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Abstract

Purpose To examine the association between fructose intake in adolescence and fatty liver indices (hepatic steatosis index
(HSI), fatty liver index (FLI)) in young adulthood.

Methods Overall, 246 participants of the Dortmund Nutritional and Anthropometric Longitudinally Designed (DONALD)
study who had a fasting blood sample in adulthood (18-36 years), at least two 3-day weighed dietary records for calculating
fructose intakes and other fructose-containing sugars (total (TS), free (FS), added sugar (AS)) as well as two complete 24-h
urine samples for calculating sugar excretion (fructose excretion (FE), fructose + sucrose excretion (FE + SE)) in adolescence
(males: 9.5-16.5 years; females: 8.5-15.5 years) were analysed using multivariable linear regression analyses.

Results On the level of dietary intake, no prospective associations were observed between adolescent fructose intake and
both adult fatty liver indices, whereas higher FS intakes were associated with lower levels of HSI (P,,,q=0.02) and FLI
(P yena=0.03). On the urinary excretion level, however, a higher FE (P,.,q=0.03) and FE+ SE (P,.,4=0.01) in adolescence
were prospectively related to higher adult FLI values. No associations were observed between adolescent sugar excretion
and adult HSI.

Conclusion The present study does not provide unambiguous support for a detrimental impact of adolescent fructose intake
on adult liver health. Nonetheless, further examinations estimating exposure by means of urinary excretion as well as dietary
intake levels appear warranted.
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Introduction [4, 5] and trigger hepatic inflammation [5]. In addition, a

high fructose intake is discussed to promote hepatic insu-

Non-alcoholic fatty liver disease (NAFLD) is one of the
most common liver diseases worldwide [1] and ranges from
simple non-alcoholic fatty liver (NAFL) and non-alcoholic-
steatohepatitis (NASH) to fibrosis and cirrhosis [2]. In addi-
tion, NAFLD is increasingly recognized as an important risk
factor for type 2 diabetes and cardiovascular disease [3].
Among modifiable factors contributing to NAFLD, exces-
sive fructose consumption is regarded a main driver since it
may induce de novo lipogenesis, impair fatty acid oxidation
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lin resistance [5] and very low density lipoprotein (VLDL)
synthesis [4]. Indeed, a recent meta-analysis of controlled
intervention studies confirmed a short-term detrimental
effect of high fructose intakes on hepatic insulin resistance
among persons without diabetes, both in studies examining
hypercaloric and isocaloric diets [6]. However, evidence on
the mid-term and long-term relevance of fructose intake on
liver health is scarce [6].

Total sugar (TS), added sugar (AS) and free sugar (FS)
include a considerable amount of fructose, e.g. as part of
sucrose [7]. Hence, the intake of these sugars may also play
arole in the development of NAFLD, by virtue of their met-
abolic fate, i.e. providing fructose or by contributing glu-
cose, which may also affect liver metabolism, e.g. through
hepatic triglyceride synthesis [8]. A randomized clinical trial
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among male adolescents with NAFLD showed a significant
improvement in hepatic steatosis by a diet low in FS [9].

Investigations addressing health consequences of sugar
intake may be prone to bias when relying solely on self-
reports [10] due to selective under-reporting [11][11]. There-
fore, such studies should best be complemented by exposure
estimation using validated biomarkers of sugar intake [10,
12]. Urinary fructose (FE) and fructose plus sucrose excre-
tion (FE + SE) are established as predictive biomarkers for
sugar intake [10, 12]. Urinary fructose represents dietary
fructose as well as fructose from sucrose intake, which
escapes the metabolism of liver and other tissues [10]. Uri-
nary sucrose as part of FE + SE is also interesting to inves-
tigate since even in a healthy organism, small amounts of
dietary sucrose may pass unhydrolyzed through the intestinal
wall [13] ending up in the urine [10].

The longer-term consequence of a higher fructose intake
during adolescence is of particular interest since this age is
regarded as a potentially “critical period” for the develop-
ment of various diseases in later life [14, 15] and because
fructose [16, 17], AS and FS intake levels are high among
adolescents [18-20]. Since under-reporting identified based
on energy intake levels appears to be particularly problem-
atic during adolescence [21, 22], additional consideration of
biomarkers will likely contribute to a more realistic assess-
ment of actual intakes of sugars.

Data on the potential long-term impact of fructose intake
in adolescence for liver health in young adulthood have not
yet been reported. Therefore, we analysed the prospective
association between habitual fructose intake (based on 3-day
weighed dietary records in adolescence) as well as fructose
excretion as biomarkers for sugar intake (measured in 24-h
urine samples) and fatty liver indices (hepatic steatosis index
(HSI) and fatty liver index (FLI)) in young adulthood among
participants of the DONALD study. In addition, we exam-
ined the association between TS, FS and AS intake as well
as fructose + sucrose excretion (FE + SE) with fatty liver
indices.

Methods
DONALD study

The DOrtmund Nutritional and Anthropometric Longitu-
dinally Designed (DONALD) study is an ongoing, open
cohort study conducted in Dortmund, Germany, which
started to collect information on diet, growth, development
and metabolism of healthy children and adolescents in
1985. Since then, 35-40 infants have been newly recruited
every year. Eligible participants include healthy German
infants (i.e., infants free of diseases affecting growth and/
or dietary intake), whose parents are willing to participate
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in a long-term study and of whom at least one has sufficient
knowledge of the German language. The participants are
first examined at the age of 3 months and return for three
more visits in the first year of life, two in the second year and
thereafter annually until young adulthood. Yearly examina-
tions include 3-day weighed dietary records, anthropometric
measurements, collection of 24-h urine samples (starting at
age 3—4 years), interviews on lifestyle, and medical examina-
tions. Parental examinations (anthropometric measurements,
lifestyle interviews) take place every four years. Since 2005,
in addition to the regular examinations, participants older
than 18 years are invited every five years to provide a fast-
ing blood sample. Further details on the study have been
described elsewhere [23, 24]. The study was approved by
the Ethics Committee of the University of Bonn according
to the guidelines of the Declaration of Helsinki. All exami-
nations are performed with parental and later on, children’s
written consent.

Study sample

At the start of the dataset compilation for the current investi-
gation, 248 participants had provided a fasting blood sample
in adulthood (18-36 years) for calculating fatty liver indices
as well as at least two 3-day weighed dietary records and
two complete 24-h urine samples in adolescence (males:
9.5-16.5 years; females: 8.5—-15.5 years) for estimating sugar
intake and excretion. Participants further fulfilled the follow-
ing eligibility criteria: singletons, born at term (37 to <43
gestation weeks) with normal birth weight.

Two participants had to be excluded from the statistical
analyses. Data for fasting blood glucose, needed to iden-
tify persons with diabetes for HSI calculation, were not
available for one participant. A further participant was
excluded because of implausible blood glucose level. The
analyses were thus performed with a final number of 246.
Per participant, at least two (n,...q4s = 1,582) dietary records
[median (Q1; Q3): 4 (2; 5)] as well as two (n =492)
24-h urine samples and one blood sample (n =246)
were available.

Power calculations indicated that available sample
sizes were sufficient to detect associations between dietary
intakes during adolescence and adult outcomes with a power
of > 80%, using partial correlations of 0.8-0.21.

samples

samples

Dietary assessment

Dietary data were assessed using 3-day weighed dietary
records on three consecutive days. All foods and beverages
consumed by the child, as well as leftovers, were weighed
and recorded by the parents or by the older participants
themselves, with the use of electronic food scales (+1 g).
The participants chose the day of the beginning of dietary
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recording within a given period of time. When exact weigh-
ing was not possible, household measures are allowed for
semi-quantitative recording. Information on recipes (ingre-
dients and preparation) and on the types and brands of food
items consumed was also requested. Medication and dietary
supplement use were also recorded but were excluded from
this analysis. A trained dietitian checked the dietary records
for accuracy and completeness. Subsequently, energy and
nutrition intakes were calculated using our continuously
updated in-house nutrient database LEBTAB [25]. The
composition of staple foods is based on the German food
composition tables BLS 3.02. Energy and nutrient con-
tents of commercial food products, i.e., processed foods
and ready-to-eat-meals were estimated by recipe simulation
using labelled ingredients and nutrient contents. Within
LEBTAB, total fructose amounts did not include that por-
tion of fructose found in the disaccharide sucrose, therefore
calculations of TS, FS and AS intake were made which con-
sidered both fructose and sucrose. AS in LEBTAB is defined
as all sugars that were added to foods during processing or
home preparation according to the definition in Cummings
& Stephen [26]. Since FS is not included in LEBTAB, the
individual intake was calculated for the present investiga-
tion. FS was defined according to the definition by the Scien-
tific Advisory Committee on Nutrition (SACN) [27], which
includes AS plus sugars from fruit juices, vegetable juices,
juice spritzers and smoothies. Energy, nutrient, alcohol and
food group intakes as well as dietary glycemic index (GI)
were calculated as individual means from all available die-
tary records during adolescence to describe the participants’
habitual intake.

Anthropometric measurements

Height and weight are measured by nurses according to
standard procedures with the participants dressed in under-
wear only and barefoot. From the age of 2 years onwards,
standing height is measured to the nearest 0.1 cm using
a digital stadiometer (Harpenden, Crymych, UK). Body
weight is measured to the nearest 100 g using an electronic
scale (Seca 753E; Seca Weighing and Measuring System).
Waist circumference was measured at the midpoint between
lower rib and iliac crest to the nearest 0.1 cm. Triceps and
subscapular skinfolds were measured on the right side of
the body using a skinfold calliper (Holtain Ltd, Croswell,
Dyfed, UK). The sum of both skinfolds was used for the
estimation of percentage body fat according to the equations
of Slaughter [28] for adolescents and the Durnin—-Womer-
sley [29] equations among adults and related to the square
of height to obtain fat mass index (FMI, kg/m?). Body mass
index (BMI, kg/m?) was calculated as the body weight (kg)
divided by the square of the body height (m). Body sur-
face area (BSA) was calculated according to DuBois and

DuBois [30]. Data on height measurements from the age of
6 years onwards in boys and on height measurements from
the age of 5 years onwards in girls were used to estimate
the pubertal marker age at take-off (ATO) [31] using the
parametric Preece & Baines model 1 [32]. Details of the
method have been described elsewhere [31]. Maternal body
weight and height are measured with the same equipment
as for the participants. Maternal overweight was defined as
a BMI> 25 kg/m?.

Urine collection and analyses

Annual 24-h urine collections were scheduled in participants
older than 3 or 4 years. Collections follow a standardized
procedure after detailed instruction of the families. The par-
ticipants were asked to void their bladders upon getting up
in the morning; this micturition was completely discarded.
This sets the start of the collection which ends with voiding
the bladder the next morning. During the collection period
at home, the participants stored the micturitions in preserva-
tive-free, Extran-cleaned (Extran, MAQ3; Merck, Darmstadt,
Germany) 1-L plastic containers at less than — 12 °C. After
the transfer to the study institute by a dietitian, they were
stored at — 22 °C until thawed.

Urinary creatinine and urea excretion were measured
in the DONALD laboratory. 24-h creatinine excretion was
measured by a creatinine analyser (Beckman-2; Beck-
man Instruments, Fullerton, CA, USA) using the kinetic
Jaffe” [33] procedure. 24-h urea excretion was determined
by Urease-Berthelot method [34, 35].

Urinary fructose and sucrose were measured in the labo-
ratory of the Department of Food & Nutritional Sciences
at the University of Reading using LC-MS and quantified
using stable-isotope labelled internal standards ('°C,,-
sucrose and 13C()-fructose, Sigma Aldrich, Gillingham,
UK). After shipping on dry ice, urine samples were stored
at — 80 °C until analysis and thawed at 4 °C. An aliquot
of 100 pL of urine was combined with 100 puL acetonitrile
containing the internal standards, vortex-mixed, centrifuged
at 13000 g for 10 min and the supernatant transferred into a
96-well plate for LC-MS/MS analysis. Samples were sepa-
rated by HPLC (Acquity BEH Amide 2.1 x50 mm, 1.7 um
column (Waters, Milford, MA, USA), kept at 35 °C), using
80/20 (v/v) acetonitrile/water with 0.2% NH,OH as mobile
phase (250 pL/min) using an Acquity UPLC binary solvent
manager, sampler manager and column manager (Waters,
Milford, MA, USA), and detected by tandem mass spec-
trometry using a Quattro Ultima tandem quadrupole mass
spectrometer (Micromass, Manchester, UK). The mass spec-
trometer was operated with electrospray ionisation (ESI) in
positive ion mode in multiple reaction monitoring (MRM)
mode. Nitrogen was used as the desolvation gas and argon
was used as the collision gas. The following generic source
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conditions were used: capillary voltage, 3.6 kV; cone volt-
age, 35 V; desolvation temperature, 400 °C; source tem-
perature, 120 °C, desolvation gas flow, 500 L/hr; cone gas
flow, 100 L/hr. The concentration range was 0.1-500 pmol/L
(Fructose: 0.02-90.1 mg/L; sucrose: 0.03—171.2 mg/L). To
calculate daily excretions, concentrations were converted to
mg/d using the molar mass of fructose or sucrose and mul-
tiplied with the 24-h urine volume.

Blood analyses

Venous blood samples were drawn after an overnight fast,
centrifuged at 4 °C within 15 min and stored at — 80 °C in
the DONALD study Center. Eleven participants had pro-
vided two blood samples until blood analyses in 2015, of
which the latest sample was chosen, if the volume of the
first sample was not sufficient for all blood analyses. Fasting
plasma glucose was determined on a Roche/Hitachi Cobas
¢ 311 analyzer (Basel, Switzerland). Plasma activities of
the liver enzymes, alanine-aminotransferase (ALT), aspar-
tate-aminotransferase (AST), gamma-glutamyltransferase
(GGT), and plasma concentrations of triglycerides (TG)
were measured using a Roche/Hitachi Cobas c311 analyzer
(Roche Diagnostics, Mannheim, Germany) at the German
Diabetes Center (DDZ) as described [36].

As surrogates for NAFLD, we used fatty liver indices,
which have been validated against imaging methods and
used in large studies before [37, 38]. Indices of hepatic stea-
tosis were calculated as follows:

Hepatic steatosis index (HSI):

HSI = 8 x ALT/AST + BML

(+2, if female; + 2, if diabetes mellitus, but not applied, as
there were no persons with diabetes among our participants)
(391,

Fatty liver index (FLI):

FLI = ¢*/(1 + ¢*) x 100.

with x = 0.953 X In(TG) + 0.139 x BMI + 0.718 X In
(GGT) + 0.053 x waist circumference — 15.745 [40]

Assessment of further covariates

Further covariates were collected on the child’s admission
to the DONALD study or periodically at follow-up visits.
The child’s birth characteristics were retrieved from a Ger-
man standardized pregnancy document called ‘“Mutterpass”.
High maternal educational status (> 12 years of schooling),
maternal employment as well as participant’s smoking sta-
tus and physical activity in adulthood were inquired with
standardized questionnaires. The standardized questionnaire
regarding physical activity includes among others questions
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(e.g. what kind of sport, frequency and duration) on organ-
ised (e.g. club sport, gym) and non-organised sports (e.g.
playing football with friends, cycling) as well as how the
participants get to school (e.g. by car/bus or by feet). The
questionnare based on Adolescent Physical Activity Recall
Questionnaires [41] and questions from the the German
Health Interview and Examination Survey for Children and
Adolescents (KiGGS) [42].

Statistical analyses

The statistical analyses of the present evaluation were per-
formed using SAS® procedures (version 9.2; Cary, NC,
USA). The significance level was set at p <0.05. Character-
istics in the tables are presented as medians with their inter-
quartile ranges for continuous variables or as frequencies
and percentages for categorical variables. Results from the
regression analyses are presented as adjusted least-square
means (95% CI) by sex-specific tertiles of the respective
predictor with p-trend values from models with the predic-
tors as continuous variables.

To achieve normal distribution, outcome variables (HSI,
FLI) were transformed prior to analysis using log transfor-
mations. Since sugar excretions were validated log-trans-
formed as biomarkers for total sugar intake [12, 43], urinary
predictor variables (FE, FE + SE) were also transformed.
Before calculating the individual means from available
records during adolescence, sugar intake (fructose, TS, FS
and AS) variables as well as energy-yielding covariables
were energy-adjusted by the residual method [44], studen-
tized by age (years) and sex to account for age- and sex-
dependent intake differences. Analogously, sugar excretion
(fructose, sucrose and the sum of both) was adjusted for
BSA (studentized by age group and sex), since it is closely
related with individual body size-dependent glomerular
filtration rate [45]. Since dietary GI as well as flavonoid
intake correlated with fructose intake, these variables were
also adjusted for fructose intake using the residual method
to avoid multicollinearity in the models. Furthermore, we
tested the interaction between the predictor-outcome asso-
ciations and sex, by which no interactions were found.
Prospective associations between sugar intake (fructose,
TS, FS and AS) or sugar excretion (FE and FE + SE) dur-
ing adolescence and fatty liver indices (HSI, FLI) in early
adulthood were analysed by multivariable linear regression
models, using the transformed variables as explained above.
The final models were tested for linearity, heteroskedasticity,
multicollinearity and normal distribution.

Crude models (model A) included the exposure variable
as well as sex and age at blood withdrawal in adulthood
in both analyses (dietary and biomarker). Adjusted mod-
els (dietary analyses: models B and C; biomarker analyses:
model B) were constructed by individual examination of
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potential influencing covariates and hierarchical inclusion
[46] of those which substantially modified the exposure’s
regression coefficient by > 10% [47] or independently pre-
dicted the outcome variable [48]. Potential confounding
covariates considered for inclusion in the different hierar-
chical levels were:

(1) early life factors [gestational weight gain (kg), mater-
nal age at birth (year), gestational age (week), birth
weight (g), first-born child (yes/no), full breastfeed-
ing >4 months (yes/no)],

(2) socioeconomic factors [smokers in the household (yes/
no), maternal high educational status (> 12 years (yes/
no)), maternal employment (yes/no) maternal over-
weight ( yes/no)],

(3) adolescent anthropometrics [mean FMI from available
data in adolescence (kgz/m)],

For dietary analyses in addition:

(4) dietary variables [dietary GI (residuals, adjusted for
fructose intake), dietary fiber intake (energy-adjusted
residuals), total flavonoid intake (energy- and fructose
intake-adjusted residuals); saturated fatty acids intake
(SFA; energy-adjusted residuals), carbohydrate intake
(others than sugars; energy-adjusted residuals), ratio
plant/animal protein]

For biomarker analyses in addition:

(4) urinary variables [24-h creatinine excretion (mmol/d),
24-h urea excretion (mmol/d), urine volume (L/d)].

For missing values, the respective median of the total
sample was used (n =6 for gestational weight gain, n=1 for
full breastfeeding >4 months, n=2 for maternal overweight,
n=1 smokers in the household).

Model building was done for the primary exposures, i.e.
fructose intake as well as fructose excretion in their relation
to both fatty liver indices. To allow comparability of the
results, the obtained models were then also used for analyses
of the secondary exposures, i.e. TS, FS and AS intake as
well as FE + SE in relation to the fatty liver indices.

To use 24-h sugar excretion as a predictive biomarker for
sugar intake, Tasevska et al. generated an equation [49] that
“calibrates the biomarker to provide an unbiased measure
of intake” [10]. As this equation was created among adults
(40-69 years), it is not suitable for younger populations,
such as children and adolescents. Nevertheless, we per-
formed sensitivity analyses using "calibrated" sugar excre-
tions (calibrated FE, calibrated SE, calibrated FE + SE).

As mentioned in the introduction, adolescents are suscepti-
ble of under-reporting energy intake. Records were considered
as under-reported when the total energy intake (TEI) was inad-
equate in relation to the estimated basal metabolic rate (BMR)

according to age- and sex-specific equations of Schofield [50],
using pediatric cutoffs from Sichert-Hellert et al. [22]. Under-
reporters were not excluded from the analyses, as this pro-
cedure only identifies under-reported energy intake, but no
selective under-reporting of food groups [51] or sugar intake
[11]. Instead, 167 (10.6%) records, in which intake levels were
under-reported, collected by 85 participants, were excluded
for sensitivity analyses, i.e. sensitivity analyses were based on
1415 records from 245 participants.

Additional sensitivity analyses in subsamples of partici-
pants who had provided the following data were performed
in both dietary and urinary models: (a) ATO (n=202), (b)
adult smoking status (yes/no, n=224), (c) levels of adult
physical activity (low/medium/high; n=169), (d) adult
alcohol consumption (g/d, n=195). These variables were
considered as potentially confounding factors in regression
models of the subsamples, respectively.

Results

The median follow-up time between the mean age during
adolescence and adulthood was 8.6 years in the dietary sam-
ple and 8.4 years in the urinary sample (Tables 1, 2). The
socioeconomic factors and lifestyle parameters indicate a
high socioeconomic status (SES) of the participants of the
DONALD study. Sex-specific tertiles of fructose, TS, FS and
AS intakes as well as urinary FE and FE + SE are shown in
Tables 3 and 4.

Associations between adolescent dietary fructose
intake and adult fatty liver indices

There were no significant associations of dietary fruc-
tose intake with HSI or FLI (Table 5). Among the other
sugar intake variables, only FS was consistently negatively
associated with both fatty liver indices. Here, higher FS
intakes were associated with lower levels of HSI (model A,
Pena=0.02; model B, P,.,4=0.04; model C, P.,4=0.02)
and FLI (model C, P,,4=0.03).

Association between adolescent urinary fructose
excretion and adult fatty liver indices

A higher adolescent FE was related to higher FLI values
in adulthood (model B, P,,4=0.03). Similarly, adolescent
FE + SE was related to adult FLI (model B, P ,=0.01).
FE and FE + SE were both not associated with adult
HSI (Table 6).
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Table 1 Baseline characteristics

of the DONALD participants Mparticipants  Msamples Dietary sample Urinary sample
in adolescence (males: Females/males [%] 246 1582/492  50.8/49.2 50.8/49.2
g:gjg:g iziz;:fz‘;;ﬁs};ometry’ Age [years] 246 1582/492  12.6 (12.0;13.0)  12.5(11.5; 13.5)
dietary and urinary data as well Dietary data
as early life and socioeconomic TEI [kcal/d] 246 1582 1949 (1668; 2183)
factors Fat [%E] 246 1582 34.9 (31.8;37.0)
SFA [%E] 246 1582 15.8 (14.1; 17.3)
Protein [%E] 246 1582 12.9 (12.1; 14.1)
Animal/plant protein ratio 246 1582 1.7 (1.4;2.0)
Carbohydrate [%E] 246 1582 51.1(48.4;54.3)
Total sugar [%E] 246 1582 26.7 (23.5; 30.7)
Free sugar [%E] 246 1582 17.6 (14.8;21.2)
Added sugar [%E] 246 1582 14.3 (10.7; 16.7)
Fructose [%E] 246 1582 3.8(2.8;4.9)
Fiber [g/M]] 246 1582 8.9(7.7,10.2)
Dietary GI 246 1582 56.4 (54.8; 57.8)
Urinary data
Fructose excretion [mg/d] 223 446 22.3(14.2; 32.3)
Sucrose excretion [mg/d] 246 492 27.1(17.2; 40.5)
Fructose+sucrose excretion [mg/d] 223 446 50.4 (36.7;72.5)
Creatinine excretion [mmol/d] 246 492 7.6 (6.5;9.1)
Urea excretion [mmol/d] 246 492 266 (222; 325)
Urine Volume [L/d] 246 492 1.0 (0.7;1.2)
Anthropometric data
BMI [kg/m*]° 246 1582/492  18.9 (16.9; 20.7) 18.1 (16.2; 19.9)
FMI [kg/m?] 246 1582/492 3.3 (2.5;5.0) 3.2(2.3;4.5)
Body surface area [m?]? 246 1582/492 1.5 (1.4;1.6) 1.4 (1.3; 1.6)
ATO [years]° 202 1339/404 9.7 (8.8;10.5) 9.7 (8.8;10.5)
Early life factors
Maternal age at birth [year] 246 1582/492 30 (28; 33) 30 (28; 33)
Birth weight [g] 246 1582/492 3475 (3130; 3820) 3475 (3130; 3820)
Gestational age [week] 246 1582/492 40 (39; 41) 40 (39; 41)
Gestational weight gain [kg] 240 1545/480 12 (10; 15) 12 (10; 15)
Full breastfeeding >4 months [%] 245 1575/490 47.4 474
First child of the family [%] 246 1582/492 61.4 61.4
Socioeconomic factors
Maternal overweight [%]° 244 1568/488 37.3 37.7
Maternal high educational status [%)Y 246 1582/492 520 52.4
Maternal employment [%] 246 1582/492  55.7 59.8
Smokers in household [%] 245 1576/490 29.8 29.8

Values are frequencies (%) or medians (25th; 75th percentile)

BMI body mass index, FMI fat mass index, ATO age at take-off, TEI total energy intake, %E percentage of
total energy intake, SFA saturated fatty acid, GI Glycemic index

*Body surface area according to the equation of DuBois & DuBois [30]
®Age at take of according to Buyken et al. [31] using the parametric Preece and Baines model 1 [32]
°BMI> 25 kg/m®

4> 12 years of schooling
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Table 2 Characteristics of the DONALD participants at follow-up in
early adulthood (18-36 years): blood, anthropometry, dietary and life-
style data

nparticipz\nts/samples

Adult age [years] 246 21.0 (18.1; 24.0)
Blood data
Glucose [mg/dL] 246 95.1 (90.3; 101.0)
TG [mg/dL] 246 92.0 (71.0; 122.0)
ALT [U/L] 246 15.9 (12.9; 20.9)
AST [U/L] 246 21.1(18.1; 21.0)
GGT [U/L] 246 14.2 (10.9; 19.0)
HSI 246 29.9 (27.8; 33.5)
FLI 246 8.1 (4.7;19.1)
Anthropometric data
BMI [kg/m?] 246 22.5(20.8; 25.1)
FMI [kg/m?] 246 5.8 (4.0;7.3)
Dietary data
TEI [kcal/d] 195 2149 (1805; 2563)
Fat [%E] 195 33.4(29.2;37.9)
SFA [%E] 195 14.9 (12.5;17.2)
Protein [%E] 195 13.8 (12.5; 15.7)
Animal /plant protein ratio 195 1.7 (1.3;2.2)
Carbohydrate [%E] 195 49.3 (44.7; 53.9)
Total sugar [%E] 195 22.5(18.8; 28.7)
Free sugar [%E] 195 14.5 (10.0; 20.0)
Added sugar [%E] 195 11.1 (7.2; 15.5)
Fructose [%E] 195 3.0(1.7;4.6)
Fiber [g/MJ] 195 8.6 (7.3;10.7)
Lifestyle data
Current smoker [%] 224 27.4
Physical activity (low/mod- 170 32.9/34.2/32.9

erat/high) [%]

Values are medians (25th; 75th percentile) or frequencies (%)

TG Triglycerides, ALT aminotransferase, AST aspartate-aminotrans-
ferase, GGT gamma-glutamyltransferase, HSI hepatic steatosis index,
FLI fatty liver index, BMI body mass index, FMI fat mass index, TEI
total energy intake, %E percentage of total energy intake, SFA satu-
rated fatty acid

Sensitivity analyses

All sensitivity analyses yielded results similar to those
obtained with the full sample (data shown in supplementary
material S1-S5).

Discussion

In the present study, a unique database was used to provide
contradictory findings regarding the role of fructose intake
in adolescence for adult liver health. While urinary FE as
well as FE 4+ SE in adolescence was positively associated
with FLI in adulthood, no associations were found between
self-reported fructose intake in adolescence and both fatty
liver indices in adulthood. In addition, self-reported FS
intake was even inversely associated with adult HSI and FLI.

Most intervention studies analysed in meta-analyses, sug-
gest an adverse effect of a high fructose intake on risk factors
or markers of NAFLD (postprandial triglycerides [52], body
weight [53]; intrahepatocellular lipids and ALT [54]; insulin
sensitivity [6]). These observations were solely occurring
in studies using very high fructose intake levels (> 25%E)
or hypercaloric diets. These high intake amounts cannot be
achieved by children and adolescents in Germany with their
habitual diet. Even though the self-reported fructose intake
in our study population was low (3.8%E), our biomarker
analyses support the hypothesis that a high fructose intake—
as measured by urinary FE—is associated with a higher FLIL
FLI in the highest FE or FE 4 SE excretion tertiles were 17
and 27% higher than those in the lowest tertiles. However,
the least square means of the analyses of FE + SE showed a
less clear association with FLI. Since both fatty liver indices
are considered equivalent as parameters for liver fat [37] and
the analyses of HSI did not statistically confirm these results,
our data should be interpreted cautiously.

Of note, although the used biomarkers (FE; FE + SE)
reflect total fructose intake from all food sources, studies

Table 3 Tertiles of sugar
(fructose, total, free and added (T1)
sugar) intake

Low intake

Moderate intake High intake

(T2) (T3)
Fructose (%E) 2.5 (2.0;2.8) 3.8(3.5;4.2) 5.7 (4.9;6.8)
Fructose (g/d) 11.8 (8.7; 14.0) 18.6 (15.0; 22.0) 27.1 (22.5; 34.7)
Total sugar (%E) 22.4(20.0; 23.8) 26.6 (25.6; 27.9) 32.0 (30.7; 33.4)
Total sugar (g/d) 102.9 (87.3; 122.8) 127.6 (106.0; 149.7) 153.6 (136.6; 185.0)

Free sugar (%E)
Free sugar (g/d)
Added sugar(%E)
Added sugar (g/d)

13.2 (11.1; 15.0)
65.5 (47.7;78.3)
9.4 (8.1; 10.8)

45.8 (34.7; 57.4)

17.6 (16.6; 18.9)
82.3 (70.0; 97.8)
14.2 (12.4; 14.9)
67.4 (54.8; 77.0)

23.0 (21.2; 24.4)
113.1 (98.4; 133.1)
18.3 (16.7; 20.4)
89.6 (74.9; 114.4)

Values are medians (25th; 75th percentile) of intake in the respective sex-specific tertile

%E percentage of total energy intake
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Table 4 Tertiles of urinary sugar excretion (fructose (FE), fruc-
tose + sucrose (FE + SE))

Low Moderate High
excretion excretion excretion
(TDH (T2) (T3)
FE (mg/d) 11.2(9.3; 14.5) 21.6(18.8; 37.2 (30.5; 54.5)
26.6)
FE+SE (mg/d) 31.5 (24.0; 50.0 (43.3; 86.2 (66.7;
37.0) 56.6) 122.6)

Values are medians (25th; 75th percentile) of excretion in the respec-
tive sex-specific tertile

actually validate or use them as predictive biomarkers for
total sugar intake [10].

There are a number of potential explanations for the
observed long-term “benefits” of higher adolescent FS
intakes using dietary data. Self-reported fructose intake
reflects at least in part the intake of fruits, vegetables and

Table 5 Relation of fructose intake as well as total, free and added
sugar intake in adolescence (males: 9.5-16.5 years; females: 8.5—
15.5 years) with indices of non-alcoholic fatty liver diseases (hepatic

juices. Since these food groups also contain high amounts
of phytochemicals, they can also promote health by reduc-
ing oxidative stress [55]. In the Helsinki Birth Cohort Study,
an inverse association between self-reported fructose intake
and FLI was observed among 1611 healthy elderly people
(mean age: 61 years) [56]. The authors suggested that the
possible protective impact of fruit and juice intake on health
may overcome a possibly harmful impact of fructose intake
from other sources like sugar-sweetened beverages [56].
Fruit, vegetable and juice intake also may have affected our
results. Our observation that FS intake, which increased with
juice intake, was inversely associated with fatty liver indices,
whereas AS intake (i.e. sugar from SSB and sweets) showed
no association with fatty liver indices, supports this argu-
ment. Since, high multicollinearity between nutrients and
phytochemicals from fruit, vegetables and juices impede the
differentiation of effects, confounding by fructose-adjusted
flavonoids or GI appeared irrelevant in our analysis.

steatosis index (HSI), fatty liver index (FLI)) in young adulthood
(18-36 years) (n=246)

Predicted means for HSI in adulthood in tertiles of sugar P, Predicted means for FLI in adulthood in tertiles of Piend
intake in adolescence sugar intake in adolescence
Low Moderate High Low Moderate High
intake intake intake intake intake intake
(TD) (T2) (T3) (T1) (T2) (T3)
Fructose intake
Model A 31.5(30.5;32.6) 30.5(29.5;31.5) 30.3(29.3;31.4) 0.09 10.8(8.8;13.3) 9.6(7.9;11.7) 9.2(7.5;11.2) 0.36
Model B 31.1 (30.2;32.1) 30.9(30.0;31.8) 30.4(29.5;31.3) 0.16 10.3(8.7; 12.6) 10.5 (8.7, 12.6) 9.4 (7.7;11.3)  0.59
Model C  31.2(30.3; 32.3) 30.9(30.0;31.5) 30.3(29.3;31.3) 0.09 10.7 (8.9; 13.0) 10.5 (8.8; 12.6) 8.8(7.2;10.7)  0.18
Total sugar intake
Model A 32.0(31.0;33.1) 30.4(29.4;31.4) 30.0(29.0;31.0) 0.03 11.6(94;14.1) 9.1(7.4;11.0) 9.1(74;11.1) 0.22
Model B 32.0(31.1;33.0)  30.3(29.5;31.3) 30.3(294;31.3) 0.05 11.5(95;13.8) 9.1(7.6;109) 9.8 (8.1;11.7) 041
Model C 323 (31.3;33.4) 304 (29.6;31.4) 30.0(29.1;31.0) 0.02 124(10.2;15.1) 9.2(7.7;11.0)  8.9(7.3;10.8) 0.07
Free Sugar intake
Model A 32.3(31.2;33.4) 29.7(28.7;30.7) 304 (29.4;31.5) 0.02 12.8(10.5;15.6) 8.0(6.5;9.6) 9.4 (7.7;11.5)  0.09
Model B 32.0 (31.0; 33.0)  30.1(29.1;31.0) 30.7(29.8;31.6) 0.04 12.0(10.0; 14.4) 8.3(6.9;9.9) 9.7(8.1;11.6) 0.20
Model C  32.0 (31.1;33.1)  30.0(29.1;30.9) 30.4(29.5;31.4) 0.02 12.8(10.6;15.5) 8.6(7.2;103) 9.2(7.6;11.1) 0.03
Added Sugar intake
Model A 31.7 (30.7;32.8)  30.1 (29.1;31.1)  30.6 (29.6;31.6) 042 11.3(9.2;13.8) 85(7.0;104) 99(8.1;12.1) 0.64
Model B 31.8 (30.8;32.8) 30.5(29.5;31.4) 30.6(29.7;31.5) 030 11.2(9.3;13.6) 9.1 (7.6;10.9) 10.0 (8.3;12.0)  0.60
Model C  31.8(30.8;32.8) 30.5(29.6;31.4) 30.5(29.6;31.5) 025 11.4(94;13.8) 93(7.7;11.1) 9.6(8.0;11.6) 0.37

Values are least square means (95% confidence interval) of HSI/FLI in the respective sex-specific tertiles of sugar intake

p values for models are based on linear multivariable regression analyses (significant p values of the models are marked bold). Outcome vari-

ables (HSI and FLI) were log-transformed
Model A (crude model) adjusted for sex and age at blood withdrawal

Model B=Model A additionally adjusted for: gestational weight gain (kg), maternal high educational status (yes/no), maternal overweight (yes/

no), FMI in adolescence (kg/m2)

Model C =Model B additionally adjusted for energy-yielding nutrients (adolescent saturated fatty acids intake (residuals))

HIS hepatic steatosis index, FLI fatty liver index
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Table 6 Relation of fructose excretion (FE) as well as fruc-
tose+sucrose (FE+SE) excretion in adolescence (males: 9.5—
16.5 years; females: 8.5-15.5 years) with indices of non-alcoholic

fatty liver diseases (hepatic steatosis index (HSI), fatty liver index
(FLI)) in young adulthood (18-36 years) (n=223)

Predicted means for HSI in adulthood in tertiles of sugar P4 Predicted means for FLI in adulthood in tertiles of Py g
excretion in adolescence sugar excretion in adolescence
Low Moderate High Low Moderate High
excretion excretion excretion excretion excretion excretion
(T1) (T2) (T3) (T1) (T2) (T3)
FE
Model A 30.8(29.7;31.8) 30.4(29.4;31.5) 30.4(294;31.5) 045 94(7.7;11.5) 9.4(7.7;11.6) 9.5(7.8;11.7) 0.30
Model B 30.3 (29.4;31.3) 30.4(29.5;31.4) 30.8(29.9;31.8) 0.05 8.7(7.3;104) 9.5(8.0;11.4) 10.2(8.5;12.1) 0.03
FE+SE
Model A 30.8(29.7;31.8)  30.3(29.2;31.3) 30.6(29.6;31.7) 0.81 9.6(7.8;11.7) 89(7.3;109) 9.9 (8.1;12.1) 0.31
Model B 30.2(29.3;31.2) 30.1(29.2;31.1) 31.2(30.3;32.2) 0.14 8.7(7.2;104) 8.8(7.4;10.5) 11.1(9.2;13.2) 0.01

Values are least square means (95% confidence interval) of HSI/FLI in respective sex-specific tertiles of sugar excretion

p values for models are based on linear multivariable regression analyses (significant p values of the models are marked bold). Predictor vari-
ables (FE, FE + SE) and outcome variables (HSI and FLI) were log-transformed

Model A (crude model) adjusted for sex and age at blood withdrawal

Model B additionally adjusted for: maternal high educational status (yes/no), smokers in household (yes/no), FMI in adolescence (kg/m?)

FE fructose excretion, FE + SE fructose + sucrose excretion, HIS hepatic steatosis index, FLI fatty liver index

However, an investigation of the associations between
total fructose intake (the sum of fructose intake and half
of sucrose intake) from individual food groups (sugar-
sweetened beverages, juices, fruits and vegetables as well
as sweets) and both fatty liver indices showed no significant
results (see supplementary material table S6).

Apart from fruit, vegetables and juice intake, many other
factors, such as anthropometric [57, 58] and lifestyle factors
[57, 59, 60], are associated with fructose intake or affect
liver health and therefore the fatty liver indices. We were
able to consider many potential confounders in our main or
in sensitivity analyses, yet residual confounding [49] cannot
be precluded. The long-term associations of total lifestyle
factors during adolescence, e.g. as a pattern or score, with
fatty liver indices in adulthood should be explored in future
analyses.

Although sensitivity analyses excluding under-reporters
of energy intake [22] yielded similar results, a possible
explanation for the contrasting results between the analyses
using dietary intake and urinary biomarker data is selective
under-reporting of sugar-rich foods, e.g. sugar-sweetened
beverages or sweets. Up till now, there is no reliable statisti-
cal method to identify selective sugar under-reporting. How-
ever, the analyses of predictive biomarkers of sugar intake
in the current investigation suggest an impact of selective
under-reporting on our findings (Tables 5 and 6).

The main strength of the present study is the longitu-
dinal design of the DONALD study including the long
follow-up, which allows the investigation of the relation-
ship between fructose intake in adolescence and fatty liver

indices in young adulthood. In addition, our continuously
updated in-house nutrient database LEBTAB [25] allows
the consideration of fructose and different types of fructose-
containing sugars (TS, FS, AS). Our study is able to consider
brand-specific sugar content in commercial products as well
as sugars or sweetening agents, such as syrups and honey,
which are used for food preparation at home. Furthermore,
the urine analyses were carried out in established laborato-
ries by scientists with years of experience in the measure-
ment of sugar excretion in 24-h urine samples, respectively.

Our study is limited by the availability of one blood
sample in young adulthood only. A further limitation of the
methods used in the present study is the handling of our
urine samples, which were frozen without preservatives for
a long time period (the earliest 24-h urine was collected in
1985). Little is known about the stability of fructose and
sucrose in urine so far. Luceri et al. [61] were the first to
examine urinary biomarkers for sugar intake referring only
to the instability of sucrose in urine samples stored at room
temperature. Since our samples were stored at less than
— 12 °C during the collection period at home as well as at
— 22 °Cin study institute, our samples remained frozen until
use. The generalizability of our results is limited due to the
relatively high SES of the DONALD study population [23]
and high SES is known to correlate with lower dietary sugar
intake [62]. Nevertheless, our sugar intake data are similar to
sugar intake in representative German nutrition surveys [20,
63] as well as our sugar excretion data are similar to sugar
excretion in other study populations [64—66].
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In conclusion, the observed associations of our analyses
using DONALD study data are inconsistent. We observed
no association between self-reported fructose intake and
fatty liver indices. The unexpected results regarding self-
reported sugar intake (FS and TS) and fatty liver indices
can be due to the potential healthy impact of fruit and juice
intake, which have been shown to be an important source of
dietary sugar among children and adolescents in Germany
[19, 67, 68]. Although the weighed dietary records used in
the DONALD study are considered to be a reliable and valid
dietary survey method, another explanation for the observed
inverse association between self-reported sugar intake and
fatty liver indices is selective underreporting of high-sugar
foods. This assumption is supported by the results of the
biomarker analyses, which corresponded to the hypothesis
of a high-dietary sugar intake, in particular fructose, as a
risk factor for NAFLD. However, it is not clear whether FE
as well as FE + SE serve as biomarkers for total sugar, free
sugar or even fructose. Hence, further examinations esti-
mating exposure by means of urinary excretion as well as
dietary intake levels appear warranted.
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