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Conclusion

A high fructose diet (150g a day for 8 weeks) in an isocaloric context does not have any negative health impact on weight, liver health,
cholesterol, insulin sensitivity, or glucose/blood sugar tolerance in healthy individuals.

A high fructose diet does not change muscle glycogen, intramuscular fat, or intrahepatic (liver) fat in healthy individuals.

A high fructose diet increases blood fat (triglyceride) amount in healthy individuals.
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ABSTRACT
Background: Increased fructose intake has been associated with
metabolic consequences such as impaired hepatic lipid metabolism
and development of ponalcobolic Farty liver disease (NAFLD).
Objectives: The aim of this study was to investigate the role of
fructose in glucase and lipid metabolism in the liver, heart, skeletal
muscle, and adipose tissue.

Methods: Ten bealthy subjects (ane‘ 219y BMI 22+
0.7 kg/m’) metabolic prior
1o and 8 wk following a high-fructose dict (150 g daily), Eleven
patients with NAFLD (age: 394 = y: BME: 284 & 1.25)
were characterized as “positive coatrols.” Insulin sensitivity was
analyzed by a 2-step hyperinsulinemic cuglycemic clamp, and
postprandial interorgan crosstalk of lipid and glucose metabolism
was eviluated, by determining postprandial hepatic and intra-
myocellular lipid and glycogen accumulation, employing magnetic
resonance spectroscopy (MRS) at 7 T. Myocardial lipid content and
myocardial function were assessed by 'H MRS imaging and MRI
3T

Results: High fructose intake resulted in lower intake of other dietary
sugars and did not increase total daily energy intake. Ectopic lipid
deposition and postprandial glycogen storage in the liver and skeletal
muscle were not altered. Postprandial changes in hepatic 1i
were measured [Ahepatocellular lipid (HCL) healthy _baseli
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Introduction

Excessive calories are generally delivered through the con-
sumption of food with high fat content, and sugar-sweetened
or aleoholic beverages (1), Sucrose (consisting of fructose and
glucose) .md lvucmae are commonly used industrial sweeteners
with sim | but different bolism (1).
Postprandial insulin release in response to glucose is much higher
compared with fructase (2). Faster fructose metabolism com-
pared with glucose can possibly explain hepatic ATP depletion
after phosphorylation of fructose to fmclusc Lphmph.nc (1)
Fructose has been shown to genesis
(DNL) in humans by: /) ATP depletion: 2) suppression of

This study received funding from the WWTF (Wicner Wissenschafis..
Forschungs- und Techoologiefonds).
! Figure 1 and

y data” link in the caline po

Tables § anxd 2 are available fr

the ™ ing of the article and from the

—159 £ 107 compared with = AHCL_healthy_follow-up:  gume link in the caline table of contents ut Bitps:/facadensic aup comsjcn.
~6.9 £ 4.6: P =0.17] and hepatic gl)mgcn (Agl\vngcn bascline: D described in the article, code book, and analytic code will be publicly
644 4 141 d with Aglycog p: 511 & 98;  and frocly available withowt restriction at wwwpubimed gov

£ = 0.42). Myocardial function and myunmml mass remained
stable. As expected, impaired hepatic glycogen storage and increased
ectopic lipid storage in the liver and skeletal muscle were observed
in insulin-resistant patients with NAFLD,
Conclusions: Ingestion of a high dose of fructose for 8 wk was not
associated with relevant metabolic consequences in the preseace of
a stable encrgy intake, slighily lower body weight, and potentially
ption of the orally admini fructose oad, This
mdn;alal that young., metsbolically healthy subjects can al least
temporarily compensate for increased fructose intake. This trial was

Am J Clin Nutr 2019:00:1-9. Printed in USA. Copyright © The Author(s) 2019,
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mitochondrial fatty acid oxidation in the liver: and i i
A potential major

is closely {1 with i iti
‘advanced filirosis (4, 5). although the underlying mechanisms
remain poorly understood.

The impact of fructose on alterations in glucose and lipid
metabolism, as well as on ectopic lipid ion, has been

Study design

All healthy participants and 5 patients with NAFLD (serving
as positive controls for baseline metabolic characterization)
underwent baseline metabolic phenotyping consisting of: [}
an OGTT: 2) hyperinsulinemic euglyeemic clamp with stable
glucose isotope tracers for measurement of whole-body and
hepatic insulin sensitivity, 3) mixed meal test in combination
with 'H and "*C MRS at 7 T, 1o monitor postprandial substrate

studied over the past decades, revealing inconsistent results
(3, 6-10). Currently it is unclear whether the potentially adverse
metabolic effects of fructose are specific and independent of
encrgy intake. Importantly, the effects of increased dictary intake
of fructose on metabolic interorgan erosstalk have not been
clarified.

We hypothesized the fiest step in the impai of metaholi

distribution between skeletal muscle and liver; and 4) '"H MRS
ation of myoca lipids (MYCLs)
and myocardial function. Six additional patients with NAFLD
underwent the same procedure, except for the hyperinsulinemic
euglycemic clamp, Insulin sensitivity in this subgroug
determined by the OGTT-based oral glucose insulin sens
wndex (OGIS) (11, and compared with healthy subjects, In

interorgan crosstalk o be the liver hit by fructose, resuliing
in increased DNL and VLD production. Moreover, fructose
can impair insulin sensitivity in skeletal muscle, where excess
carbohydrates will be shifted from skeletal muscle w the liver,
thereby also increasing DNL and VLDL secretion, Fructose-
stimulated hepatic DNL and VLDL secretion, combined with
insulin resistance, might lead 1o increased ectopic far deposition
in peripheral tissue, including skeletal muscle and the heart,
contributing 1o vicious circle that interconnects lipeoxicity and
metabolic syndrome,

To our knowledge, the present study is the first o investigate
the effect of prolonged, very-high-dose fructose ingestion on the
metabolic crosstalk between insulin-sensitive lissues in young
healthy subjects.

Methods

Study cohort

Ten young. healthy subjects, without regular medication intake
und without a history of regular aleohel consumption, completed
this interventional dietary trial. As a positive control group for
method validation, we included 11 nondiabetic patients with
MNAFLD with normal gluco: i ce. The diagnosis of NAFLD

healthy participants, P ping was performed a
baseline and & wk following the dietary high-fructose challenge
(150 g fructose/d over 8 wh in addition 1o their ordinary diet),
The fructose was p the and the parti

wene allowed 1o select the rest of their diet. They were wold 1o
retuin and document their dietary habits, including their regular
carbohydrate ingestion, as well as their usual physical activity,

All mesabolic tests were performed after an overnight fast,
After inclusion, all healthy participants were initially provided
with 28 portions of fructose (150 g each) for daily ingestion,
After 4wk on a high-fructose diet, o follow-up visit was made for
measurement of liver function and other metabolic parameters,
and an additional 28 portions of sugar for the following 4 wk
were provided, All participants were instrocted to document their
diet and the daily ingestion of fructose in a diary, and to retum
potentially unused portions of sugar.

The maximum number of retumed portions at the end of the
study was 7 {1 female participant): 2 other participants returned
5 portions of fructose each. All other participants ingested =353
of the provided portions. Thus 95.6% of provided portions were
ingested. One subject failed wo record dictary protocols in the first
4wk of the study and was excluded from the analysis of dietary
protocols only.

Dictary assessments using a prospective method {Freiburger

was confirmed by biopsy in 5 patients, or by ultrasound and
FibroScan (Echosens) in the remaining 6 patients. Prior
their inclusion. all participants provided informed consent. The
study was approved by the ethics committee of the Medical
University of Vienna (No. 1022/2013), and was conducted in ac-
cordance with the Declaration of Helsinki. All panticipants were
sereened by physical examination. history, and oral-glucose-
tolerance test (OGTT) to exclude impairments of carbohydrate
metabolism, and comprehensive blood tests were conducted
to exclude other diseases. Additionally. contraindications for
magnetic resonance spectroscopy (MRS) were assessed prior
to study inclusion. Prior o the fructose challenge, healthy
participants underwent an Hs breath test o exclude fructose
intolerance.

From a total of 16 included subjects, 10 completed the study.
Six healthy volunteers dropped out during the “active phase”™
of the study, but prior to dictary intervention (Supplemental
Figure 1).
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Justus-Liehig-University Giessen) were
conducted 7 d in a row, prior to the intervention and during
the 8§ wk of dietary imervention. The Freiburger dietary pro-
tocals (htip: h \e/static/pdifFrei I
ngsprotokollpdf) are ready-made protocols that allow partici-
pants to docurment meals using common kitchen sizes. It was not
Yy o 1y weigh the i food. Partici

recorded their dietary intake on a daily hasis.

Calories of the macronutrients were caleulated based on their
caloric equivalent, in reference 1o Elmadfa and Leitzmann (12).
For fructose, a caloric equivalent of 4.1 keallg fructose was used.
Additionally, the International Physical Activity Questionnaire
—Short Form (IPAQ-SF) was recorded over the intervention
period and metabolic equivalent (MET) minutes per week were

leulated, as described in IPACH guidelines (13),

An OGTT was perfi 1in fasting A polyethy
lene catheter was set in an antecubital vein, and blood for the
measurement of plasma glocose, insulin, and C-pepride was
collected at baseline, as well as 30, 60, %0, and 120 min afler

Study Design: All 10 participants of the fructose (intervention) group had their baseline measurements
taken. They had an oral glucose tolerance test done (to determine blood sugar regulation ability),
hyperinsulinemic clamp (to determine insulin sensitivity), and labeled hydrogen and carbons to
determine the end points/fates of food consumed (macronutrients, for example), as well as MRI to
determine heart function. 6 of the control participants also underwent all of these baseline tests
(except the hyperinsulinemic clamp).

The fructose intervention group consumed 150 grams of fructose a day for 8 weeks (fructose was
provided by researchers).

Food consumption was tracked throughout the 8 weeks.

Measurements were taken at the 4 week mark of the fructose consumption, then again at the study
conclusion (8 week mark). All measurements were done in a standard overnight fasted condition.

Study Cohort: Researchers used 10 healthy participants as the fructose condition and 11 other
individuals as the controls that were non-diabetic, but had non-alcoholic fatty liver disease.
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ingestion of a solution comprising 300 ml water and 75 g
glucose. The OGIS was used to estimate glucose clearance (11).

Hyperinsulinemic euglycemic clamp
Following an overnight fast. 2 catheters { Vasofix; Braun) were
inserted in the left and right antecubital vein for blood sampling
and infusions, respectively. A primed continuous infusion (bolus:
4 mg x kg lean body weight: remaining period: 0.04 mg/min
x kg lean body weight) of o-[6.6-"H; |-glucose (98% enriched:
Cambridge Isotope Laboratories) was started at —120 min for
of end glucose (EGP). Blood
samples for determination of EGP were drawn at —120, -5,
0, 80, 100, 120, 200, 220, and 240 min of applying the clamp.
The clamp goal was determined from the mean of 3 plasma
glucose measurements, prior o using the clamp. Blood sugar
values of 80 mafdl and 100 mg/dL were taken as the clamp
goal where the caleulated clamp goal was outside this range.
The hyperinsulinemic-euglycemic clamp test was staned with
a primed continuous insulin (Actrapid; Novo Nordisk) infusion
of 15 mUimin/m’ of body surface area. during 0 to 120 min;
thereafier. insulin infusion was increased 1 40 mUfmin/m® 1o
achieve dardized postprandial hypesinsulinemia (dusing 120
1o 240 minp, Plasma glucose was measured every § min and
maintained ar the clamp goal by infusing varable amoums of
n-glucose, enriched with n-[6,6-"H:|-glucose, For calculation of
M walues, which are a measure of insulin sensitivity, blood was
collected every 20 min (14).

Mixed meal test
Participants arrived at our study cemter at 0700 following an

overnight fust. The meal challenge was p lin

with "H oand C MRS at 7T, 1o messure changes in lipid
and glycogen content in the liver and skeletal muscle (15-17),
Two high-calone liquid meal ining 100% of required daily
energy (Fortimel Energy; Mwiricia: 150 keal/100 mL; 184 g
carbohydrates/100 mL: 58 g lipids/I00 mL; 59 g protein/
100 mL), and additionally, 25% of required daily energy in the
form of tuble sugar, were mixed together and served at 10:30 and
at 13:30,

AULT:00, "H and "C MRS at 7 T was repeated for assessment
of postprundial lipid and glycogen content in the liver and skeletal
muscle. Additionally, blood for the measurement of plasma
lucos ulin, C-peptide, and triglycerides was collected at
hourly interval

MYCL assessment was performed using 'H MRS at 3 T
{Tim Trio; Siemens Healtheare) in overnight fasting conditions,
as previously described (18, 19). The volume of interest (~6—
# em®) was positioned in the interventricular septum o avoid
signal alterations by epicardial fat. The magnetic resonance signal
acquisition was performed during multiple breath holds and
triggered by an electrocardiography (ECG) signal. MYCL was
calculated as the ratio of summed areas of lipid-methylene and
lipid-methyl signals to that of water signal_

Assessment of left ventricular function

ECG-triggered cine true fast imaging in ARGUS software
allowed vs o illustrate myocardial function. Endocardial and
epicardial horders were manually identified in end-systolic and
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end-diastolic phases. Mean muscle volume in end-diastolic and
end-systolic phases multiplied, with a density of 1.05 giem®
representing myocardial mass. All data were normalized o body
surface area using the Dubois formula (19,

Ejection fraction (EF), stroke volume (5. and cardiac output
(CO) were the main parameters used to describe left ventricular
systolic function.

Lat v analyses and
All standard laborstory parameter concentrations of glucose,
insulin, and C-peptide were analyzed at the Core Lab of the
Medical University of Vienna. For details, see waww kimclat.
Glucose enrichment was measured as tracer-to-trace ratio (20},
and EGP was calculaied as previously described (21, 22).

Statistical analyses

All data are given as mean £+ SEM. Siatistical analyses were
performed using SPSS version 24 (IBM). Statistical comparison
was performed employing paired and wnpaired Swudent 1 ests,
as appropriate, The level of stmistical significance was ser at
P =005

Results

Baseline characteristics, diet, energy intake, and physical
activity

In this study, we included 10 young, healthy, lean partic-
ipants with normal serum liver enzymes and normal serum
lipids. Despite daily ingestion of 150 g fructose (equivalent o
618 keal) over 8 wk, BMI slightly decreased in healthy subjects
(Table 1), Notbly, no significant changes in ol energy
intake were observed during the study (Figure 1), Mean intake
of dietary sugar excluding fructose was significantly lower
during the study than at baseline (P < 0.05); before challenge:
IR1 kealfd; week 4 267 kealdd; week 8 269 kealtd, Recorded
mean MET (minutes per week) did not change during the
study. The physical activity of the 10 subjects during the
imervention was clussified as either “moderate”™ or “high,”
referring to 1PAQ guidelines 2005 (39367 £ 792.1 MET-
min). No increases in serum liver enzymes and lipids were
observed.

OGTT

Glucose clearonce during the OGTT calculated by OGIS
did not change after fructose consumption (healthy_baseline:
500 4+ 16 ml/min'm®, compared with healthy_follow-up:
488.9 £ 12.7 mLfmin/m®; P = 0.24).

Hyperinsulinemic euglycemic damp

Eight weeks of high-caloric fructose consumption did not
affect insulin-sti alucose i in the presence
of standardized moderate (P = 0.19) and postprandial hyper-
insulinemia (P = 0.13) in healthy subjects (Figure 2). Insulin-
mediated suppression of EGP was ohserved during applica-
tion of the clamp, without a significam effect of fructose
consumpdion (EGP after 2400 min of clamp, healthy_baseline:

140 0LELSOE/ 1 222
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TABLE 1 Amthropomsetnc and Esboratory data of parients with NAFLDY and of healthy subjects'

P value® NAFLD vs.

Fualue?
healthy_hascline v

NAFLDY Healthy_aseline healthy_bascline Healthy_follow-up healthy_fallow-up
n 1] mn n
Female 3 5 5
Mak: ] 5 H
Age.y + 395 + 18 (T3 —
BML kgim? £ 125 +07 ol ILE £ 07 0260
AST.UL £ 64 £17 o7 2 +24 0343
ALT, /L + 172 5+14 Az 168 £ 27 0,223
GGT UL £ 128 + 148 3 18+ 13 [iTTR
LF UL + 756 4 x 46 T S5 £ 4l 0l

T cende, mghdL + 187 + 79 RTINS 20 149 [LEL Y
LI, mgfdL + 86 +93 15" B4 + 63 0436
HIAL. mgfdl. £ 407 656 £ 56 [ER 613 & 47 012
HbAIC, % £15 £ 008 49 = 08 ol 44097 £ 000 (L))
OGS, mlfminim® 3953 + 309 S0+ 16 05 4RR8 & 127 024

! All values are given as mean & SEM. P < 005, AL, alkaline phosphatise: ALT, alanine AST. aspartate armi GGT,

y-glutamyransfer
UInpaired Seudent r est was

HBAIL, glyeated bemoghobin: NAFLD, nonaleoholie fairy liver disease: OIS, oral glucose insulin sensitivity indes.
s compare the i between NAFLT and healthy subjocts.

*Pained Student f test was used w0 compare the data between heakihy_baseline and healthy_folkow-up.

0.1 & D003 me/kg/min, compared with EGP healthy_follow-up:
D006 + 0.003 mg/kg/min; P = 0.34).

Mixed meal test
Impact af the fruciose challenge on plasma glucose, insulin,
and Cpeptide concentrations.

Plasma glecose, insulin, and C-peptide concentrations during
the mixed meal test were not impaired following the fructose

challenge in healthy subjects. Additionall
trations were comparable ( Table 2).

triglyceride concen-

Irmpaci of fructose challenge on hepatic and skeletal muscle
lipid and glycogen content,

Lipid and glycogen content in the liver and skeletal
muscle assessed by 'H and "C MRS remained unchanged
after & wk of dietary intervention with fructose. The
fructose  challenge also did not affect postprandial  lipid
and glvoogen accumulation in the liver and skeletal muscle
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Table 1: Researchers are showing the baseline data (Healthy baseline) and the same outcome
measures after the 8 weeks of fructose consumption (Healthy follow up), as well as the non-diabetic
non-alcoholic fatty liver disease (NAFLD) individuals. Across these conditions, the researchers are
showing a variety of health markers and attributes of the participants involved. "n" is the number of
people in each condition, BMI is the body mass index that calculates bodyweight with height, AST, ALP,
and ALT are liver enzymes and markers of liver health, GGT is glucose tolerance test (tells on the
body's ability to handle blood sugar), OGIS and HbA1C are markers of insulin sensitivity and blood
sugar glycation (red blood cells caked with sugar, a bad thing), respectively. Triglycerides are blood
fats. LDL (Low Density Lipoprotein) and HDL (High Density Lipoprotein) are cholesterol markers.

There are, unsurprisingly, definitive differences between the NAFLD group and the fructose intervention
group BEFORE intervention (so, at baseline), as would be expected.

The real interest is the baseline vs the follow up (8 weeks later, consuming 150 grams of fructose). BMI
decreases with fructose intervention and glucose tolerance improves, but triglycerides likely increase (p
value of 0.06).

Take Away: Large sums of fructose consumption (150g a day for 8 weeks) does not negatively impact
liver health, cholesterol, insulin sensitivity, or weight negatively in young, healthy individuals. However, it
does increase the amount of blood fat (triglycerides).

Figure 1: This is simply a breakdown of the macronutrient and sugar and kcalorie consumption in the
participants, across the 8 weeks.

No differences in energy (kcalorie) intake across the 8 weeks. Reduced sugar intake, but substantial
increases in fructose (this should be the case considering this is the intervention).

Take Away: High fructose consumption and following results/outcomes are in the context of a similar
kcalorie intake as baseline.
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FIGURE2 The solid line shows GIR. M

and EGP
at baseline; e dshed fime indicates the paramesers after the S-w froctose challenge. Eight weeks of (n-:uw: ingestion did not impair whole- »o-r, o hepatic

insulin sensitivity. All values are given as mean £ SEM. Paired Student 2 test was used

at defined time p

conditions during ow-dose ¢ 100-120 min) and high-ose (220-240 min) insulin infusion between mm., baseline (n = 10) and healthy_folkow-up (n = 10),

EGP, endogenous glocase peoduction; Fru, fractose: GIR. ghocase infusion rate,

after mixed meal challenges (sce Table 3) |

lipid (HCL)_healthy_bascline: ~159 = 107% compared
with AHCL_healthy_follow-up: 6.9 + 4.6%: P = 0.17] and
(Aglycogen_liver_healthy_bascline: 64.4 + 14.1% compared
with Aglycogen_liver_follow-up: S1.1 &+ 9.8%:; P = 042).

Myocardial data

Increased DNL in the liver could be responsible for increased
ectopic lipid deposition in organs with high uptake of free fauy
acids, such as myocardium, and could play an important role

in the P of cardiac 1j icity and

To address potential changes in the heart as a cnlu:al part
of the interorgan crosstalk during the fructose challenge, we
also explored the effects of high fructose intake on MYCL
accumulation and changes in myocardial function.

Notably. & high fructose diet did not affect systolic myocardial
function (EF healthy_baseline: 56.3 £+ 3.2% compared with
EF hcalthy_follow-up: 57.6 + 1.9%: P = 0.69). MYCLs
(MYCL healthy_baseline: 1.4 £ 0.15% compared with MYCL
healthy_follow-up: 1.3 & 0.14%:; 0.25), or myocardial mass
(myocardial mass healthy_bascline: 48.4 £ 3.7 ¢/m’ compared

TABLE2 Plasma glucose. insulin, and C-pepticke concentratians during MMT at baseline, and following the fructase challenge in paticnts with NAFLD

and in healthy subjects’

P value®
P value? NAFLD healthy_baseline vs.
NAFLD Healthy_bascline s, healthy_basclioe — Healthy_folkow-up — healthy_foflow-up
" 1 10 10
AUC_glucose, mg/dl x min 48264 £ 3022 45834 £ 19758 0s 47,352 + 19545 007
AUC_insulin, pUjml. x min 33942 4 7844 17746 4 2630.4 0407 17404 & 39447 0.94
AUC_ e.ng/ml. x min 5269 + 720 3602 + 2306 04 3658 + 233 086
AUC_MMT_uiglyceride. mghdL x min 118,677 4 17,353 43761 + 51319 0001° 45,780 + 3840 0.64

Al vakoes are given as mean + SEM. *# < 0.05. MMT, mixed meal test: NAFLD, nanalcobolic fatty liver discase.

*Unpaired Stadent ¢ test used to compare the data between NAFLD and

¢ subjects.

TPaited Student £ et used 1o compare the data between bealthy_baseline and bealihy_follow-up.
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TABLE 3 Intervrgan crosstalk analyzed during mixed meal test in paticnts with NAFLD and in healiby subjects shows the impact of fructose an baseline

and postprandial ligid asd ghycogen storage in the Tiver and skeletal muscle!

NAFLIY Healiby_bascline
" n n
Aglycagen_muscle, a.u. 154 + 56 1202 £ 63
IMCL_basal. ais. IREY 14 £ 015
AIMCL, % of bascline 251+ 79 —15 £ 88
Aglycagen_liver, au. 252 & 52 644 & 141
HCL_basal, i 156 + 42 LIl & 02
AHCL, % of baseline 16,1 + 86 — 158 + 107

Falue’

P value” NAFLD v, bealthy _hascline v

healthy_baseline Healihy_follow-up healthy_falkow-up
0]

a4 112+ 58 [INE}
() 13 % 014 035
LSt A7 + 89 024
4T 511+ 98 041
[y L6+ 05 [N}

[y —BY 46 17

! All values are given s mean & SEM. P < 005, a0, arbitrary usit; HCL, b

Fatty liver discase.

Ilslar lipids IMCL i {hular lipic; NAFLD,

Uinpraised Student £ iest used 1o compare the daes between NAFLD and healthy subjects,
Paired Srudent 1 sest wsed 1o compare the data between healthy_haseline snd healthy_follow-uap,

with ial mass healthy_foll p 503 £ 35 gim?;
P =1(1.7), as assessed by 'H MRS and MRI at 3T (Tabbe 4).

Gender differences
The analysis of a possible gender effect did not reveal

any significant difference regarding fructose-induced metabolic
changes and is presented in Supplemental Table 1.

Discussion

Patients with NAFLD were characterized by increased hepatic
lipid storage, blunted hepatic glycogen synthesis, and increased
myocardial mass.

The volunteers lost a small amount of weight and reduced their
intake of “dietary sugars,” which consisted chiefly of sucrose
(0% fructose) and fructose. Thus, the net increase of absorbed
fructose during the dietary challenge was reduced by changes
in dietary fructose intake secondary to the observed changes in
sugar intake. Furthermore, fructose could have panly escaped
absorption, because it was not taken with glucose, and any
fruciose that was not absorbed would have been processed by

We have shown that an E-wk high-fructose dietary
was associated with stable caloric intake and no increase in body
weight, as confirmed by dietary records. Under these conditions
we could not observe any changes in hepatic and skeletal muscle

the i [ (T modeties, This, the “net
fructose” intake might have been less than the 150 g/d provided.

We | d prehensi bolic phenotyping by
employing sensitive gold standard methods 1o investigate the

lipid or glvcogen content. Also skeletal muscle insulin sens
and postprandial excursions of plasma glucose, insulin, C-
peptide. and triglveerides were not affected by fructose.

We did not observe any effects of frectose on postprandial
metabolic interorgan crosstalk with respect to ial lipid

effects of prol 1, high-dose fructose consumption in healthy
volunteers.

The primary owlcome parameters in his study were insulin
sensitivity and HCLs, Secondary outcome paramelers were

and glycogen storage in the liver and skeletal muscle. Left
ventricular myocardial function, and MYCL content and mor-
phology were not altered by high dietary fructose consumption.

lular lipid (IMCL), MYCL, a5 well as glycogen
content in the liver and skeletal muscle of healthy participants,
Recent studies have revealed inconsistent conclusions regarding
the effects of dietary frctose, Insulin sensitivity decreased after

TABLE 4 [wia of left ventricular function in patienss with NAFLD and in healthy subjects at haseline s afier fraciose consumpticn’

Falue!

Palue® NAFLD ve. healthy_haseline vs.

NAFLD Healily_busefine bzalthy_baseline Healthy_follors-ug Bcalihy_tolkow-up

n 1 ]

EF. % 612+ 19 563 & 32 [INE) 064

EDW, mlim® 574 + 43 663 + 5.7 It 106

ESY, mLim® ] 279 & 12 07 ol

5V, mLim? 363+ 28 365 & 32 05 [LEE)

CO mLimin R 34+ 048 42 £ 04% [ 0.1
Myocardial mass, gim* T4+ 63 484 £ 37 005" 07

MYCL % BT [RENE 014 0.5

IWalues arie given as mcan £ SEM. P < 008, 00, candiac outpur; EDV, end=diassolic volume: EF, ejection fraction: ESY, end-systolic volume; MYCL,
yocardial lipid; NAFLIY, nonalooholic fatty liver discase; SV, stroke valume,

Uinpaired Student £ test wsed to compare the data between NAFLI and healthy subjects.

*Paired Student 1 st used o compare the dara between healthy_biseline s healthy_follow-up,
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Table 3: The researchers are showing the data from the mixed meal test here - they labeled carbon
atoms so they could track where they go in the body. Then, they were able to tell what happened to the

i in muscle glycogen (muscle stored sugar), intramyocellular lipid/IMCL (fat within the
muscle cells), and hepatocellular lipid/HCL (fat within the liver cells).

After 8 weeks of high fructose consumption (150 grams a day), there was no statistical change in any
condition compared to baseline (pre-study).

Take Away: Fructose consumption does not alter muscle or liver fat or glycogen (stored sugar) within the
cells.
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fructose-rich meals, but not after glucose-rich meals in 50-y-old
male subjects and in postmenopausal women (8). but remained
unchanged in healthy male subjects after consumption of 1.5 g
fructosefkg body weight, incombination with a high-fat diet, after
4wk (6).

u i lipid wis observed after
4 wk of fructose supplementation in healthy, lean subjects (6],
However, fructose ingestion increased DML, as measured using
stable isotope tracers during application of a hyperinsulinemic
euglveemic clamp in normal-weight subjects, after 9 d of a high-
fructose diet (7), and after 10 and 12 wk of a high-fructose

the liver from otherwise potentially toxic fructose exposure.
However, high doses of fructose overwhelm intestinal fructose
absorption and clearance. resulting in fructose reaching both
the liver and colonic microbiota (25). Thus, high-dose fru:imc
ingestion is p ially necessary o these p
mechanisms.

The results of previous studies are in line with the results of the
present research. suggesting that the metabolic effects of fructose
or glucose ingestion can be comparable, and likely related to
changes in body weightfenergy intake (6. 7, 9) (Supplemental
Table 2.

diet in overweight subjects (3. 8). An overview of i

recent studies is summarized in Supplemental Table 2. which
presents inconsistent data on the potential metabolic effects of
fructose.

The impact of fructose on metabolism has been shown 1o
be dose dependent (23), and the daily consumption of = 100 g
fructose is regarded as very high (9). Tn the present study, large
amounts of fructose, =3-fold the average daily intake repormed
in the United States (24), over a prolonged period of & wk.
were adm ered, However, we did not observe any relevant
effects of high-dese fructose ingestion in the presence of stable

Trwas that young, lean, insulin-sensitive subjects
stored excess energy in muscle and the liver in the form
of glycogen. In insulin-resistant subjects, however, glycogen
mpaired, and ingested substrates are shified to
(26). These defects in skeletal muscle glycogen

plasma concentrations of triglycerides, lower HDL cholesterol,
and increased wriglyceride synthesis in the liver (26). Thus,
skeletal muscle insulin resistance can be closely related nohepmn_
insulin resi and ibute 1o increased fat 1

in the liver and cther insulin-sensitive tissues, for example, the

energy intak d body weight, which enabled u. Tude th
Tealthy subjects can compensate for increased fructoss intake.
Detary records (Figure 1) indicate a spomaneous reduction in

dium. To date, the effects of an increased dietary intake
of fructose on metabolic interorgan crosstalk Tave not been
elucidated.

the intake of other dietary sugars dunng fructose intervention.
Stable imake ufenerg)‘ (Figure 1) in the presence of unchanged
physical activity is the most likely explanation for the observed
lack of increase in body weight,

Stable body weight, despite high frectose consumption, has
previously been reported in healthy subjects (6, 9). Only minor
increases in body weight were observed in abdominally obese
subjects afler consumption of 75 g fructose over 12 wk (3), This
indicates that metabolically healthy subjects adjust the sugar and
energy intake o maintain a stable energy intake, Therefore, it was
possible o analyze potential adverse metabolic effects of froctose
per se, independently from increases in body weight observed
in a selection of previous studies (Supplemental Table 2). Lack
of compliunce as a reason for o lack of weight gain should
also be considered. We are aware that dietary intervention in
an outpull nt setting connot be completely controlled. However,
the p exhibited si effort and ivation, by
d.ocumcmmg dietary intuke and physical activity on o daily
basis, and returned unused fructose portions, which indicated
that 395% of issued fructose had been ingested. Thus a lack of
compliance is an unlikely reason for the lack of weight gum

F as noted above, | intestinal

To oar k this is the first study that investigated the
long-term effects of a high-dose fructose diet on postprandial
glyeogen storage in the liver and skeletal muscle, It should be
noted that the final porion of fructese was ingested on the day
prioe o final metabolic phenotyping. Thus, this study was not
designed o evaluate potential acute effects of fructose, which
have previowsly been reported (10, 27, 28)

More specifically, Rosset et al. (10) demonstrated d«,re.wod
net whole-body g in athletes
ingestion of a ||qu|d meal comtaining a combination of hn
protein, and 4.4 phghody weight fructose, with (06 g glucoselkg
1o prevent intestinal fructose malabsorption, but net after a liguid
meal containing the same amount of fat and protein, with 5 g
glucose/kg, Petersen et al, (29) confirmed an acute stimulatory
effect of low-dose fructose administration on hepatic glycogen
synthesis in healthy subjec

Our study i= in line with another. earlier study indicating
that ectopic lipid deposition in 7 young healthy males did
not increase following o high-fructose diet (1.5 gfkg body
weight/d). In contrast to this finding. HCL increased after o 7-d
hypercaloric fructose diet (3.5 g/kg fat-free massid) in healthy
males {partly offspring of type 2 diabetes patients) (30, 31}, or

of fructose cannaot be excluded. All study
bireath testing Tude fructose i during the screening
phase, prior to dietary intervention. The fructose was provided by
the researchers, and the participants were allowed o select the
rest of their diet. Importantly. they were told tw maintain their
dictary habits, including their regular carbohydrate ingestion, as
well as their usual physical ity. Deespite all these precautions,
the high dose of fructose administered in the present study might

when with saturated fut (32). This indicates that not
fructose per se. but fructose combined with factors that include
genetic predisposition and hypercaloric diet, can increase ectopic
lipid deposition. In mice, a high-fat diet and high-sucrosehigh-
fat dm were accompanied by weight gain, decreased insulin
ity, and increased adipocy . whereas a high-fruct
du:( md.mcd a less pronounced increase of adipocytes. and did
not change hody wcjglu o insulin sensitivity {33). IMCLs have

have occasionally exceeded the intestinal ab capacity,
which could have contributed o a less than expected energy
intake. Recent data indicate that low doses of fructose can be
cleared by the intestine via conversion of fructose o glucose,
lactate, and glycerate, indicating that the small intestine shields
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b by 10 ble after high fructos over
4 wk (1.5 g/kg body weightid) i6), or 1o increase in healthy
subjects with a family history of diabetes, following the
consumption of 33% of energy requirements in the form of
fructose, in addition o their ordinary diet (30).

g
3

140 0LELSOE/ 1 222

SaaIeg




8 Smajis et al.

In line with published data. multiple features of impaired lipid
and glucose metabolism were observed in patients with NAFLD,
including impaired whole-body and hepatic insulin sensitivity,
increased hepatic and IMCL content. and impaired postprandial
glycogen storage.

In cur study, patients with NAFLD showed comparable end-
digstolic volume and end-systolic volume, as well as similar EF
and 8V, Myocardial mass and OO were significantly higher in
patients with NAFLD. Impairment of left ventricular systoli
function or an increase of myocardial mass were not observed

ing a medium-term high-fi se diet. Overall, these data
are in line with the published literature, and confirm the validity
and sensitivity of the applied study methodology (34).

Unfortunately. the net amount of fructose absorbed was not
directly measured. As noted above, the “net fructose” intake
might have been less than the 150 g/d provided, due 1o a reduced
intake of other dietary sugars, and possibly incomplete fructose
albsorption,

Further limitations of the curremt study were that it was
not & randomized controlled trial, the smidy's sample size
was small, and the duration of the fructose challenge was
limited, Thus, a type 11 error cannot ahe:nlulely he excluded.
However, the methods employed for
including dynamic tests and “advanced MRS, have all been
previowsly validated, and their speci for di

2

»

P‘

L

. Schaefer EJ, Gleason JA, Dansinger ML Dictary froctose and

glicose differentially affect lipid and glicose homeostasis. 1 Nur
2009; 1 39(6):1257-62.
Taskinen MR, Siderlund 5, Bogl LH. Hakkarainen A, Matikainen N,
Pietiltinen KH, Risinen 5, Lundhom N, Bitmson E, Elissson B, et al.
Adlverse effects of fructose on candiometabolic risk factors and hepatic
lipid metabolism in subjects with abdominal obesity, J Insem Med
200728221 187-201.
Abdelmalek MF. Sweuki A, Guy C. Unalp-Arida A, Colvin R
Jobmson R1. Diehl AM; Nonaleoholic Stestobepaitis Clinical Research
Network. Increased fructose consumptaon is associated with fhrosis
severity in patients with sonalcobolic fuy liver discase. Hepatology
LS I61961-T1.
L|n| 15, Mietus-Snyder M, Valente A, Schwarz I-M. Lustig RH. The
wole of fructose 0 the pathogenests of NAFLD and the meabalic
syndrome. Nat Rev Gastroenteral Hepasal 2000;7(5):251-64.
Le KA, Fach D, Swettler B Ith M, Kreis B, Vermanthen P, Boesch C.
Raviessin B, Tappy L, A 4wk high-fructase dict akers lipid metabalism
or ectopic lipids in ry humans.

Am J Clin Nuer 20068460 1 374-9,
hwarz M, Nowaorolski SM. Wen MJ, Dyachenko A, Prior JL.
Weinberg ME, Herraiz LA, Tai VW, Bergeron N, Bersot TP, et al. Efect
af & high-fr welght diet an i i and liver fat,
1Clin Endncnnn] Metah 2015: 1NN 6243442,

Sumhope KL, Schwarz IM, Keim NL, Griffen SC. Bremer AA.
Grabam JL, Hascher B, Cox CL., I'))uchenln A, Zhang W, et al,
Comsuming fr ed, mol 4, beverges
incresses visceral  adiposiny :md llp.d-. and - decreases imsulin
sensitivity in overweightohese men. J Clin Invest 2008;1334(5);
1322-34.

different metabolic phenotypes proven (17, 26, 35, 36), Rased
on the present data, we estimated that subtle differences and
trends could become statistically significant fellowing inclusion
of o substantially higher number of subjects (n = 35-40),
However, the physiological relevance of such a small effect
remains questionable,

In summary, our data suggest that in healthy subjects, a
prodonged Illgh-du::e mtake of fructose does ot impair basal
und hole-body or 1 specific glucose and
lipick lnelabullsm in the presence of a stable caloric intake and
potentially incomplete absorption of the orally ini

. Mari A, Pacini

4 G. MacHann J, Unouth 8, Schick P, Siefan N, Hining
HUI, Fritsche A_ Effects of 4-week very-high-frociose/glocose diets on
insalin sensitivity, visceral fa and infrshepstic lpsds: an explorsory
arial. Br J Nutr 200 1; 106(1:79-86.

Rosset B, Lecoultre V. Egli L. Cros J, Dokumaci AS, Zwygart K.
Boeseh C, Krets R. Schneiter P. Tappy L. Postexercise repletion of
muscle enengy stores with Fractose or glucese in mixed meals, Am J
Clin Nutr 201 7 108:608-17.

Murphy E, Ludvik B, Nolan 13, A model-based
‘metbod for assessing insulin sensitivity from the arl plucase tolerance
nest. Diabetes Care 2001 2403153048,

2. Elmadfa [, Leitzmann C. Emihrungs des Menschen Swunigar.

Germuny- Verlag Eugen Ulmer; 1995,
IPAL} Research Commitice, Guidelines for data processing and analysic

fructose load,
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netic resmance ons; 5 Trausnigg,
CK, EH, TL: recruited siudy pamicipants: TR H. AS: amalyzed dietary
protacols; HB, AG, CB: were responsible for the acquisition of dats; PW,
TL. AH: performed experiments; PW. AL S Tratinig, M Krifik, M Krebs,
MT: prosaded writhng assistance: ARK-W, M Krebs, M Krizik, MT: designed
ihe praject; M Krebs, M Kritik, MT: provided final suppart: and all athors:
read and approved the final manuscript MT is speaker for BMS. Falk
Foundstion, Gllead, and MSD, and §s a member of advisory boards for
Alhireo, Falk Pharma GmbH. Genfis, Gilead, Insercepe, MSD, Novartis,
Phenes, amd Regulus, He ks additionally received travel grants from Abbvie,
Falk, Gilead, and Inercept, and unrestricied rescarch grams from Albirea,
Cymahay, Falk, Gilead, Intercept, MSD, and Takeda. He is abso coinventor of
patents for the medical use of narUDCA, filed by the Medical University of
Graz. M Krebs has received research support from Sanofi, AstraZencca. and
Ipsen. s well as speaker amd consubting fees from AsimiZenees, Novaris,
MNovo Nordisc, Lilly, Merck. Bohringer, Roche, and Sanofi. All other authars
report 00 conflicts of interest.

References

1. Softic S, Gupea MK, Wang G-X, Fujistka 5, O"Neill BT, Rao TN,
Willoughby J, Harhisan C, Fitzgerald K. lkayeva O et al. Divergent
effects of glocase and frockose an hepatic lipogenesis and insulin

sigmaling. J Clin Ivess 200712701 11405974,

New Section 2 Page 8

=

afthe Physical Activity O (IPACH—Shart and
Lmq: hm\l-. IImcmrll 2005, .k\—.n\uhlc lmm it i se,

andl M, Esterhauer
H Slnk:n-L:ldenmuhler 5. I"an:-n G, Sladlzr M, Bischof MG,
Ludvik B, et al. Effects of pastne bypass surgery on imsulin
resistance and insulin secretion in nondiabetic abese patients, Ohesity
200117 1420-6.

Gajdosik M, Chadeynski GL, Hangel G, Miynirik V. Chmelik
M. Valkovié L, Bogner W. Pohmann R, Scheffler K. Tramnig S,
et al. Ulrashont-TE stimulated echo scquisiton mode (STEAM)
improves the quantification of lipids and fay ocid  chain
unsaturation in the buman fiver al 7 T. NMR Biomed 2005:28(1(0:
128303,

3 Klzpnn:bc;vﬂ R, Valkovit L. Hochwartner T, Triska C, Bachl N, Tschan

H, Trattni 5, Krebs M. Krizik M. DilTerences in miscle metabolism
between tristhletes and marmally active valumicers investigaed using
multinuclear magretic resanance spectroscopy at 7T Froe Physial
2015 APRY1-13,

. Krikik M, Brehm A, Bernroider E. Anderwald C, Nowatny P, Man CI,

Cubelli C, Cline GW, Shulman GI, Waldhiusd W, et al. Allerations in
postprandial heparic ghycogen metabolism in type 2 disheses, Dinbetes
2004;5312): 3048-56.

L Krdzik M. Winbofer Y, Gibl C, Bischol M., Reiter G, Kautzky-Willes

A, Luger A, Krebs M, Anderwald C, Insulin resistance is not nssocinted
with myocardial steatosis in - women. Diabesologia 201 1:54(7):
18718,

. Jankovic D, Winhofer ¥, Promintzer-Schifferl M, Wohlschlager-Krenn

E, Anderwald CH. Wolf P, Scherer T, Reiter G, Tralnig S, Luger
A, et al. Effects of imsulin therapy on myocardial lipid costent and
cardiac geomelry in patients with type-2 disbetes mellins, PleS One
200212050077,

wiay

=
=1
8

by

SECT [T EWE

2
g
3
.

5
]
g
i
3
-
@
o
g
X
g
8
z



Fructose metaholism in young healthy subjects 9

200 Gustaklelli A Toschi E, Pettiti M. Frascerra S Quin A. Sironi AM.
Natali A, Ferrannini E. Effect of Dh\\smloml hyperinsulinemia on
bjects and in type 2 diabetic patients.

Diabsetes 2001508 ): 1807-12.

. DeFranzo RA, Jordsn D, Tobin RA. Glucose clamp technique: &
macthid For quantifying insalin secrelion amd resistance, Am J Physicl
1979; 253K E214-23.

22 Anderwuld C, Bernroader E, Krs M, Stingl H, Brehm A, Bischof MG,
Newotny P. Roden B, Waklhiius] W. Ellects of imulin treatment in
1vpe 2 dinbetic patiem i liver andd skeletal
mwscle. Diabetes 200251 100:3025-32.

23, Livesey G, Taylor B Froctose o and [or

el al. Higher dietary fructose is ssociated with impainad hepatic
adenosine wriphasphate homeostasis in abese individials with 1ype 2
dishetes. Hepatology 201 2:56( 3105260

Petersen KF, Lasewt D, Yo C, Cline GW, Shulman Gl Stimulsting
effects of low-dose fructose on insulin-stimulmed hepatic glycogen
synibesis in Bunsans, Disbetes 201500611 265-8.

Le KA, ik M, Kress R, Fach D, Bomoloni M, Tran C. Boesch C,
Tappy L Fructose overconsumplion couses dyslipidenia and ectopic
Tipiel deposition i healtby subjects with and without a Ganily history of
type 3 diaberes. Am 1 Clin Nutr 200889, 1 T60-5,

Nga Sock ET, Le K. lih M. Kreis R Boesch C, Tappy L. Effects of a

ghyeation, plasma srincylglyceral, and body weight: meta-anal:

wi ||l| ruetose or glucess in healthy young ks,
Br 1 Nutr

and meta-regression mudels of intervention studies. Am J Clin Nutr
J00RER 41957,

24. Vos MB. Kimmons JE, Gillespie C. Welsch I, Blanck HM. Dietary
Tructose consumglion among US childen and adults: e Thind
Matianal Health and Nusrition Examination Survey. Medscape ) Med
2008: 1007 1: L6l

23 Jang C. Hui 5, Lo W, Cowan Al Marscher B, Lee G, Lin W,
Tesz G, Bimbaum MJ. Rabinowitz J0. The small intestine converts
dietary fructose imo gl ic ackls. Cell Metab 2018:27(2)k
3511,

26 Petersen KF. Dufour 8. Savage DB, Bilz 8, Solomon G, Yonemitsu
5, Clise GW, Befroy D, Zemary L, Kaba BB, ¢t al. The robe of
skeletal muscle insulin resistance in the pathagenesis of the metabolic
syndrome. Proc Natl Acad Sci U'S A 200710443 1): 1 258794

27 Jameel F, Prang M, Wood LG, Gang ML, Acue effects of feealing
fruciose, glucose and sacrase an hlood lipid levels and systemic
inflammation. Lipids Health Dis 2004:13:195.

28 Abdelmabek MF, Lazo M. Horska A, Bonekamp 5. Lipkin EW,
Balasubramanyam A, Banile JP. Johnson R, Dichl AM, Clark JM.

New Section 2 Page 9

"

Sobrecases H, LeK'\_Buﬂulml M. Schneiter P, Ith M. Kreis B, Boesch
C. Tappy L. Effects of shost-serm ovefeeding with frsctase, ful and
fructose plas fat on plasma and hepatic lipids in healiby men. Diabetes
Metab 2010:3603): 2446,

Dwvtmer ), Rese C. Rufinstscha K, Salzmann K, Salvenmoser W, Folie
8, Wieser V, Maoser P, Weiss G, Goebel G, et al. Fat-enriched rather
than high-fracsose deets promone whitening of adspose Hesue in g sex
deperdent manner. J Nutr Biochem 2017;49:12.9,

. Andreas L, Birkenfeld GIS. Non aleoholic Bty liver disease, hepatic

imsulin resisance and 1ype 1 disbetes. Hepaolopy 2014325
TI3-15.

Petersen KF, Dufour S, Befroy 1, Lehrke M. Hendler RE. Shuli GL
Reversal of nonaleoholic hepatic sieatasis, hepatic insulin resistanee,
anid hyperglyoemia by moderate weight reduction in patients with ype
2 dabetes, Diaberes 200554 3):603-5,

Petersen WF, Price T, Cline GW, Reehman DL Shulnan GI
Contribution of nel bepatic glycogenclysis - plocose production
during the carly post-prandial period. Am 1 Physiol Endocrined Metsh
1996:27001 Py 1E 18691

way

A QLERSES | Lzt Es0 L O L

MWBINC] L UD IS SHOIGE LRLUNL PUE SR

GHOEZ &



