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Abstract: Dietary fructose overshadows glucose in promoting metabolic complications. Intestinal
fructose metabolism (IFM) protects against these effects in rodents, by favoring gluconeogenesis,
but the extent of IFM in humans is not known. We therefore aimed to infer the extent of IFM by
comparing the contribution of dietary fructose to systemic glucose and hepatic glycogen appearance
postprandially. Twelve fasting healthy subjects ingested two protein meals in random order, one
supplemented with 50 g 5/95 fructose/glucose (LF) and the other with 50 g 55/45 fructose/glucose
(HF). Sources of postprandial plasma glucose appearance and hepatic glycogen synthesis were
determined with deuterated water. Plasma glucose excursions, as well as pre- and post-meal insulin,
c-peptide, and triglyceride levels were nearly identical for both meals. The total gluconeogenic
contribution to plasma glucose appearance was significantly higher for HF versus LF (65 £ 2% vs.
34 + 3%, p < 0.001). For HE, Krebs cycle anaplerosis accounted for two-thirds of total gluconeogenesis
(43 £ 2%) with one-third from Triose-P sources (22 + 1%). With LF, three-quarters of the total
gluconeogenic contribution originated via Krebs cycle anaplerosis (26 & 2%) with one-quarter from
Triose-P sources (9 &+ 2%). HF and LF gave similar direct and indirect pathway contributions to
hepatic glycogen synthesis. Increasing the fructose/glucose ratio had significant effects on glucose
appearance sources but no effects on hepatic glycogen synthesis sources, consistent with extensive
IFM. The majority of fructose carbons were converted to glucose via the Krebs cycle.

Keywords: fructose; deuterated water; glycemic profile; indirect pathway; intestinal gluconeogenesis

1. Introduction

Over the past few decades, consumption of refined sugar, which includes sucrose
and high-fructose corn syrup, has sharply increased worldwide and is implicated in the
increased prevalence of obesity and its metabolic complications such as nonalcoholic fatty
liver disease (NAFLD) and type 2 diabetes [1,2]. While the glucose and fructose components
of refined sugar are isocaloric, the pathophysiology of NAFLD and related complications
seems to be accelerated more by fructose than glucose [2]. Thus, there is high interest in
understanding how this is linked to the differential metabolism of these sugars by the body.

The liver has long been assumed to be the main site for fructose metabolism [3,4].
However, recent studies in mice have shown a capacity for intestinal fructose metabolism
coupled to intestinal gluconeogenesis [4,5]. By this mechanism, fructose is immediately
metabolized by intestinal tissues, with glucose and other metabolic products such as lactate
and alanine appearing in the portal vein blood [4]. This has two important implications
for the metabolism of refined sugar. First, metabolism of fructose by the liver is limited
to conditions where the intestinal capacity is exceeded, for example following high sugar
intake. Second, to the extent that fructose is converted to glucose by the intestine, intake of a
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fructose load that is within the intestinal metabolic capacity will result in a portal vein glucose
excursion resembling that from a glucose load of the same size. Thus, from the perspective of
the portal glucose sensor, 3-cell insulin response, and systemic glycemic excursion, fructose
and glucose loads of this size are indistinguishable. The activity of intestinal gluconeogenesis
appears to be highly species dependent [5], and for humans, the capacity of intestinal fructose
metabolism in relation to the amount of refined sugar intake is not well characterized.

Thus, our aim was to apply deuterated water (*H,0) to determine the sources of
systemic glucose appearance and hepatic glycogen synthesis following meal tolerance tests
with low and high fructose levels, respectively.

As summarized in Figure 1, the contribution of the meal fructose and glucose com-
ponents to the appearance of circulating glucose and hepatic glycogen can be estimated
by measuring their positional 2H-enrichments from 2H,0 [6-8]. In humans, the 2H-
enrichment distribution of the glucosyl components of newly-synthesized liver glycogen
can be noninvasively measured via “chemical biopsy” of uridine diphosphate glucose
(UDP-glucose) by Paracetamol and analysis of the urinary Paracetamol glucuronide prod-
uct [9,10]. From this information, the fractional contributions of direct and indirect pathway
fluxes to newly-synthesized glycogen can be estimated. Fructose is metabolized to glyco-
gen exclusively via the indirect pathway [8], while dietary glucose is converted to glycogen
via both direct and indirect pathways [11-13]. Thus, the relative contributions of direct and
indirect pathways to hepatic glycogen synthesis are influenced in part by the availability
of fructose relative to glucose at the hepatocyte level.

[5-2H]Glycogen
Glycogen

—>—[5-2H]Glucuronide
[5'2H]BBE8 Glucuronide

GIucoTse-G-P a— <|: [5-?H]Glucose
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Fructose-6-P
Lactate, Alanine
Fructose-1,6-P,

2,0

—G-3-P ———= DHAP

~~~~~~~

Figure 1. Metabolic scheme relating 2H-enrichment in positions 5 and 6 of circulating glucose, UDP-
glucose (UDPG), glucuronide and hepatic glycogen with the utilization of fructose and glucose from
the test meal. On conversion of fructose to dihydroxyacetone phosphate (DHAP) and glyceraldehyde-
3-phosphate (G-3-P), hydrogen exchange mediated by triose phosphate isomerase incorporates >H
from 2H,O into position 5 of glucose and glycogen pathway products, represented in red. In addition,
a small amount of fructose may be converted to pyruvate via glycolysis before being incorporated into
glucose and glycogen via gluconeogenesis. This possibility also holds for dietary glucose. Passage
of these and other gluconeogenic precursors, including lactate and alanine, will generate glucose
and glycogen pathway products enriched in both positions 5 and 65 (represented in grey). Glucose
from the meal that is directly absorbed will not be enriched in position 5 or 6 nor will these positions
become enriched during subsequent conversion to UDPG, glucuronide and glycogen via the direct
pathway (represented in blue). Formation of glucuronide from UDPG results in the loss of the
position 6 hydrogens, hence this metabolite informs enrichment of position 5 from all gluconeogenic
precursors including fructose (represented in brown). Some metabolic intermediates have been
omitted for clarity.



J. Clin. Med. 2021, 10, 596

30f12

In this study, we compared glycemic excursions and quantified the sources of circu-
lating glucose and hepatic glycogen synthesis in healthy subjects that ingested two meals
containing moderate amounts of refined sugar (50 g per meal). In one meal, the sugar
had a low fructose/glucose ratio (5/95) while for the other meal, the fructose/glucose
ratio was higher, resembling that of high-fructose corn syrup (55/45). Our results reveal
a remarkable degree of metabolic flexibility and the possible involvement of intestinal
fructose metabolism in the maintenance of postprandial glycemic control when a major
proportion of meal glucose was replaced by fructose.

2. Experimental Section
2.1. Human Studies

The study protocol (Project Identification Code 143/2016), summarized in Figure 2,
was approved by the Ethics Committee of the Associacao Protetora dos Diabéticos de
Portugal (Portuguese Diabetes Association) (APDP) and performed after informed consent
from the participants.

Test meal
Deuterated Paracetamol Paracetamol
water 500 mg 500 mg
| | | | | | | | |
-120 -60 -30 0 30 60 120 180 240 min

t ot r

Blood collection  gjooq collection (glucose metery ~ Blood collection

= Insulin = |nsulin
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= NEFA = NEFA

Urine collection
Figure 2. Description of the study protocol.

Twelve healthy subjects (seven males, five females; age: 23-53 year; BMI: 19.8-28.7 Kg/m?)
underwent the meal studies at two separate occasions. After overnight fasting, the subjects
ingested a single loading dose of 99.9% 2H,O over a 20 min period to attain 0.3% body
water (BW) 2H enrichment. Drinking water containing 0.3% 2H was provided for the
study duration in order to maintain body water 2H-enrichment. Thirty minutes before the
meal ingestion, blood samples were drawn for baseline insulin, C-peptide, triglycerides,
non-esterified fatty acids (NEFA). Each subject then ingested a meal composed of 20 g of
protein (100% Whey Isolate 5 glutamine, Scitec Nutrition) and 50 g of a fructose/glucose
mixture dissolved in 300 mL water. The fructose/glucose proportion of the meals was
either 55/45, hereafter referred to as high fructose (HF); or 5/95, hereafter referred to
as low fructose (LF). HF and LF meals were ingested in random order with a minimum
interval of 6 weeks between each meal to ensure complete washout of 2H before the second
meal study.

Blood glucose levels were measured immediately before the meal and at 30, 60 and
120 min after the meal. A 30 mL blood sample was collected at 180 min post-meal for assay
of insulin, C-peptide, triglycerides and NEFA and also for analysis of blood glucose ?H
enrichment. For chemical biopsy of hepatic UDP-glucose 2H-enrichment, 0.5 g Paracetamol
was ingested 1 h before and 1 h after each meal and urine was collected from 2—4 h after
the meal.
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2.2. Blood Biochemical Parameters

Capillary glucose was measured using a standard clinical glucometer (Contour XT,
Ascensia Diabetes Care, Lisboa, Portugal). Plasma insulin and C-peptide were determined
by the chemiluminescence technique using a Liaison Analyzer (DiaSrin, Stillwater, MN,
USA), triglycerides and NEFA were determined by enzimatic assay using an automated
clinical biochemistry analyzer (Olympus AU640 Clinical Chemistry System, Beckman
Coulter Inc., Brea, CA, USA).

2.3. Blood Glucose and Urinary Glucuronide Processing for >’H NMR Analysis

Blood glucose was derivatized to monoacetone glucose (MAG), Paracetamol glu-
curonide was isolated from the urine and derivatized to monoacetone glucuronolactone
(MAGLA) and positional 2H-enrichments were analyzed by ?H NMR as previously de-
scribed [6]. Body water 2H-enrichment was determined by 2H NMR from urine analysis as
previously described [6,14,15] and it is referred in the text and tables as body water (BW).

2.4. NMR Spectroscopy

2H NMR spectra were obtained in a 500 MHz Bruker Avance Il HD (Bruker BioSpin,
Wissembourg, France) equipped with an UltraShieldPlusTM magnet and with a 5 mm
2H-selective probe. MAG and MAGLA 2H NMR spectra were acquired at 50 °C and a
25 °C, respectively, and using a 90-degree pulse angle, 1.0 sec acquisition time and 0.6 s
pulse delay. For determination of BW 2H-enrichment, NMR spectra were acquired at 25 °C
and using a 22.5-degree pulse angle, 4 sec acquisition time and 8 sec pulse delay. MAG,
MAGLA and BW 2H-enrichments were calculated from the analysis of the ?H spectra using
ACD/NMR Processor Academic Edition from ACD/Labs software (Advanced Chemistry
Development, Inc., Toronto, On, Canada) www.acdlabs.com, 2015.

2.5. Sources of Plasma Gglucose and Hepatic Glycogen Synthesis

Plasma glucose that was derived from the meal absorption or was in circulation before
2H,0 administration (pre-existing) will not be enriched by 2H in positions 5 and 65. Glucose
that was derived from all gluconeogenic substrates, including those feeding directly into
the triose-phosphate pools such as fructose and glycerol, is enriched in position 5. Glucose
that was derived from gluconeogenic precursors that are metabolized via pyruvate and/or
Krebs cycle (for example glutamine or alanine, or pyruvate/lactate derived from fructose)
is enriched in both positions 5 and 65. On this basis, the sources of systemic plasma glucose
following the meals were calculated as follows:

Plasma glucose from gluconeogenesis (%) = (2H5gluc /?*H BW) x 100, (1)

Plasma glucose from absorbed or pre-existing glucose (%) =[1 — (2H5g1uC /*H BW)] x 100, 2)

where 2H5gluc is enrichment of the glucose position 5 hydrogen and >?H BW is the enrich-
ment of body water.

The total gluconeogenic contribution was resolved into Krebs cycle and triose-phosphate
contributions as follows:

Plasma glucose from Krebs cycle gluconeogenesis (%) = (CH6scc/*H BW) x 100, (3)

Plasma glucose from Triose-P gluconeogenesis (%) = (CH5G1ue — 2Hb6sa1uc)/*H BW) x 100, 4)

where 2Hé6gg, is enrichment of the glucose position 6g hydrogen.

Contributions of direct and indirect pathways to glycogen synthesis via were quan-
tified from the 2H-enrichment of the glucuronide position 5. Newly-synthesized UDP-
glucose and glycogen formed from glucose via the direct pathway will not be enriched
in position 5 whereas glycogen derived via the indirect pathway, which includes contri-
butions from fructose, will be enriched in position 5. It is assumed that the position 5
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enrichment of urinary paracetamol glucuronide is equivalent to those of UDP-glucose and
newly-synthesized glycogen.

Indirect pathway contribution (%) = (*H5yuppa/*H BW) x 100, 5)

Direct pathway contribution (%) = (1 — (CH5uppe/?H BW)) x 100, (6)

where ZH5(ppg is the ZH-enrichment of UDP-glucose position 5 as measured by urinary
glucuronide analysis.

2.6. Statistical Analysis

All the results are presented as means + SEM. Parameter comparisons within the
same study were made by paired f-test while comparisons between studies were made by
unpaired f-test. Statistical significance was defined as a p value of less than 0.05.

3. Results
3.1. Plasma Biochemical Parameters

Glycemic profiles after LF and HF ingestion are shown in Figure 3.
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Figure 3. (a) Glycemic profile for the high and low fructose studies. Data points are represented as means £ SEM. (b) Area
under the curve (AUC) for each meal are shown on the right-hand side. AUC values are represented by arbitrary units.

Glucose excursions were essentially similar for both meals. Plasma biochemical
analyses are shown in Table 1.

Table 1. Plasma metabolites measured 30 min before and 180 min after a meal containing 50 g of
sugar with 55/45 fructose/glucose (High Fructose) and 5/95 fructose/glucose (Low Fructose).

High Fructose Low Fructose
—30 min 180 min —30 min 180 min
Triglycerides (mg/dL) 777 78+ 6 76 £10 79+ 13
NEFA (mmol/L) 0.44 £ 0.07 0.40 £+ 0.09 0.35 £ 0.04 0.27 £0.05
Insulin (WUI/mL) 8.0+15 55+13 77112 57+121
C-peptide (ng/mL) 1.7+02 19+0.2 1.7+0.1 21+02

1 p < 0.05 versus —30 min Low fructose. NEFA: non-esterified fatty acids.

Triglyceride, NEFA and c-peptide concentrations measured three hours after the test
meal ingestion did not differ from those measured at baseline for both studies. However,
for LF, the insulin concentration was significantly lower after the meal compared to baseline.
HF showed a similar evolution of insulin levels but the difference between final and baseline
levels did not reach statistical significance. While all subjects ingested a standardized
meal, we found that there was no significant influence of BMI on any of the biochemical
parameters measured either before or after meal ingestion.
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3.2. Plasma Glucose and Urinary Glucuronide >H Positional Enrichments from >H,0

Representative 2ZH-NMR spectra of MAG derivatives prepared from blood glucose
sampled three hours after ingestion of the meals are shown in Figure 4.

High Fructose

Low Fructose

[ | I
6.2 4.7 3.2

2H Chemical Shift (ppm)

Figure 4. Representative 2H NMR spectra of the MAG derivatives of plasma glucose of healthy
subjects after ingestion of a meal with 50 g sugar consisting of 55/45 fructose /glucose (High Fructose)
or 5/95% fructose/glucose (Low Fructose). The vertical height of each spectrum is scaled to the
2H-enrichment of position 5. The numbers above each signal represent the 2H position in the plasma
glucose, with positions 5 and 6S highlighted in red and gray, respectively.

The well-resolved ?H signals from each of the carbon-bound hydrogens of glucose
allowed precise measurement of 2H-enrichments in all sites, including those of 5 and 6S
which inform gluconeogenic contributions from anaplerotic Krebs cycle substrates and
from substrates metabolized directly to triose-P-which can include fructose-to plasma
glucose appearance [6] (see Table 2, Equations (1)—(4)). The 2H-enrichment of body water
was the same for both meals. The 2H-enrichments of position 5, as well as that of 65,
were significantly higher for HF compared to LF. Enrichment of the position 1 hydrogen
originates from the same gluconeogenic precursors as that of position 6S alongside an
additional 2H-exchange process mediated by mannose-6-P isomerase that is independent of
gluconeogenic activity [16]. Thus, the magnitude of the difference in position 1 enrichment
between HF and LF (0.16% and 0.11%) corresponds exactly to that of the 6S position
(0.12% and 0.07%). In contrast to plasma glucose, urinary glucuronide enrichment did not
show significant differences in 2H-enrichment between LF and HF for either position 5
or position 1. Note that glucuronide does not report the 6S hydrogen enrichment of its
UDP-glucose precursor since this hydrogen is removed during glucuronide formation.
Nevertheless, enrichment of the position 1 hydrogen of glucuronide tracks that of UDP-
glucose 6S in an analogous manner to the position 1 and 6S of plasma glucose. Since no
differences in glucuronide position 1 enrichment were observed between LF and HF meals,
we conclude that the 6S enrichments of UDP-glucose were also not different. This has
important implications on the metabolic route taken by the fructose carbons during their
conversion to hepatic glycogen.

3.3. Sources of Plasma Glucose Appearance and Hepatic Glycogen Synthesis Following LF and
HF Meals

Figure 5 shows the sources of plasma glucose appearance and contributions of direct
and indirect pathways to hepatic glycogen synthesis (see Table 2, Equations (5) and (6)) as
estimated from the 2H-enrichment data of positions 5 and 65 of glucose, and position 5 of
urinary glucuronide, respectively.
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Table 2. 2H-enrichment of body water, plasma glucose positions 1, 5 and 6S (G1, G5, G6s) and urinary glucuronide positions
1 and 5 (U1, U5) following ingestion of a meal containing 50 g of sugar with a 5/95 fructose/glucose proportion (Low
fructose) and a meal containing 50 g of sugar with a 55/45 fructose/glucose proportion (High fructose).

Body Water 2 . Urinary Glucuronide
2H-Enrichment Plasma Glucose “H-En-richment 2H-Enrichment
G1 G5 Gés U1 U5
High fructose 0.28 £ 0.01 0.16 +0.01 ! 0.18 £ 0.012 0.124+0.01" 0.18 £ 0.01 0.17 £ 0.01
Low fructose 0.29 + 0.01 0.11 4+ 0.011 0.10 + 0.01 0.07 + 0.00 0.19 + 0.01 0.15 + 0.01

1 p < 0.05 versus High Fructose, 2 p < 0.001 versus High Fructose.

Plasma glucose Liver glycogen
LF HF LF HF
Absorption + Direct
pre-existing Direct pathway
pathway
Absorption + (352%) (39 £ 2%)
pre-existing (47 £ 4%)
(66 + 3%)!
GNG-Triose-P
(22 £1%)

GNG-Triose-P Indirect

9 +2%)!

pathway
(61 £2%)

GNG-Krebs Indirect

cycle

pathway

(43 £ 2%) (531 4%)

GNG-Krebs

cycle
(26 + 2%)"

(@) (b)

Figure 5. Sources of (a) plasma glucose appearance and (b) hepatic glycogen synthesis following
meals supplemented with 50 g sugar containing 5/95 fructose/glucose (low fructose, LF) and
55/45 fructose/glucose (high fructose, HF). ! p < 0.01 versus the corresponding HF values.

For the LF meal, two-thirds of plasma glucose was accounted by absorbed glucose
and/or any unlabeled circulating glucose that was present before 2H,O administration.
One-third was synthesized via gluconeogenesis, with the largest share of gluconeogenic
carbons having passed via the Krebs cycle and a minority derived from substrates directly
feeding the triose-P pool, including fructose. For the HF meal, absorbed and/or pre-
existing glucose accounted for only one-third of glucose appearance with gluconeogenesis
providing the remaining two-thirds. The share of gluconeogenic carbons entering directly
the triose-P pool rose significantly, reflecting the conversion of fructose to glucose via the
canonical fructokinase — aldolase B — triokinase pathway followed by conversion of
the triose-P products to glucose via gluconeogenesis. However, this was accompanied by
a substantial increase in gluconeogenesis via the Krebs cycle, which became the largest
overall contributor to glucose appearance.

In contrast to the significant differences observed in plasma glucose sources between
HF and LF meals, the contributions of direct and indirect pathways to hepatic glycogen
synthesis were relatively constant. There was a tendency for a higher direct pathway
contribution to glycogen synthesis for LF compared to HF, with a corresponding tendency
for a reduced indirect pathway contribution in LF compared to HF. While glucuronide
2H-enrichment analysis does not provide resolution of indirect pathway fluxes into Krebs-
cycle and Triose-F, as is the case for analysis of the position 5 and 65 of liver glycogen, the
fact that the glucuronide position 1 enrichments did not vary between LF and HF suggests
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that the proportion of carbons feeding the indirect pathway via Triose-P relative to those
incorporated via the Krebs cycle was similar for both meals.

4. Discussion

Humans have a highly-evolved capacity for dietary glucose and fructose utilization.
This includes efficient absorption and metabolism via distinctive transporters and metabolic
pathways. While the initial steps of fructose metabolism to triose phosphates are not sub-
ject to regulation by insulin, the ultimate fates of the fructose carbons (glucose, glycogen,
glycolytic products and lipids) are highly controlled by insulin and other regulators of
systemic carbohydrate metabolism such as carbohydrate-responsive element-binding pro-
tein ChREBP. In addition, each sugar influences the metabolism of the other. For example,
fructose-1-P formed by phosphorylation of fructose stimulates glucokinase activity thereby
promoting the phosphorylation of glucose and its conversion to glycogen [17-19]. In
addition, fructose uptake and metabolism is dependent on the expression and activation of
ChREBP, in part mediated by glucose [20,21]. Thus, the physiological effects of fructose
ingested alone is markedly different from that ingested alongside glucose. Likewise, the
systemic effects of glucose ingestion are highly modified by the presence of fructose. For
healthy subjects, ingestion of a pure fructose load resulted in a significantly lower plasma
glucose excursion compared to either an equivalent glucose load or a mix of fructose and
glucose [22-24]. When a 75 g oral glucose load was accompanied by 7.5 g fructose, plasma
glucose excursions were reduced compared to that from the glucose load alone with no
change in plasma insulin levels [24]. Studies of both isolated rat hepatocytes and livers
from intact rats have shown interactions of glucose and fructose on the status of signaling
proteins involved in the regulation of hepatic glucose metabolism such as PI3-kinase and
GSK3, as well as levels of metabolites that play a primary regulatory role in glycogen
synthesis, such as glucose-6-phosphate and ATP [25].

We observed that ingestion of meals containing 50 g of refined sugar with low (5/95)
and with high (55/45) fructose/glucose ratios resulted in remarkably similar glycemic
excursions. However, the sources of plasma glucose appearance were highly influenced
by the meal fructose/glucose levels. With the high fructose/glucose meal, the majority of
plasma glucose appearance was sustained by gluconeogenesis, with a significant proportion
of the gluconeogenic carbons presumably originating from fructose. Had the fructose been
converted to glucose via triose-P, it would have resulted in a large excess of position 5
enrichment relative to that of 65 (see Figure 1). Such an enrichment pattern was observed
for plasma glucose of rats fed a chow diet supplemented with sucrose. In contrast, for the
high fructose/glucose meal of our study, the difference in enrichment between the 5 and 6
positions was far less pronounced. This is consistent with a substantial fraction of fructose
carbons being metabolized to glucose via Krebs cycle anaplerosis of pyruvate rather than
by the more direct triose-P route. In a study of healthy subjects provided with a fat and
protein meal supplemented with 1*C-enriched fructose alongside an equivalent amount
of unlabeled glucose, the appearance of 1*C-enriched lactate was observed alongside that
of 13C-enriched glucose [26]. Since this methodology does not distinguish between 3C-
glucose appearance from *C-fructose via the triose-P or anaplerotic Krebs cycle routes
(the Krebs cycle route will result in a portion of the 3C-label being lost as 1*CO, via
exchanges at the level of malate, oxaloacetate and fumarate, the proportion of fructose that
was converted to glucose via pyruvate anaplerosis relative to that metabolized via triose-P
could not be estimated. Our data suggests that at least under the conditions of our study,
the dominant route for the conversion of fructose to glucose was via pyruvate anaplerosis.

In the study of Jang et al., where mice were given 0.5 g/kg of a 1:1 glucose/fructose
mixture, about 50% of the circulating postprandial glucose was derived from the fructose
component of the load [4]. In our HF study, where subjects ingested ~0.6 g/kg of a
55/45 fructose/glucose load, the gluconeogenic contribution to postprandial glucose was
65%, an increase of 30% over that of LF. Assuming that this increase in gluconeogenic
contribution was entirely from the increased proportion of fructose in HF vs. LE we
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estimate that fructose accounted for about one-third of postprandial glucose appearance
and about half of the gluconeogenic contribution to glucose appearance. Some of the
variance in these data may reflect the fact that the meal was standardized with each subject
receiving different amounts of sugar on a gram/kg basis.

As for glucose, the H-enrichment pattern of hepatic glycogen is also sensitive to
the contributions of absorbed glucose, gluconeogenic substrates metabolized via triose-P
and gluconeogenic substrates metabolized via anaplerosis [6,8]. For both rats and mice
provided with chow supplemented by high levels of sucrose or high-fructose corn syrup
in the drinking water, there was a significantly higher contribution of Triose-P sources to
hepatic glycogen synthesis compared to rodents fed chow alone as seen by the markedly
higher of position 5 enrichment relative to position 65 [6-8]. These observations are
consistent with hepatocyte metabolism of fructose to glycogen via Triose-P [7]. In contrast
to these animal model observations, the direct and indirect pathway contributions to
hepatic glycogen synthesis that we observed in our subjects did not significantly differ
between HF and LF. Moreover, there was no indication of a higher triose-P contribution to
the indirect pathway of hepatic glycogen synthesis for HF, as suggested by the glucuronide
position 1 enrichment data. This suggests that the amounts of fructose metabolized to
glycogen by the hepatocytes were similar for both meals, consistent with a substantial
proportion of fructose undergoing first-pass intestinal metabolism in the case of the HF
meal (Figure 6). As was the case for glucose appearance, the fact that the meal was not
tailored to the body weight of each individual may have contributed to the variance in
these data. Another limitation of our study was that insulin excursions immediately
following the meal were not measured. Since insulin secretion responds to changes in
portal vein glucose levels, which would be more responsive to intestinal compared to
hepatic gluconeogenesis of fructose, a comparison of insulin excursions between LF and
HF would have provided further insight on where the fructose was metabolized to glucose.

Fructose
| Frrri
Triose-P

Pyri/Lac Plasma Glucose

G-6-P— Glycogen

l

Triose-p « FK/TK
Pyr/Lac Fructose

Figure 6. Metabolic model describing intestinal and hepatic routes of fructose catabolism from
a protein meal supplemented with 50 g of a 55/45 fructose/glucose mixture corresponding to
HFCS-55. Following entry into the glycolytic triose-P intermediates via fructokinase and triokinase
(FK/TK), conversion of the pyruvate/lactate intermediate (Pyr/Lac) to glucose can occur by hepatic
gluconeogenesis (in black) or by intestinal gluconeogenesis (in gray). Overall, conversion of fructose
to glucose-6-P via triose-P is minor in comparison to its conversion via pyruvate/lactate.

A single soft drink serving can contain up to 60-70 g of sugar with 36—43 g of this being
fructose [27]. In comparison, our so-called HF meal contained 50 g sugar of which 27.5 g
was fructose. Given the ubiquity of fructose in processed foods as well as in beverages, the
amount of fructose in our meal is likely to be considerably less than that ingested during a
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single meal by many people in Westernized societies. In animal models, it was shown that
dietary fructose is cleared by enterocytes up to a certain threshold dose that if exceeded,
results in both hepatic and intestinal microbiota involvement in fructose metabolism [4].
To the extent that this spread of fructose metabolism above and beyond the enterocyte
may contribute to the development of NAFLD, either directly by the unregulated hepatic
catabolism of fructose [28] or indirectly through the promotion of intestinal dysbiosis [29],
then it will be of utmost importance to determine the threshold intake at which this occurs in
humans. Given that alterations in intestinal fructose transport and/or metabolism coupled
with excessive fructose intake are associated with incidence of NAFLD as well as other
complications such as insulin resistance or cardiovascular disease [30,31], it is likely that
while this threshold level varies significantly between individuals, it is probably breached
on a regular basis by a significant proportion of the population in Western countries.

5. Conclusions

In this study, we determined the contribution of dietary fructose to systemic glucose
appearance and to hepatic glycogen synthesis. Had these products originated from a
common pool of gluconeogenic precursors fed by fructose, then we would have expected
similar gluconeogenic contributions to glucose and glycogen appearance, respectively.
Instead, our data indicate that fructose was at least in part metabolized from a different
precursor pool, which we postulate to be intestinal in origin. Since intestinal and hepatic
pyruvate gluconeogenesis both generate the same ?H-enrichment pattern of plasma glucose,
the precise proportion of fructose that was metabolized by the intestine versus the liver
cannot be determined. Thus, in the model of fructose metabolism proposed to explain
our H-enrichment data for plasma glucose and liver glycogen (Figure 6) there is the
possibility for intestinal as well as hepatic gluconeogenesis. The clinical significance of
our observations is that an individual’s capacity for intestinal fructose metabolism may
determine their susceptibility for developing NAFLD and cardiovascular disease for a
given amount of fructose intake.

Author Contributions: Conceptualization, J.ER. and ].G.J.; methodology, C.B.; validation, R.T.R.,
R.A., ]J.GJ. and J.ER.; formal analysis, C.B.; investigation, C.B.; resources, ].G.J.; and J. ER.; data
curation, C.B.; writing—original draft preparation, C.B.; writing—review and editing, ].G.J. and
R.T.R; supervision, ].G.J. and ].ER; funding acquisition, ].G.J. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Portuguese Foundation for Science and Technology

(research grant FCT-FEDER-02/SAICT /2017 /028147). Structural funding for the Center for Neu-

rosciences and Cell Biology and the UC-NMR facility is supported in part by FEDER—European

Regional Development Fund through the COMPETE Programme, Centro 2020 Regional Oper-

ational Programme, and the Portuguese Foundation for Science and Technology through grants

UIDB/04539/2020; POCI-01-0145-FEDER-007440; REEQ/481/QUI/2006, RECI/QEQ-QFI/0168/2012,
CENTRO-07-CT62-FEDER-002012.

Institutional Review Board Statement: Of the Declaration of Helsinki, and approved by the Ethics
Committee of APDP (protocol code 143/2016, aproved on 8 March 2016).

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: The raw data is available on request.

Acknowledgments: The authors acknowledge Rede Nacional de Ressonancia Magnética Nuclear
(PTNMR).

Conflicts of Interest: The authors declare no conflict of interest.

1.  Bray, G.A,; Nielsen, S.J.; Popkin, B.M. Consumption of high-fructose corn syrup in beverages may play a role in the epidemic of
obesity. Am. J. Clin. Nutr. 2004, 79, 537-543. [CrossRef]


http://doi.org/10.1093/ajcn/79.4.537

J. Clin. Med. 2021, 10, 596 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Dekker, M.].; Su, Q.Z.; Baker, C.; Rutledge, A.C.; Adeli, K. Fructose: A highly lipogenic nutrient implicated in insulin resistance,
hepatic steatosis, and the metabolic syndrome. Am. J. Physiol. Endocrinol. Metab. 2010, 299, E685-E694. [CrossRef]

McGuinness, O.P,; Cherrington, A.D. Effects of fructose on hepatic glucose metabolism. Curr. Opin. Clin. Nutr. Metab. Care 2003,
6, 441-448. [CrossRef]

Jang, C.; Hui, S.; Lu, W.; Cowan, A.].; Morscher, R.J.; Lee, G.; Liu, W.; Tesz, G.J.; Birnbaum, M.].; Rabinowitz, ].D. The small
intestine converts dietary fructose into glucose and organic acids. Cell Metab. 2018, 27, 351-361.e3. [CrossRef]

Varga, V.; Muranyi, Z.; Kurucz, A.; Marcolongo, P.; Benedetti, A.; Banhegyi, G.; Margittai, E. Species-specific glucose-6-
phosphatase activity in the small intestine-studies in three different mammalian models. Int. . Mol. Sci. 2019, 20, 5039. [CrossRef]
[PubMed]

Delgado, T.C.; Martins, F.O.; Carvalho, F.; Gongalves, A.; Scott, D.K.; O’Doherty, R.; Macedo, M.P,; Jones, J.G. 2H enrichment
distribution of hepatic glycogen from >H,O reveals the contribution of dietary fructose to glycogen synthesis. An. J. Physiol.
Endocrinol. Metab. 2013, 304, E384-E391. [CrossRef] [PubMed]

Di Nunzio, G.D.B.; Torres, A.N.; Silva, J.G,; Silva, L.P; Barosa, C.; Tavares, L.; Jones, ].G. Determining the contribution of a
high-fructose corn syrup formulation to hepatic glycogen synthesis during ad-libitum feeding in mice. Sci. Rep. 2020, in press.
[CrossRef]

Jarak, I; Barosa, C.; Martins, FO,; Silva, J.C.; Santos, C.; Belew, G.D.; Rito, ].; Viegas, L; Teixeira, J.; Oliveira, PJ.; et al. Sources of
hepatic glycogen synthesis in mice fed with glucose or fructose as the sole dietary carbohydrate. Magn. Reson. Med. 2019, 81,
639-644. [CrossRef]

Jones, J.G.; Fagulha, A.; Barosa, C.; Bastos, M.; Barros, L.; Baptista, C.; Caldeira, M.M.; Carvalheiro, M. Noninvasive analysis of
hepatic glycogen kinetics before and after breakfast with deuterated water and acetaminophen. Diabetes 2006, 55, 2294-2300.
[CrossRef]

Barosa, C.; Silva, C.; Fagulha, A.; Barros, L.; Caldeira, M.M.; Carvalheiro, M.; Jones, ].G. Sources of hepatic glycogen synthesis
following a milk-containing breakfast meal in healthy subjects. Metabolism 2012, 61, 250-254. [CrossRef]

Newgard, C.B.; Hirsch, L.].; Foster, D.W.; McGarry, ].D. Studies on the mechanism by which exogenous glucose is converted into
liver glycogen in the rat. A direct or an indirect pathway? J. Biol. Chem. 1983, 258, 8046—8052. [CrossRef]

Magnusson, I.; Chandramouli, V.; Schumann, W.; Kumaran, K.; Wahren, ].; Landau, B.R. Pathways of hepatic glycogen formation
in humans following ingestion of a glucose load in the fed state. Metabolism 1989, 38, 583-585. [CrossRef]

Magnusson, I.; Chandramouli, V.; Schumann, W.; Kumaran, K.; Landau, B.R. Quantitation of the pathways of hepatic glycogen
formation on ingesting a glucose load. J. Clin. Investig. 1987, 80, 1748-1754. [CrossRef]

Jones, J.; Kahl, S.; Carvalho, F; Barosa, C.; Roden, M. Simplified analysis of acetaminophen glucuronide for quantifying
gluconeogenesis and glycogenolysis using deuterated water. Anal. Biochem. 2015, 479, 37-39. [CrossRef]

Jones, ].G.; Merritt, M.; Malloy, C.R. Quantifying tracer levels of 2HZO enrichment from microliter amounts of plasma and urine
by 2H NMR. Magn. Reson. Med. 2001, 45, 156-158. [CrossRef]

Chandramouli, V.; Ekberg, K.; Schumann, W.C.; Wahren, ].; Landau, B.R. Origins of the hydrogen bound to carbon 1 of glucose in
fasting: Significance in gluconeogenesis quantitation. Am. J. Physiol. Endocrinol. Metab. 1999, 277, E717-E723. [CrossRef]
Petersen, K.E; Laurent, D.; Yu, C.L.; Cline, G.W.; Shulman, G.I. Stimulating effects of low-dose fructose on insulin-stimulated
hepatic glycogen synthesis in humans. Diabetes. 2001, 50, 1263-1268. [CrossRef]

Shiota, M.; Galassetti, P.; Monohan, M.; Neal, D.W.; Cherrington, A.D. Small amounts of fructose markedly augment net hepatic
glucose uptake in the conscious dog. Diabetes. 1998, 47, 867-873. [CrossRef]

Agius, L.; Peak, M. Intracellular binding of glucokinase in hepatocytes and translocation by glucose, fructose and insulin. Biochem.
J. 1993, 296, 785-796. [CrossRef]

Oh, AR, Sohn, S.; Lee, J.; Park, ]M.; Nam, K.T.; Hahm, K.B.; Kim, Y.B.; Lee, H.J.; Cha, J.Y. ChREBP deficiency leads to
diarrhea-predominant irritable bowel syndrome. Metabolism 2018, 85, 286—-297. [CrossRef]

Kato, T,; lizuka, K.; Takao, K.; Horikawa, Y.; Kitamura, T.; Takeda, J]. ChREBP-Knockout mice show sucrose intolerance and
fructose malabsorption. Nutrients 2018, 10, 340. [CrossRef] [PubMed]

Crapo, P.A.; Kolterman, O.G.; Olefsky, ].M. Effects of oral fructose in normal, diabetic, and impaired glucose-tolerance subjects.
Diabetes Care. 1980, 3, 575-581. [CrossRef]

Lee, B.M.; Wolever, TM.S. Effect of glucose, sucrose and fructose on plasma glucose and insulin responses in normal humans:
Comparison with white bread. Eur. . Clin. Nutr. 1998, 52, 924-928. [CrossRef]

Moore, M.C.; Cherrington, A.D.; Mann, S.L.; Davis, S.N. Acute fructose administration decreases the glycemic response to an oral
glucose tolerance test in normal adults. J. Clin. Endocrinol. Metab. 2000, 85, 4515-4519. [CrossRef]

Fernandez-Novell, ].M.; Ramié-Lluch, L.; Orozco, A.; Gémez-Foix, A.M.; Guinovart, J.J.; Rodriguez-Gil, ].E. Glucose and fructose
have sugar-specific effects in both liver and skeletal muscle in vivo: A role for liver fructokinase. PLoS ONE 2014, 9, e109726.
[CrossRef]

Theytaz, F.; De Giorgi, S.; Hodson, L.; Stefanoni, N.; Rey, V.; Schneiter, P; Giusti, V.; Tappy, L. Metabolic fate of fructose ingested
with and without glucose in a mixed meal. Nutrients 2014, 6, 2632-2649. [CrossRef]

Walker, R.W.; Dumke, K.A.; Goran, M.I. Fructose content in popular beverages made with and without high-fructose corn syrup.
Nutrition 2014, 30, 928-935. [CrossRef]


http://doi.org/10.1152/ajpendo.00283.2010
http://doi.org/10.1097/01.mco.0000078990.96795.cd
http://doi.org/10.1016/j.cmet.2017.12.016
http://doi.org/10.3390/ijms20205039
http://www.ncbi.nlm.nih.gov/pubmed/31614497
http://doi.org/10.1152/ajpendo.00185.2012
http://www.ncbi.nlm.nih.gov/pubmed/23211519
http://doi.org/10.1038/s41598-020-69820-3
http://doi.org/10.1002/mrm.27378
http://doi.org/10.2337/db06-0304
http://doi.org/10.1016/j.metabol.2011.06.022
http://doi.org/10.1016/S0021-9258(20)82025-0
http://doi.org/10.1016/0026-0495(89)90221-7
http://doi.org/10.1172/JCI113267
http://doi.org/10.1016/j.ab.2015.03.018
http://doi.org/10.1002/1522-2594(200101)45:1&lt;156::AID-MRM1020&gt;3.0.CO;2-Z
http://doi.org/10.1152/ajpendo.1999.277.4.E717
http://doi.org/10.2337/diabetes.50.6.1263
http://doi.org/10.2337/diabetes.47.6.867
http://doi.org/10.1042/bj2960785
http://doi.org/10.1016/j.metabol.2018.04.006
http://doi.org/10.3390/nu10030340
http://www.ncbi.nlm.nih.gov/pubmed/29534502
http://doi.org/10.2337/diacare.3.5.575
http://doi.org/10.1038/sj.ejcn.1600666
http://doi.org/10.1210/jc.85.12.4515
http://doi.org/10.1371/journal.pone.0109726
http://doi.org/10.3390/nu6072632
http://doi.org/10.1016/j.nut.2014.04.003

J. Clin. Med. 2021, 10, 596 12 of 12

28.

29.

30.

31.

Hannou, S.A.; Haslam, D.E.; McKeown, N.M.; Herman, M.A. Fructose metabolism and metabolic disease. ]. Clin. Investig. 2020,
128, 545-555. [CrossRef]

Lambertz, J.; Weiskirchen, S.; Landert, S.; Weiskirchen, R. Fructose: A Dietary Sugar in Crosstalk with Microbiota Contributing to
the Development and Progression of Non-Alcoholic Liver Disease. Front. Immunol. 2017, 8, 1159. [CrossRef]

Yki-Jarvinen, H. Nutritional modulation of nonalcoholic fatty liver disease and insulin resistance: Human data. Curr. Opin. Clin.
Nutr. Metab. Care 2010, 13, 709-714. [CrossRef]

Mirtschink, P; Jang, C.; Arany, Z.; Krek, W. Fructose metabolism, cardiometabolic risk, and the epidemic of coronary artery
disease. Eur. Heart |. 2018, 39, 2497-2505. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI96702
http://doi.org/10.3389/fimmu.2017.01159
http://doi.org/10.1097/MCO.0b013e32833f4b34
http://doi.org/10.1093/eurheartj/ehx518
http://www.ncbi.nlm.nih.gov/pubmed/29020416

	Introduction 
	Experimental Section 
	Human Studies 
	Blood Biochemical Parameters 
	Blood Glucose and Urinary Glucuronide Processing for 2H NMR Analysis 
	NMR Spectroscopy 
	Sources of Plasma Gglucose and Hepatic Glycogen Synthesis 
	Statistical Analysis 

	Results 
	Plasma Biochemical Parameters 
	Plasma Glucose and Urinary Glucuronide 2H Positional Enrichments from 2H2O 
	Sources of Plasma Glucose Appearance and Hepatic Glycogen Synthesis Following LF and HF Meals 

	Discussion 
	Conclusions 
	References

