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ABSTRACT

Hereditary fructose intolerance (HFI) is characterized by liver damage and a secondary defect in N-linked glycosylation due
to impairment of mannose phosphate isomerase (MPI). Mannose treatment has been shown to be an effective treatment in a
primary defect in MPI (i.e., MPI-CDG), which is also characterized by liver damage. Therefore, the aims of this study were to
determine: (1) hepatic nucleotide sugar levels, and (2), the effect of mannose supplementation on hepatic nucleotide sugar levels
and liver fat, in a mouse model for HFI. Aldolase B deficient mice (Aldob~~) were treated for four weeks with 5% mannose via
the drinking water and compared to Aldob~~ mice and wildtype mice treated with regular drinking water. We found that hepatic
GDP-mannose and hepatic GDP-fucose were lower in water-treated Aldob~~ mice when compared to water-treated wildtype
mice (p=0.002 and p=0.002, respectively), consistent with impaired N-linked glycosylation. Of interest, multiple other hepatic
nucleotide sugars not involved in N-linked glycosylation, such as hepatic UDP-glucuronic acid, UDP-xylose, CMP-N-acetyl-beta-
neuraminic acid, and CDP-ribitol (p=0.002, p=0.003, p=0.002, p=0.002), were found to have altered levels as well. However,
mannose treatment did not correct the reduction in hepatic GDP-mannose levels, nor was liver fat affected. Aldob~~ mice are
characterized by hepatic nucleotide sugar abnormalities, but these were not abrogated by mannose treatment. Future studies are
needed to identify the underlying mechanisms responsible for the abnormal hepatic nucleotide sugar pattern and intrahepatic
lipid accumulation in HFI.

Trial Registration: PCT ID: PCTE0000340, this animal experiment is registered at (https://preclinicaltrials.eu/).

Abbreviations: Aldob~~, aldolase B knockout; CDG, congenital disorder of glycosylation; F1P, fructose 1-phosphate; HFI, hereditary fructose intolerance; MPI, mannose phosphate isomerase.
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1 | Introduction

Hereditary fructose intolerance (HFI; OMIM #229600) is an
autosomal recessive inborn error of metabolism [1, 2], with an
estimated incidence of 1:18000-20000 in live births [3, 4]. HFI is
caused by mutations in the gene encoding aldolase B (ALDOB).
Aldolase B (EC 4.1.2.13), which is predominantly expressed in
the liver, kidney, and small intestine [5], catalyses the cleavage
of fructose 1,6-bisphosphate and fructose 1-phosphate (F1P) into
triose molecules [6]. In patients with HFI, ingestion of fructose
results in the accumulation of F1P and concomitant depletion
of ATP, which are believed to cause symptoms such as nausea,
vomiting, hypoglycaemia, and liver and kidney failure [7-10].

Treatment of HFI consists of a lifelong fructose-restricted diet
[11-13]. We and others recently showed that, despite this treat-
ment, HFI patients are characterized by intrahepatic lipid accu-
mulation when compared to healthy controls [14-16]. Some HFI
patients even displayed signs of hepatic inflammation and fibro-
sis [14, 17]. The underlying mechanism responsible for the liver
derangements in HFI remains to be elucidated [18]. We recently
demonstrated that glucokinase regulatory protein and carbohy-
drate response element binding protein mediate F1P-stimulated
de novo lipogenesis in a mouse model for HFI, but these factors
did not affect intrahepatic lipid accumulation [19].

HFI patients are also characterized by a secondary defect in N-
linked glycosylation likely caused by F1P-mediated impairment
of mannose phosphate isomerase (MPI) (Figure 1) [20]. We and

Fructose
l KHK F6P
FIP ————A | MPI
ALDOB

Mé6P T Mannose

v
GAH DHAP GDP-mannose

<4---

FIGURE 1 | Fructose 1-phosphate mediated impairment of man-
nose phosphate isomerase and N-linked glycosylation in aldolase B de-
ficiency. Abbreviations: ALDOB, aldolase B; DHAP, dihydroxyacetone
phosphate; F1P, fructose 1-phosphate; F6P, fructose 6-phosphate; GAH,
glyceraldehyde; GDP-mannose, guanosine diphosphate mannose; HK,
hexokinase; KHK, ketohexokinase; M6P, mannose 6-phosphate; MPI,
mannose phosphate isomerase. Figure created with (Biorender.com).

others recently showed that the abnormal transferrin glycosyla-
tion patterns can be used as a diagnostic biomarker to identify
dietary-treated HFI patients [21, 22].

Of interest, patients with a congenital disorder of glycosylation
caused by a primary defect in MPI (MPI-CDG) [23], are also
characterized by hepatic fat accumulation and hepatic fibrosis
[24, 25] (but are otherwise clinically different to HFI). Since
treatment of MPI-CDG consists of mannose supplementation
(which bypasses the enzymatic defect in MPI) [23], it might also
be an alternative or add-on treatment for HFI [18].

Therefore, the aims of this present study were to determine: (1)
hepatic nucleotide levels in a mouse model for HFI, and (2), the
effect of mannose supplementation on hepatic nucleotide sugar
levels and the fatty liver phenotype in HFI.

2 | Materials and Methods
2.1 | Animals

All experimental procedures were approved by the Animal
Experiments Committee of Maastricht University (Maastricht,
The Netherlands; AVD1070020187086) and in compliance with
the relevant guidelines from the Directive 2010/63/EU of the
European Parliament on the protection of animals used for sci-
entific purposes.

We used aldolase B knockout (Aldob~~) mice since they exhibit
similar metabolic features including hepatic F1P accumulation
and the fatty liver phenotype as seen in HFI patients [26, 27].
Aldob~~ mice in the C57BL/6NTac background were generated
as previously described (Figure S1 and Table S1) [26]. All mice
were maintained in temperature- and humidity-controlled spe-
cific pathogen-free conditions on a 12-h-dark and 12-h-light
cycle (lights on from 7:00am to 7:00 pm) and allowed ad libitum
access to a fructose-free diet (Bioserv, catalog F6700).

(FIGURE S2) depicts a flow diagram of the experimental de-
sign. Female mice were caged according to genotype (with at
least one litter mate; researcher non-blinded) and underwent a
2-week acclimatisation period to the experimental location prior
to the start of the experiment. After the 2-week acclimatisation
period, water treatment (control group) was non-randomly allo-
cated to female wildtype mice. Water treatment (control group)
and mannose treatment (experimental group) were randomly
allocated per cage of female Aldob~~ mice.

Next, eight-week-old water-treated wildtype mice (n=7) and
water-treated Aldob~~ mice (n=7) were followed-up for
4weeks. In parallel, eight-week-old Aldob~/~ mice (n=6) were
treated for 4weeks with 5% mannose (D-[+]-Mannose, Sigma-
Aldrich, CAS No.: 3458-28-4) via the drinking water (~200mg/
day, as done before to treat MPI-deficient mice [28]).

After the 4-week experiment, all animals were sacrificed by CO,/
0, inhalation (8 AM). After sacrifice, livers were immediately
collected, snap-frozen in liquid nitrogen, and stored at —80°C.
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2.2 | Analysis of Hepatic Nucleotide Sugars by
Triple-Quad Mass Spectrometry

Levels of hepatic nucleotide sugars were measured by triple-
quad mass spectrometry according to published methods
[29, 30]. For quantification of hepatic GDP-mannose levels,
quantified as a proxy and a downstream product of MPI ac-
tivity (Figure 1), we made use of an external GDP-mannose
calibration curve. Commercial GDP-mannose (Sigma, G-
5131, CAS 103301-73-1) was diluted in MilliQ water result-
ing in concentration series of 0.025, 0.05, 0.1, 0.2, 0.4, 0.8,
1.0, and 2.0 uM. Protein concentrations of the liver homoge-
nates were determined by a Lowry protein assay. Calibration
curves were measured in the same series, and intensities of
GDP-mannose in the samples was correlated with the stan-
dard curve to calculate concentrations per protein. Relative
hepatic nucleotide sugars were normalized based on the sum
of GDP-mannose, GDP-fucose, UDP-galactose, UDP-glucose,
UDP-N-hexosamine (i.e., the combined peaks of UDP-N-
acetylgalactosamine and UDP-N-acetylglucosamine), UDP-
glucuronic acid, UDP-xylose, CMP-N-acetyl-beta-neuraminic
acid, and CDP-ribitol. Data was processed in Skyline 20.2. The
levels of hepatic nucleotide sugars are shown as the relative
abundance of each nucleotide sugar.

2.3 | Analysis of Hepatic Fat by Biochemical Assay

Livers were homogenized in 250uL SET buffer (250mM su-
crose, 2mM EDTA, and 10mM Tris) using a Mini-bead beater
homogenizer (Biospec). Hepatic triglycerides were measured
using a colorimetric test (Triglycerides FS 5'ecoline, Diagnostic
System GmbH, Holzheim, Germany) as described previously
[31]. Hepatic triglyceride levels were corrected for protein con-
tent by using a BCA assay (BCA kit, Sigma-Aldrich, Germany)
according to the manufacturer's instructions.

2.4 | Statistical Analyses

Data in figures are presented as box-and-whisker plots indi-
cating the sample minimum, median, and sample maximum.
Data graphics were performed using GraphPad Prism 5.01 (La
Jolla California, USA). Statistical analyses were performed
with the use of the Statistical Package for Social Sciences
(Version 25.0; IBM, Chicago, IL). Data were analysed with
Mann-Whitney U tests and Hochberg-adjusted to correct
for multiple testing. A value of p<0.05 was regarded as sta-
tistically significant. No animals, experimental units, or data
points were excluded.

3 | Results

Water-treated wildtype mice had a higher body weight when
compared to water-treated Aldob~~ mice and mannose-treated
Aldob™~ mice (p=0.006 and p=0.028, respectively, Figure 2).
Noteworthy, mannose-treated Aldob~~ mice had a higher body
weight in comparison to water-treated Aldob~~ mice (p =0.035,
Figure 2), which was already evident at the start of the experi-
ment (p=0.022 at baseline, data not shown).
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FIGURE2 | Effectsofaldolase Bdeficiency and mannose supplemen-

tation on body weight. Body weight (g) in female water-treated wildtype
(Aldob*"*) (n=7), water-treated Aldob~'~ (n=7), and mannose-treated
Aldob~~ mice (n=6). Data are presented as sample minimum, medi-
an, and sample maximum. Analysed with Mann-Whitney U tests with
Hochberg-adjustment.

Four out of the 6 mannose-treated Aldob~~ mice developed
severe morphological eye defects (i.e., cloudy eyes and smaller
eyecups), within 1week after mannose supplementation initia-
tion. Of interest, none of the mice with eye defects seemed to be
affected in terms of welfare, weight gain, and eating and drink-
ing behavior.

3.1 | Effects of Aldolase B Deficiency and Mannose
Supplementation on Hepatic Nucleotide Sugars

We measured hepatic GDP-mannose and GDP-fucose (formed
from GDP-mannose) levels as a proxy and a downstream prod-
uct of MPI activity. Absolute hepatic GDP-mannose was lower
in water-treated Aldob~/~ mice when compared to water-treated
wildtype mice (p=0.002, Figure 3A).

Next, we analysed the relative levels of hepatic GDP-mannose
and GDP-fucose. Consistent with the absolute levels, relative
hepatic GDP-mannose was lower in water-treated Aldob~/~
mice when compared to water-treated wildtype mice (p=0.002,
Figure 3B). Hepatic GDP-fucose was also lower in water-treated
Aldob~~ mice when compared to water-treated wildtype mice
(p=0.002, Figure 3C).

We also analysed the relative levels of other hepatic nucleotide
sugars that are not directly related to MPI activity. Both hepatic
UDP-glucuronic acid and hepatic UDP-xylose were lower in water-
treated Aldob~~ mice compared to water-treated wildtype mice
(p=0.002 and p=0.003, respectively, Figure 3D,E). Hepatic UDP-
galactose, UDP-glucose, hepatic UDP-N-acetylglucosamine, and
hepatic UDP-arabinose were not different between the groups

30f7



(A)

= 0.02500, p=0.003
© 1
B p=0.002
S 0.020004 —
j=2]
£
g 0.01500- i
E
2
S 0.00002
=
©
£
o
8 0.00001
Q2
©
: B ==
T 0.00000 . = '
Wildtype Aldob™ Aldob™
water water mannose
(D)
0147 p=0.003
1
0.124 p=0.002
8
] p=0.035
© 0.104 T
j =
o
3 0.084
=]
>
% 0.061
)
o
T 0.04 L
o
(0]
I
0.024
0.00 T ——— :
Wildtype Aldob™ Aldob™
water water mannose
0.4+
o 0.3
172
Q
o
=)
>
o
o 0.2
=)
°
©
o
[}
T 011 E
0.0 T — —
Wildtype Aldob™ Aldob™
water water mannose
o 0077 p=0.003
3 .
S 0.6 p=0.002
k=
IS
S 0.054
3
[]
<
& 0.04-
>
Q
§ 0.031
=
L 002
5 1
ke
T 0.01-
Q.
(]
I e
0.00 T — —
Wildtype Aldob™ Aldob™
water water mannose
FIGURE3 | Legend on next page.
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FIGURE 4 | Effects of aldolase B deficiency and mannose supple-
mentation on liver fat. Intrahepatic lipid (IHL) content (triglycerides/
protein) in female water-treated wildtype (Aldob**) (n=7), water-
treated Aldob~~ (n=7), and mannose-treated Aldob~/~ mice (n=6).
Data are presented as sample minimum, median, and sample maximum.
Analysed with Mann-Whitney U tests with Hochberg-adjustment.

(Figure 3F-I). In addition, hepatic CMP-N-acetyl-beta-neuraminic
acid was higher (p=0.002, Figure 3J), while hepatic CDP-ribitol
was lower in water-treated Aldob~~ mice compared to water-
treated wildtype mice (p=0.002, Figure 3K).

Last, we studied the effects of 4-week mannose supplementa-
tion on hepatic nucleotide sugars in Aldob~~ mice. Absolute
hepatic GDP-mannose was not different between water-
treated Aldob~~ mice and mannose-treated Aldob~~ mice
(Figure 3A). Furthermore, apart from hepatic UDP-glucuronic
acid (p=0.035, Figure 3D), mannose treatment did not affect the
relative levels of hepatic sugar nucleotides (Figure 3B,C,E-K).

3.2 | Effects of Aldolase B Deficiency and Mannose
Supplementation on Liver Fat

Water-treated Aldob™~ mice had a higher intrahepatic lipid
content when compared to wildtype mice (p=0.05, Figure 4),
consistent with previous studies demonstrating a fatty liver phe-
notype in Aldob~/~ mice [19, 26, 27, 32].

Next, we studied the effects of 4-week mannose supplementa-
tion on liver fat in Aldob~/~ mice. In contrast to our hypothesis,
intrahepatic lipid content did not differ between water-treated
Aldob™~ mice and mannose-treated Aldob~~ mice (p=0.731,
Figure 4).

4 | Discussion

We found abnormal levels of hepatic nucleotide sugars in a mouse
model for HFI, but mannose supplementation did not reverse these
nucleotide sugars abnormalities nor the fatty liver phenotype.

Glycosylation, the addition of a carbohydrate chain to proteins,
is one of the most common post-translational modifications and
affects many aspects of protein function (e.g., protein folding,
enzyme activity, and cell-to-cell and cell-to-extracellular matrix
interactions) [33]. MPI-CDG is a primary defect in glycosylation
caused by mutations in MPI and is characterized by, amongst oth-
ers, hypoglycaemia, hepatic steatosis, and fibrosis [23]. Treatment
with oral mannose has been shown to improve most symptoms of
the disease, as it can serve as a substrate for mannose 6-phosphate,
independent from MPI (Figure 1) [23, 34]. Of interest, HFI shows
some clinical overlap with MPI-CDG. Patients with HFI also
present with hepatic steatosis and, in some cases, hepatic fibrosis
[14-17]. Furthermore, previous studies have shown that HFI pa-
tients are characterized by a secondary impairment of glycosyla-
tion due to F1P-mediated inhibition of MPI (Figure 1) [14, 35, 36].
In agreement, to the best of our knowledge, we are the first to
demonstrate hepatic nucleotide sugar abnormalities in a mouse
model that phenocopies HFI.

Besides lower hepatic GDP-mannose and hepatic GDP-fucose lev-
els, in line with F1P-mediated impairment of MPI (Figure 1), we
also found other relative hepatic nucleotide sugars abnormalities
in Aldob~~ mice. These findings could either be spurious (relative
differences due to normalization) or have a true biological explana-
tion. Previous animal studies have demonstrated a higher glucose
uptake in Aldob~~ mice in comparison to wildtype mice [27, 32].
Consequent glucose phosphorylation results in increased glucose
6-phosphate levels which could, amongst others, facilitate the con-
version into glucose 1-phoshate. The latter can be converted into
UDP-galactose and UDP-glucose (via the Leloir pathway) [37, 38],
and could explain the suggestively higher levels of hepatic UDP-
galactose in Aldob™~ mice (p=0.052, Figure 3F).

Although Aldob~~ mice presented with reduced hepatic GDP-
mannose (and GDP-fucose) levels, mannose supplementation
did not correct the hepatic nucleotide sugars abnormalities nor
liver fat. Aldob~~ mice were treated with 5% mannose via the
drinking water for 4weeks (~200mg/day). It could be specu-
lated that the mannose dose was too low and/or mannose was
not properly taken up by the liver. Unfortunately, we did not
measure serum mannose levels in this study. Of note, we based
the dose of mannose on a previous study by He and colleagues
in which MPI-deficient mice were treated with 5% mannose
in the drinking water for 7days (providing ~200 mg mannose/
day), which increased serum mannose levels by 20%-40% [28].
The authors found that 5% mannose supplementation restored
ICAM-1 expression in the vasculature of MPI-deficient mice
[28], demonstrating that the dose of mannose was efficacious
to improve the inflammatory response. Furthermore, another

FIGURE 3 | Effects of aldolase B deficiency and mannose supplementation on hepatic nucleotide sugars. (A) Absolute hepatic GDP-mannose

(umol/mg protein) in female water-treated wildtype (Aldob*/*) (n="7), water-treated Aldob~~ (n=7), and mannose-treated Aldob~/~ mice (n=6).

(B-K) Relative levels of hepatic nucleotide sugars (relative abundance of each nucleotide sugar) in the same groups as panel A. Data are presented as

sample minimum, median, and sample maximum. Analysed with Mann-Whitney U tests with Hochberg-adjustment.
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study reported severe morphological eye defects in 45% of
mannose-treated MPI-deficient mice [39]. These defects were
clearly evident at 2-8weeks after birth but none of the MPI-
deficient mice had eye defects when mannose was added to the
drinking water at 6-8 weeks of age (i.e., 2-4 weeks after full eye
development) [39]. In the present study, 67% of mannose-treated
Aldob™~ mice developed eye defects, including cloudy eyes and
smaller eyecups. The Aldob~~ mice were 8 weeks of age prior to
the start of mannose treatment and yet developed eye defects,
which shows that mannose treatment induces eye toxicity after
8weeks of age in Aldob~~ mice. Taken together, these data
collectively suggest that 5% mannose supplementation via the
drinking water must have been efficacious. However, it cannot
be excluded that a higher dose of mannose is needed to reverse
the hepatic nucleotide sugars abnormalities and the fatty liver
phenotype in Aldob~~ mice. Noteworthy, other secondary de-
fects in glycosylation, like classical galactosemia, are also not
associated with chronic fatty liver disease.

In conclusion, we found abnormal levels of hepatic nucleotide
sugars in a mouse model for HFI, as seen in patients in HFIL.
Furthermore, mannose supplementation (as used for the treat-
ment of MPI-CDG) does not appear to be a suitable alternative
or add-on treatment for HFI. Future studies are needed to iden-
tify the underlying mechanisms responsible for the abnormal
hepatic nucleotide sugar pattern and intrahepatic lipid accumu-
lation in HFI.
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