Sterling, R.K;;
Luketic, V.A.; Shiffman, M.L.; Clore, J.N. Nonalcoholic steatohepatitis: Association of insulin
resistance and mitochondrial abnormalities. Gastroenterology 2001, 120, 1183-1192.

Sanyal, A.J.; Chalasani, N.; Kowdley, K.V.; McCullough, A.; Diehl, A.M.; Bass, N.M.;
Neuschwander-Tetri, B.A.; Lavine, J.E.; Tonascia, J.; Unalp, A.; et al. Pioglitazone, vitamin E, or
placebo for nonalcoholic steatohepatitis. N. Engl. J. Med. 2010, 362, 1675-1685.



Nutrients 2014, 6 4690

29. Roberts, C.K.; Won, D.; Pruthi, S.; Lin, S.S.; Barnard, R.J. Effect of a diet and exercise intervention
on oxidative stress, inflammation and monocyte adhesion in diabetic men. Diabetes Res. Clin. Pract.
2006, 73, 249-259.

30. Roberts, C.K.; Chen, A.K.; Barnard, R.J. Effect of a short-term diet and exercise intervention in
youth on atherosclerotic risk factors. Atherosclerosis 2007, 191, 98-106.

31. Fito, M.; Guxens, M.; Corella, D.; Saez, G.; Estruch, R.; de la Torre, R.; Frances, F.; Cabezas, C.;
Lopez-Sabater Mdel, C.; Marrugat, J.; et al. Effect of a traditional Mediterranean diet on lipoprotein
oxidation: A randomized controlled trial. Arch. Int. Med. 2007, 167, 1195-1203.

32. Rankin, J.W.; Turpyn, A.D. Low carbohydrate, high fat diet increases C-reactive protein during
weight loss. J. Am. Coll. Nutr. 2007, 26, 163-169.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



	1. Introduction
	2. Subjects and Methods
	2.1. Study Design
	2.2. Subjects
	2.3. Dietary Intervention
	2.4. Study Procedures
	2.5. Quantification of Liver Fat
	2.6. Body Fat Distribution
	2.7. Assays
	2.8. Statistical Analysis

	3. Results
	3.1. Baseline Subject Characteristics and Diet Composition
	3.2. Response to the LFD
	3.3. Response to the HFD
	3.4. Comparison of the LFD and HFD

	4. Discussion
	5. Conclusions
	Acknowledgments
	Author Contributions
	Conflicts of Interest
	References

