
INTRODUCTION

The epidemic of non-alcoholic fatty liver disease (NAFLD)
has recently become a major problem facing health systems
worldwide (1-3). Hepatic triglycerides (TG) come from three
principal sources: non-esterified fatty acids (NEFA) released
into the circulation from adipose tissue, dietary fat (entering the
liver both in chylomicron remnants and as spillover NEFA) and
de novo lipogenesis (DNL) from simple carbohydrates and
amino acids. In the liver, some fatty acids enter the mitochondria
and serve as a substrate for β-oxidation or synthesis of ketone
bodies and the bulk of fatty acids is relatively quickly secreted
from the liver as very low density lipoprotein-TG (VLDL-TG) to
be stored or oxidized in extrahepatic tissues (4). Therefore, fat
does not accumulate in a healthy liver.

The pathways responsible for fat accumulation in the liver in
patients with NAFLD have been thoroughly studied and it was
demonstrated that DNL is a critical factor contributing to hepatic
fat accumulation (5, 6). However, in these studies based on
sophisticated techniques using stable isotopes, the role of
different sources in hepatic fat accumulation was established

through analysis of TG secreted from the liver and analysis of fat
composition in liver biopsy samples; these studies did not
quantify the changes in hepatic fat content (HFC). These
changes can be measured directly using methods of magnetic
resonance (7). Using proton magnetic resonance spectroscopy
(1H-MRS), we recently demonstrated in healthy subjects in vivo
that changes in HFC can be observed within a few hours after
administration of a sufficiently large load of dietary fat or sugars
(8). We found that HFC increases after a fat load and that the
accumulation of fat can be prevented by glucose, but not
fructose co-administration. It remains to be clarified whether the
same applies to patients with steatosis. Therefore, in this study,
we analyzed the acute response of liver fat to different nutrients
in subjects with NAFLD. To eliminate the role of manifest
metabolic syndrome that can be involved in steatosis
development, the study was conducted in non-diabetic subjects
who were not obese and did not differ from previously studied
healthy subjects (8) in age, BMI, and fasting plasma glucose. Six
experiments lasting 8 hours each that included different dietary
interventions (fasting, high-fat load, repeated loads of glucose or
fructose with or without a high-fat load) were carried out in all
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We have recently demonstrated that a high-fat load can induce immediate increase in hepatic fat content (HFC) and that
such an effect can be modified differently by co-administration of fructose or glucose in healthy subjects. Therefore, we
addressed the question how consumption of these nutrients affects changes in HFC in subjects with non-alcoholic fatty
liver disease (NAFLD). Eight male non-obese non-diabetic patients with NAFLD underwent 6 experiments each lasting
8 hours: 1. fasting, 2. high-fat load (150 g of fat (dairy cream) at time 0), 3. glucose (three doses of 50 g at 0, 2, and 4
hours), 4. high-fat load with three doses of 50 g of glucose, 5. fructose (three doses of 50 g at 0, 2, and 4 hours), 6. high-
fat load with three doses of 50 g of fructose. HFC was measured using magnetic resonance spectroscopy prior to meal
administration and 3 and 6 hours later. Plasma triglycerides, non-esterified fatty acids, glucose and insulin were
monitored throughout each experiment. HFC increased by 10.4 ± 6.9% six hours after a high-fat load and by 15.2 ±
12.5% after high-fat load with fructose. When co-administering glucose with fat, HFC rose only transiently to return to
baseline at 6 hours. Importantly, NAFLD subjects accumulated almost five times more fat in their livers than healthy
subjects with normal HFC. Consumption of a high-fat load results in fat accumulation in the liver of NAFLD patients.
Fat accumulation after a fat load is diminished by glucose but not fructose co-administration.
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study participants. Hepatic fat content was quantified three times
during each experiment using 1H-MRS.

SUBJECTS AND METHODS

Subjects

The study was carried out in eight non-obese, non-diabetic, and
otherwise healthy male subjects with liver steatosis (HFC higher
than 5%). The subjects with NAFLD confirmed by 1H-MRS who
were treated only by lifestyle intervention and subjects with
steatosis accidentaly detected during abdominal ultrasound were
referred by cooperating physicians. The exclusion criteria were
BMI above 30 kg/m2, fasting plasma glucose above 5.9 mmol/L,
diagnosis of diabetes mellitus, glucose concentration above 11
mmol/L at both 1 and 2 hours of oral glucose tolerance test, use of
pharmacological agents affecting insulin sensitivity and lipid
metabolism, reported alcohol consumption above 140 g/wk, and
inability to undergo the 1H-MRS examination. The subjects were
age- and BMI-matched to those with normal HFC from our
previous study (8). A total 49 subjects with suspected NAFLD were
contacted, 22 declined to participate and 19 did not meet the
inclusion criteria for the study. Participants were recruited from
August 2016 to November 2019. The diagnosis of NAFLD was
based on 1H-MRS-documented hepatic steatosis (HFC higher than
5% at the first examination) and the absence of secondary causes
of hepatic fat accumulation (9). Prior to inclusion in the study,
seven out of the eight included patients underwent liver shear wave
elastography showing no signs of fibrosis.

Experimental design

The design of the study was identical to that of our study in
healthy subjects without steatosis (8). Each of the 8 subjects
underwent six experiments each lasting 8 hours that differed in
the diet consumed during the experiment. All experiments
started in the morning after an overnight fast by 1H-MRS
examination for HFC determination. Next, a cannula for blood
draws was inserted into the antecubital vein and the first blood
sample taken; the subjects subsequently consumed experimental
breakfast (time 0). Hepatic fat content was determined by 1H-
MRS again at 3 and 6 hours after the experimental breakfast.
Blood samples for TG, NEFA, glucose, and insulin
determination were subsequently drawn at 0.5, 1, 2, 2.5, 3, 4,
4.5, 5 and 6 hours in each experiment. The six dietary
interventions were as follows:
• fasting (Fasting experiment);
• a high-fat load alone (460 ml of dairy cream containing 150 g

of fat, 19.5 g of carbohydrate, and 13.5 g of protein,1460 kcal
total) administered at time 0 h (Fat experiment);

• 50 g of glucose dissolved in fruit tea administered at 0, 2, and
4 hours (600 kcal total) (Glucose experiment);

• a high-fat load at time 0 + 50 g of glucose at 0, 2, and 4 hours
(Fat + Glucose experiment);

•  50 g of fructose dissolved in fruit tea administered at 0, 2, and
4 hours (600 kcal total) (Fructose experiment);

• a high-fat load at time 0 + 50 g of fructose at 0, 2, and 4 hours
(Fat + Fructose experiment) (Fig. 1).

The order of the experiments was randomized and the interval
between individual experiments was at least 6 days (median
interval 15 days). The subjects were asked not to change their
lifestyle and eating habits throughout the study. In each of the
experiments, information on the physical activity and food on the
day before the experiment and any changes between the
experiments was obtained. In each experiment, weight, waist and
hip circumferences were also measured and the body fat content
and body composition were determined by bioelectrical impedance
analysis (BODYSTAT® 1500, Bodystat Ltd., Douglas, Isle of
Man). Moreover, cholesterol, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), gamma-glutamyltransferase
(GGT), and C-reactive protein (CRP) were determined in baseline
fasting samples (time 0) to check the health status of each subject.

Magnetic resonance measurements

Hepatic fat content was measured by in vivo 1H-MRS.
Examinations were performed on a 3T whole-body scanner (3T
Trio, Siemens, Erlangen, Germany) equipped with an eight-
channel surface body coil. Automatic and manual shimming
were combined to reach a linewidth below 50 Hz. Standard
PRESS (Point REsolved Spectroscopy Sequence) single-voxel
spectroscopy was used (echo time (TE)) 30 ms and repetition
time (TR) 4500 ms) to measure HFC. Voxel size of our volume
of interest (VOI) was set at 40 × 30 × 25 mm and the same VOI
position in liver segments V/VIII was carefully checked during
all subsequent examinations. One spectrum acquisition during
each breath-hold was obtained with the measurement repeated
three times. Relaxation times were measured using the same
sequence (PRESS) with echoes of 30, 50, 68, 135, 180 and 270
ms. In one subject, HFC measurement was performed on a 3T
whole-body VIDA scanner (Siemens, Erlangen, Germany) using
the same protocol.

Calculations of T2 relaxation times were done using
MATLAB software (Mathworks, Natick, MA, USA). T2 values
of water and lipid CH2 groups were found in the range 30 ± 3
ms and 53 ± 11 ms without any extreme values and these T2s are
in agreement with literature data. T1 values were not calculated
as only one acquisition spectrum was measured.

Spectra were evaluated using LCModel version 6.2 (http://s-
provencher.com/lcmodel.shtml). Lipid signals of aliphatic
protons in the range of 0.0 – 3.0 ppm (–CH3 0.8 – 0.9 ppm; 
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Fig. 1. Study design. Eight male patients with liver steatosis underwent 6 experiments each. Hepatic fat content (HFC) was determined
three times during each experiment using 1H-MRS and 10 blood samples were taken. The experiments differed in the type of food
administered. In each experiment, subjects received one of the following interventions at the times indicated above:
(1) nothing (fasting); (2) high-fat load (150 g of fat (cream)); (3) 3 × 50 g of glucose; (4) high-fat load and 3 × 50 g of glucose;
(5) 3 × 50 g of fructose; (6) high-fat load and 3 × 50 g of fructose.



–(CH2)n 1.2 – 1.4 ppm; –CH2CH2CH=CH 1.9 – 2.1 ppm; 
–CH=CH –CH2 –CH=CH 2.8 ppm) and water and olefinic
proton signals (4.7 and 5.3 ppm) were fitted as described in an
earlier paper (10). The percentage of HFC was calculated
according to Longo (11).

Biochemical analysis

Blood was collected into vacutainers with EDTA and
immediately chilled on ice. The aliquots of plasma were
subsequently stored at –80ºC until analysis. Triglyceride
concentrations were determined using enzymatic kits
manufactured by Roche Diagnostics (Mannheim, Germany),
glucose concentrations using a PLIVA Lachema Diagnostika kit
(Brno, Czech Republic) and NEFA were measured using a kit
manufactured by Wako Chemicals GmbH (Neuss, Germany).
Insulin was measured using an IRMA kit (Beckman Coulter,
Prague, Czech Republic).

DNA analysis

DNA was isolated from peripheral blood using a Qiagen
QIAamp kit (Qiagen, Hilden, Germany). The rs58542926 locus
in TM6SF2 was analyzed using TaqMan SNP assay No.
C_89463510_10 (Thermo Fisher Scientific, Waltham, MA,
USA). The rs738409 locus in PNPLA3 was genotyped with
TaqMan SNP assay No. C_7241_10. Genotyping was performed

according to the manufacturer’s protocol. Both assays were run
on the Applied Biosystems ABI 7300 Real-Time PCR
instrument (Thermo Fisher Scientific, Waltham, MA, USA).

Statistics

Data are presented as mean ± SD. The areas under the
increment curve (AUICs) for biochemical parameters in the
plasma were calculated using the trapezoid rule after adjustment
for baseline values. Statistical analyses were performed using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).
Hepatic fat content expressed as percentage of baseline value
was compared at three time points (0, 3, and 6 hours) during
each experiment using ANOVA for repeated measures and
Dunnett’s multiple comparison post-test. The HFC responses to
test meals were also compared with those of previously studied
healthy subjects (8) using mixed model ANOVA (mm ANOVA)
for repeated measures with one grouping factor - steatosis, using
JMP 11.0 software (SAS Institute Inc., Cary, NC, USA).

Changes in biochemical parameters over time (TG, NEFA,
glucose and insulin) were evaluated using ANOVA for repeated
measures and Dunnett’s multiple comparison post-test. AUIC
values of biochemical parameters were compared using repeated
measures ANOVA and Tukey’s multiple comparison post-test.
The one-sample t-test was used to determine the AUIC
difference from zero. A p < 0.05 was considered statistically
significant.
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Number 8 

Age at study entry  
(years) 

40.0 ± 7.6 

BMI  
(kg/m2) 

27.2 ± 2.2 

Waist circumference  
(cm) 

95.9 ± 7.8 

Waist/hip ratio  
 

0.94 ± 0.05 

Total body fat  
(kg) 

21.7 ± 2.8 

Hepatic fat content  
(%) 

12.8 ± 7.3 

Triglycerides  
(mmol/L) 

1.7 ± 0.7 

Cholesterol  
(mmol/L) 

4.8 ± 0.9 

Non-esterified fatty acids (NEFA) 
after overnight fast (mmol/L) 

0.30 ± 0.07 

Fasting glucose  
(mmol/L) 

5.6 ± 0.4 

Fasting insulin  
(µU/mL) 

10.0 ± 4.5 

HOMA-IR 
 

2.5 ± 1.1 

HbA1c  
(mmol/mol) 

36.5 ± 4.4 

Gamma-glutamyltransferase (GGT) 
(µkat/L) 

0.83 ± 0.44 

Aspartate aminotransferase (AST) 
(µkat/L) 

0.45 ± 0.22 

Alanine aminotransferase (ALT)  
(µkat/L) 

0.80 ± 0.22 

 

      

Table 1. Characteristics of subjects included in the study.

Data are mean ± SD.



Study approval

All participants gave written informed consent prior to
inclusion in the study, which had been approved by the Joint
Ethics Committee of the Institute for Clinical and Experimental
Medicine and Thomayer Hospital in Prague, Czech Republic.
All work was conducted in compliance with the principles of the
Declaration of Helsinki.

The study was registered at ClinicalTrials.gov
(NCT03680248).

RESULTS

Baseline characteristics of subjects

The subjects included in the study were overweight but non-
obese (BMI ≤ 30 kg/m2) and had normal plasma lipid, glucose and

insulin concentrations (Table 1). Impaired glucose tolerance during
oral glucose tolerance test was detected in 2 subjects and one of
them had also slightly elevated HbA1c (44 mmol/mol). Increased
GGT activity (above 1.07 µkat/L) was found in 5 subjects,
increased activities of AST (above 0.75 µkat/L) and ALT (above
1.17 µkat/L) were found in 1 and 3 subjects, respectively. One
subject was homozygous and two subjects heterozygous carriers of
the minor allele rs738409, C→G of the PNPLA3 gene; one subject
carried the minor allele rs58542926, C→T of the TM6SF2 gene;
one subject carried both minor alleles; and three subjects were
homozygous carriers of major variants of both genes.

Each of the eight subjects underwent all six experiments.
The baseline values of parameters reflecting the metabolic status
and liver function of subjects (TG, NEFA, glucose, insulin,
GGT, AST, and ALT) measured at the beginning of each of the
six experiments did not differ between the experiments.

The subjects in the study did not differ in age, BMI, waist
circumference, waist/hip ratio, percentage of total body fat,
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Fig. 2. Dynamics of plasma
TG, NEFA, glucose, and
insulin concentrations during
the six experiments: Fasting;
Fat (150 g of fat in dairy
cream at 0 hour); Glucose (3
× 50 g of glucose at 0, 2 and 4
hours); Fat + Glucose (150 g
of fat at 0 hour and 3 × 50 g of
glucose at 0, 2 and 4 hours);
Fructose (3 × 50 g of fructose
at 0, 2 and 4 hours); Fat +
Fructose (150 g of fat at 0
hour and 3 × 50 g of fructose
at 0, 2 and 4 hours).
Experiments without a fat
load are presented in the left
panels, experiments with a fat
load in the right panels.
Nutrients were ingested after
blood draws at indicated
times. All experiments were
carried out in 8 patients with
NAFLD. Data are mean ±
SD. NEFA, non-esterified
fatty acids; TG, triglycerides.



cholesterol, fasting glucose and NEFA concentrations from
healthy volunteers with a normal liver fat content in our recent
study (8). They had only slightly but significantly higher fasting
TG and insulin concentrations and HOMA-IR.

Fasting has no effect on hepatic fat content

In a control experiment with no food administered to subjects
(Fasting experiment), plasma TG did not change, glucose and
insulin slightly dropped, whereas NEFA concentrations rose
steadily to double baseline values (from 0.27 ± 0.13 to 0.55 ±
0.19 mmol/L (p < 0.001) at the end of the experiment (Fig. 2).
The changes in these parameters also get reflected in their
corresponding AUICs (Fig. 3). Hepatic fat content was not
affected by prolonged fasting (Fig. 4).

A high-fat load induces an increase in hepatic fat content

Administration of 150 g of fat (Fat experiment) increased
triglyceridemia rising for 3 hours to remain increased until the
end of the experiment (Fig. 2). Glucose decreased marginally
during the experiment whereas insulin concentrations modestly

rose half an hour after fat consumption and then slowly returned
to baseline. Non-esterified fatty acid concentrations increased
steadily up to three times the baseline at the end of the
experiment (Fig. 2). Hepatic fat content rose by 10.4% (p =
0.006), from 11.9 ± 7.8% to 13.1 ± 8.6%.

Repeated loads of glucose do not affect hepatic fat content

In subjects receiving three 50 g doses of glucose at 0, 2 and
4 hours (Glucose experiment), corresponding peaks in plasma
glucose and insulin concentrations were observed at 0.5, 2.5, and
4.5 hours. Glucose administration resulted in a slight increase in
triglyceridemia and marked suppression of NEFA concentrations
as documented by the corresponding changes in AUICs (TG
AUIC +0.87 ± 0.86 mmol/L/6 h, NEFA AUIC –0.61 ± 0.49
mmol/L/6 h) (Fig. 3). Importantly, glucose consumption had no
impact on HFC.

Repeated loads of fructose also do not affect hepatic fat content

Administration of three 50 g doses of fructose (Fructose
experiment) induced insulin response but the insulin AUIC
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Fig. 3. Areas under the 6-hour increment curves (AUICs) of TG, NEFA, glucose, and insulin during the six experiments. Fasting; Fat
(150 g of fat in dairy cream at 0 hour); Glucose (3 × 50 g of glucose at 0, 2 and 4 hours); Fat + Glucose (150 g of fat at 0 hour and 3
× 50 g of glucose at 0, 2 and 4 hours); Fructose (3 × 50 g of fructose at 0, 2 and 4 hours); Fat + Fructose (150 g of fat at 0 hour and
3 × 50 g of fructose at 0, 2 and 4 hours). All experiments were carried out in 8 patients with NAFLD. Data are mean ± SD. * p < 0.05
statistically significantly different from zero by the one-sample t-test. The same letter indicates values that do not differ using repeated
measures ANOVA and Tukey’s multiple comparison post-test. NEFA, non-esterified fatty acids; TG, triglycerides.



was lower by three quarters than that after glucose. Plasma
glucose marginally increased, TG concentrations did not
change and NEFA were suppressed during the experiment.
The response of these three parameters did not differ from that
in Glucose experiment when evaluated as AUICs (Fig. 3).
Importantly, HFC was not affected by repeated loads of
fructose.

Co-administration of glucose with a high-fat load transiently
increases hepatic fat content

Co-administration of three 50 g doses of glucose with fat
(Fat + Glucose experiment) induced corresponding peaks in
plasma glucose and insulin concentrations; both glucose and
insulin AUICs did not differ from those after glucose alone (Fig.
3). Plasma TG concentrations increased and TG AUIC did not
differ from that after fat alone. Non-esterified fatty acid
concentrations did not change during the experiment. Hepatic fat
content rose transiently from 13.8 ± 8.2% to 14.8 ± 7.8% at 3
hours to subsequently return to baseline (14.1 ± 7.8%) at the end
of the experiment (Fig. 4).

Co-administration of fructose with a high-fat load increases
hepatic fat content

Fructose co-administration with fat (Fat + Fructose
experiment) did not affect plasma glucose concentrations and
induced only a small increase in insulin concentration as
documented by AUICs (Fig. 3). Triglyceridemia increased
similarly as in the Fat and Fat + Glucose experiments. The non-
esterified fatty acid concentrations did not change during the
experiment as did not in Fat + Glucose experiment. Importantly,
HFC rose by 15.2 ± 12.5% (p = 0.014) from 11.5 ± 5.9% to 12.8 ±
5.5% at 6 hours.

Intra-individual biological variability of hepatic fat content

As we measured HFC within a relatively short time span in
subjects not intervened in any way, our data could be used to
estimate the intra-individual biological variability of HFC. For
the calculations, we used data from the morning baseline HFC
measurements carried out within 6 months in each of the subjects
(5 to 6 measurements per subject) showing an intra-individual
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Fig. 4. Dynamics of hepatic fat content
(HFC) during the six experiments.
Fasting; Fat (150 g of fat in dairy cream
at 0 hour); Glucose (3 × 50 g of glucose
at 0, 2 and 4 hours); Fat + Glucose (150
g of fat at 0 hour and 3 × 50 g of glucose
at 0, 2 and 4 hours); Fructose (3 × 50 g of
fructose at 0, 2 and 4 hours); Fat +
Fructose (150 g of fat at 0 hour and 3 ×
50 g of fructose at 0, 2 and 4 hours). 1H-
MRS for HFC determination was carried
out before ingestion of cream (time 0)
and 3 and 6 hours later. All experiments
were carried out in 8 patients with
NAFLD. Data expressed as a percentage
of baseline morning values are mean ±
SD. *p < 0.05, ** p < 0.01, ***p<0.001
significantly different from baseline
(ANOVA for repeated measures and
Dunnett’s multiple comparison post-test).

Fig. 5. Correlation of baseline (fasting) HFC and the change in HFC between time 0 and 6 hours of the experiment (ΔHFC) after fat
administration (A) and fat and fructose co-administration (B). Individual values of 8 subjects with NAFLD (stars) and 10 healthy volunteers
(dots) (8). One of the subjects with liver steatosis (empty circle) was excluded from analysis in B (see text). HFC, hepatic fat content.



variability of 19.7 ± 9.9%. The variability does not differ from
that found in 10 healthy subjects with a normal fat content in our
previous study (17.1 ± 6.7%, unpublished data) (8).

Comparison of hepatic fat content response to dietary
intervention to healthy subjects

As the steatotic subjects included in the present study did not
differ in their anthropometric and selected biochemical
characteristics from healthy subjects in our previous study (8)
and as both studies used the same design, we were able to
compare the response of liver fat to different dietary
interventions between both groups. Using mmANOVA, no
differences in HFC response to fasting and repeated loads of
glucose or fructose alone were detected between steatotic and
healthy subjects. However, the response of HFC to a high-fat
load was much more pronounced in steatotic subjects (from 11.8
to 13.1% at 6 hours) than in healthy subjects (from 2.0 to 2.2%
at 6 hours) (8) in Fat experiment p = 0.002 (mmANOVA). A
similar difference was found in Fat + Fructose experiment, in
which HFC rose from 11.5 to 12.8% at 6 hours in steatotic
subjects and from 1.7 to 1.9% at 6 hours in healthy subjects (8)
(p = 0.038, mmANOVA). Moreover, due to the transient increase
in HFC in steatotic subjects (not observed in healthy subjects),
the dynamics of the changes in Fat + Glucose experiment also
differed between both groups (p < 0.001, mmANOVA), although
HFC at 6 hours did not differ from baseline in both groups.

After pooling our data from both steatotic and healthy
subjects, we also analyzed the relationship between baseline
HFC and increment of HFC after 6 hours in Fat and Fat +
Fructose experiments, the only experiments in which HFC rose.
There was a strong positive correlation between baseline HFC
and HFC increment at 6 hours in Fat experiment (r = 0.68, p =
0.0018) (Fig. 5A) whereas no correlation was found in Fat +
Fructose experiment. However, when analyzing our data in
detail, we noted that HFC in this experiment rose in all but one
subject with the highest baseline HFC. This subject had
markedly increased his physical activity a few days before the
experiment - his total energy expenditure on those days was
approx. 25% higher and he had the lowest baseline HFC (22.7
versus 26.3 ± 2.1% in the other experiments) and TG (1.1 versus
2.1 ± 0.5 mmol/L in the other experiments). After exclusion of
the above subject from the analysis, a strong relationship
between baseline HFC and its increment after 6 hours was also
found (r = 0.71, p = 0.0015) (Fig. 5B).

DISCUSSION

This study was focused on the immediate effects of fat,
glucose, fructose and fat with glucose or fructose consumption
on liver fat content in subjects with NAFLD. We found that HFC
increases only in experiments with a high-fat load and that fat
accumulation after a high-fat load can be reversed by glucose,
but not fructose co-administration (Fig. 4). Administration of
repeated doses of glucose or fructose alone had no effect on
HFC. Importantly, as our subjects were of the same age and BMI
as those with normal HFC in our previous study (8), we were
able to compare the response of both groups to find out that
NAFLD patients accumulate severalfold more fat in their livers
after the same fat load.

However, it should be stressed that the study was not
designed to study the effects of isocaloric interventions with
different nutrients. The fat load alone (1460 kcal) represented
approximately two thirds of daily caloric intake of our subjects
whereas repeated loads of sugars carried only 600 kcal. The
study thus addresses the question whether co-administration of

sugars, that can induce specific metabolic responses, affects the
accumulation of fat in the liver.

Hepatic fat comes from three principal sources: dietary fat,
NEFA released into the circulation from adipose tissue, and DNL.
The accumulation of fat in the liver after a high-fat load can be
easily explained by increased fluxes of dietary fat (as TG of
remnants and spillover NEFA) and NEFA originating in adipose
tissue, because adipose tissue lipolysis is not efficiently inhibited
by insulin (when cream containing only a small amount of lactose
is given to subjects). The capacity of the liver to oxidize fatty
acids or export TG in VLDL is not sufficient to compensate for
the increased influx and thus fat accumulates in the liver.

Importantly, assuming a liver weight of 1.5 kg, it can be
estimated that the subjects in our study accumulated
approximately 18 g of fat 6 hours after consumption of 150 g of
fat. Healthy subjects with a normal fat content in our previous
study (8) accumulated only around 4 grams of fat in their livers
in the same experiment. The design of our study does not allow
us to conclusively identify the cause of the almost fivefold
higher accumulation of liver fat in subjects with NAFLD.
Although all subjects consumed the same amount of fat, plasma
TG and NEFA concentrations (reflecting the contribution of
dietary fat and adipose tissue lipolysis) increased more in
steatotic subjects than in those without steatosis (TG AUIC: 8.95
± 3.15 versus 5.40 ± 2.22 mmol/L/h, p = 0.016; NEFA AUIC:
1.86 ± 0.54 versus 1.08 ± 0.68 mmol/L/h, p = 0.017). Fat
acquisition into the liver is thus increased in subjects with
steatosis. In addition, it has been demonstrated that a steatotic
liver loses the ability to efficiently export acquired fat. Secretion
of VLDL correlates positively with HFC in healthy subjects but
the correlation disappears and VLDL secretion may even
decrease in subjects with an HFC higher than 5.6% (12). While
unable to determine the contribution of VLDL and chylomicrons
to triglyceridemia, we can assume that VLDL secretion was not
increased adequately to the increased fat acquisition in our
NAFLD subjects. This notion may be further supported by the
relatively high frequency (0.44) of minor alleles of the PNPLA3
and TM6SF2 genes in steatotic subjects. These gene variants
limit the availability of hepatic TG for secretion in VLDL (13,
14). In our study in non-steatotic subjects, only two subjects out
of 10 (allelic frequency 0.10) carried these minor alleles
(unpublished data) (8). Therefore, both the increased influx of
fatty acids into the liver and lower VLDL-TG secretion can
explain the several times higher fat accumulation in steatotic
liver after fat consumption.

Moreover, when analyzing the data from both of our studies
together, a close correlation between HFC and the change in
HFC after 6 hours was found (r = 0.6831, p = 0.0018, Fig. 5A)
suggesting that steatosis may develop in subjects predisposed to
store more fat in the liver after consumption of a fatty meal.

Contrary to our findings in Fat experiment, co-
administration of three 50 g doses of glucose with dairy cream at
a two-hour interval (Fat + Glucose experiment) resulted in only
a transient increase in HFC at 3 hours and no fat had
accumulated in the liver 6 hours after cream consumption. Such
a result is in an agreement with the findings of our study in
healthy subjects who did not accumulate fat in their livers in the
same experiment.

The fact that fat does not accumulate in the liver 6 hours
after fat and glucose consumption can be explained by induction
of insulin secretion and subsequent inhibition of lipolysis in
adipose tissue resulting in suppression of NEFA flux from
adipose tissue to the liver. This was documented in our study by
no change in NEFA concentrations - the suppressive effect of
insulin on NEFA concentrations (as observed after the
administration of glucose alone) was likely compensated by
contribution of spillover NEFA, which kept the NEFA AUIC
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unchanged. Increased supply of NEFA as the principal source of
hepatic fat (5) is then prevented by glucose co-administration in
this experiment. Although DNL in the liver should be stimulated
by insulin in Fat + Glucose experiment, it does not seem to be
involved as the bulk of glucose, a potential substrate for DNL, is
metabolized in extrahepatic tissues (15).

Administration of glucose alone (Glucose experiment) had
no effect on HFC in our subjects whereas, in healthy subjects,
HFC decreased in the same experiment (8). Nevertheless,
mmANOVA did not detect a significant difference between the
responses of both groups to glucose administration. However,
due to the size of both groups, our study has very limited power
to address questions about the role of glucose in the prevention
of hepatic fat accumulation.

When three 50 g doses of fructose were co-administered
with fat at two-hour intervals, the fat accumulated in the liver at
6 hours after cream consumption. The increase in HFC was even
more pronounced than in Fat experiment. This was despite the
fact that, same as in Fat + Glucose experiment, NEFA
concentrations did not change during the experiment. The only
reasonable explanation for the increase in HFC appears to be de
novo lipogenesis - the bulk of fructose enters directly the liver
and can be used as a substrate for DNL. Moreover, it has been
repeatedly documented that fructose administration is a very
efficient inducer of DNL (15-17) and that DNL is an important
source of liver fat in NAFLD (5, 6).

When fructose alone was administered to subjects, the
response of biochemical parameters and HFC did not differ from
that in Glucose experiment. The potential stimulating effect of
fructose on DNL is therefore likely not sufficient to increase HFC
if fat is not present as another source of energy. However, we
cannot rule out the possibility that other nutrients (such as
complex carbohydrates or free glucose) providing large excess
energy could have the same effect on fat accumulation in the liver.

Importantly, the suppression of lipolysis (seen as changes in
NEFA concentration) did not differ between experiments with
glucose and fructose administration/co-administration. That is
rather surprising because fructose consumption induces less
insulin response than glucose. It is not clear whether limited
response of insulin to fructose administration can fully explain
the suppression of lipolysis in adipose tissue. Apart of insulin
action, other mechanisms may be thus involved. It has been
demonstrated that fructose is stronger inducer of FGF21 in the
liver than glucose (18) and FGF21 suppresses lipolysis in
adipose tissue (19).

Importantly, similar to Fat experiment, the HFC response
was several fold higher in subjects with NAFLD in Fat +
Fructose experiment and, when analyzing pooled data from both
of our studies, the increment in HFC at 6 hours correlated
positively with baseline HFC (r = 0.7068, p = 0.0015) (Fig. 5B).
However, this correlation was only achieved after the exclusion
of one subject with markedly increased physical activity on days
preceding the experiment as explained in the Results section.

A certain limitation of our study is the small number of
subjects. This is due to the unique and complex design of our
study and to difficulties with recruiting subjects with steatosis
who are non-obese and non-diabetic and actually not typical
NAFLD patients. However, we chose to select such patients to
eliminate the impact of overt insulin resistance on metabolic
pathways directly involved in hepatic fat accumulation. On the
other hand, although our NAFLD patients had the same
anthropometric characteristics and the same plasma glucose and
NEFA concentrations as BMI- and age-matched healthy subjects
in our previous study (8), they were found to have slightly
increased insulinemia (albeit still within the normal range). This
may suggest that they need to secrete more insulin to keep their
glycemia and lipolysis under control and, hence, that they are in

the initial stage of developing insulin resistance. As our subjects
had already markedly developed steatosis, our findings may
support the notion that NAFLD is not a simple component of
metabolic syndrome but, rather, one of the first components or
even the precursor of metabolic syndrome as proposed by others
(20). Another limitation of the study is that only male subjects
were studied. However, the inclusion of both sexes in such a
small group would complicate the interpretation of the study
results because of potential impact of cycle and menopause on
regulation of hepatic metabolism in women.

The design of our study allowed us to investigate the direct
impact of particular nutrients on immediate quantitative changes
in hepatic fat content. The results clearly highlight the important
role played by dietary fat in the pathogenesis of steatosis.
Although the fat load used in our study was very high, one can
assume that the smaller doses of fat consumed in real life will
lead to similar changes not detectable by MRS but, possibly,
cumulative in the long run.

More importantly, our data clearly point out the important
difference between glucose and fructose. Increased fructose
consumption is believed to be an important factor in the
development of obesity and NAFLD in the general population
(21, 22); however, it is still a subject of debate whether or not
fructose is directly involved in the pathogenesis of NAFLD or
whether it should be viewed upon as just a marker of increased
caloric intake (23, 24). Our data clearly implicate fructose as a
culprit directly involved in pathogenesis of hepatosteatosis,
especially if associated with a high fat intake.

Moreover, the use of repeated administration of simple
sugars represents a major strength of our study mainly because
the effect of a simple bolus of glucose on insulin-induced
suppression of lipolysis is only short-term and plasma NEFA
concentrations return to baseline rather quickly. As only repeated
doses of glucose can keep NEFA concentrations suppressed
throughout the experiment, this strategy was adopted to study
the effect of a limited NEFA input on HFC. Importantly, such an
experimental design may not be far from real life - it is
comparable to drinking 1.5 L of a soft drink within six hours.

Last but not least, the design of our study allowed us to
determine the intra-individual variability of HFC being slightly
below 20%. Therefore, if taking intra-individual variability into
account, the diagnosis of hepatosteatosis using 1H-MRS should
only be considered definitive when HFC exceeds the upper limit
of normal values by 2 standard deviations, i.e. approximately at
a value of 7.6% (assuming an upper limit of 5.6% (25)).

In summary, in patients with NAFLD, hepatic fat content
increased 6 hours after a high-fat load or a high-fat load with
repeated doses of fructose. On the contrary, when co-
administering glucose with fat, HFC rose only transiently to
return to baseline at 6 hours. When compared with age- and BMI-
matched healthy subjects with a normal HFC (8), patients with
steatosis accumulate severalfold more fat in their livers after the
same load of dietary fat. No change in HFC was observed during
fasting or after repeated doses of glucose or fructose.

Abbreviations: ALT, alanine aminotransferase; AST,
aspartate aminotransferase; AUIC, area under the increment
curve; CRP, C-reactive protein; DNL, de novo lipogenesis;
GGT, gamma-glutamyltransferase; 1H-MRS, proton magnetic
resonance spectroscopy; HFC, hepatic fat content; mm ANOVA,
mixed model ANOVA for repeated measures with one grouping
factor - steatosis; NAFLD, non-alcoholic fatty liver disease;
NEFA, non-esterified fatty acids; TG, triglycerides; VLDL, very
low-density lipoprotein.
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