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Abstract

We describe a patient with failure to thrive, hepatomegaly, liver dysfunction, and elevation of 

multiple plasma lysosomal enzyme activities mimicking mucolipidosis II or III, in whom a 

diagnosis of hereditary fructose intolerance (HFI) was ultimately obtained. She presented before 

introduction of solid foods, given her consumption of a fructose-containing infant formula. We 

present the most extensive panel of lysosomal enzyme activities reported to date in a patient with 

HFI, and propose that multiple enzyme elevations in plasma, especially when in conjunction with 

a normal plasma α-mannosidase activity, should elicit a differential diagnosis of HFI. We also 

performed a review of the literature on the different etiologies of elevated lysosomal enzyme 

activities in serum or plasma.
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INTRODUCTION

The elevation of multiple lysosomal enzyme activities in plasma, with severe reduction 

in fibroblasts and normal activities in leukocytes, is characteristic for mucolipidosis II 
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or III. However, the elevation of multiple lysosomal enzyme acitivities in plasma has 

also been described in other inborn errors of metabolism, such as congenital disorders of 

glycosylation, galactosemia, and hereditary fructose intolerance (HFI) [Michelakakis et al., 

2009]. This occurs either due to mistargeting of enzymes to compartments other than the 

lysosomes, eventually leading to their secretion outside of the cell, or due to defective 

reuptake once they are secreted extracellularly [Barone et al., 1998]. In this report, we 

present the most comprehensive panel of lysosomal enzyme activities to date in a patient 

with HFI, and propose that the diagnosis of HFI be suspected in patients with multiple 

elevated plasma enzyme activities, especially when accompanied by normal α-mannosidase 

activity. We also provide a word of caution for pediatricians who prescribe infant formula 

containing fructose, as this can unmask a diagnosis of HFI before introduction of solid 

foods.

MATERIALS AND METHODS

Lysosomal Enzyme Activities

The activities of 10 lysosomal hydrolases were measured in plasma and six were measured 

in cultured fibroblasts. A fixed volume of plasma or sonicate was incubated with an enzyme-

specific 4-methylumbelliferone (4-MU) conjugated substrate for a specified length of time 

(0.5–24 hr depending on the specific enzyme). The reaction was stopped by adding a high 

pH buffer and the fluorescence released during the enzymatic reaction was measured by 

comparison to a 4-MU standard curve using a Shimadzu fluorometer. Enzyme activities 

were calculated after correction for sample volume and incubation time. Enzyme activities 

measured in fibroblasts were also corrected for the total protein concentration of the cell 

lysate (mg protein). Acid sphingomyelinase activity was measured in a dried blood spot 

using reagents provided by the Centers for Disease Control. Extract from a 3.2 mm punch 

was incubated with an enzyme-specific substrate for 20 hr at 37°C and the product purified 

by a series of liquid/liquid and solid phase extractions prior to injection and analysis on a 

tandem mass spectrometer. The amount of product formed was compared to a standard curve 

and enzyme activity was corrected for incubation time and the volume of blood present 

within a 3.2 mm punch from a dried blood spot card.

Measurements of plasma and leukocyte enzyme activities at 8 months were performed at a 

different institution, as previously described [Wenger and Williams, 1991].

Carbohydrate Deficient Transferrin (CDT)

For the isoelectric focusing, transferrin species of differing sialic acid content within the 

patient’s plasma were separated according to their total negative charge via isoelectric 

focusing utilizing a Phast-gel dry isoelectric focusing system. The transferrin protein 

sialoforms were visualized using goat antiserum to human transferrin combined with 

Coomassie blue staining.

CDT by nephelometry was measured by using antibodies that recognize transferrin 

isoforms that lack sialic acid, while at the same time measuring total transferrin. CDT-

coated polysterene particles then bind polysterene particles coated with CDT-monoclonal 

Ferreira et al. Page 2

Am J Med Genet A. Author manuscript; available in PMC 2023 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibodies. CDT, depending on its concentration, inhibits this binding, thus allowing its 

determination by nephelometry. CDT is then calculated as a percentage of total transferrin.

Massively Parallel Sequencing

The genomic DNA was prepared for targeted sequencing using the TruSight One library 

preparation kit (Illumina, San Diego, CA) following the manufacturer’s instructions. 

Following generation of FASTQ files on a NextSeq 500 sequencer (Illumina), the sequence 

was aligned to the hg19 reference genome using the Burrows-Wheeler Aligner (BWA) 

version 0.7.7. The Genome Analysis Toolkit (GATK) version 1.6 was used for variant 

calling, and Omicia Opal 4.8.0 was used for variant annotation.

Sanger Sequencing

The relevant portion of the ALDOB gene was PCR-amplified from genomic DNA. 

Bidirectional sequence data was obtained and compared to the published reference sequence 

(NM_000035.3).

CLINICAL REPORT

The patient presented to the hospital at 3 months of age with failure to thrive and greasy 

stools. Both her weight and weight-for-length were below the third centile, while her length 

was at the 10th centile. Her liver was palpable 3–4 cm below the right costal margin. An 

abdominal ultrasound revealed a liver size of 9.1 cm, confirming hepatomegaly, as well 

as increased liver echogenicity. Laboratory results revealed: (i) cholestasis, with a total 

bilirubin of 1.4 mg/dl (normal: <0.8), conjugated bilirubin of 1.3 mg/dl (normal: <0.4), and 

alkaline phosphatase of 707 U/L (normal: 125–547); (ii) hepatocellular damage, with an 

ALT of 245 U/L (normal: 26–61) and AST of 400 U/L (normal: 16–61); (iii) coagulopathy, 

with an aPTT of 53.6 sec (normal: 20.8–34.0), PT of 26.1 sec (normal: 11.4–14.0), INR 

of 2.52 (normal: 0.88–1.14), and fibrinogen of 159 mg/dl (normal: 200–500 mg/dl); (iv) 

very low HDL level of 3 mg/dl (normal: 12–60); (v) urine analysis without proteinuria or 

glucosuria, with negative urine reducing substances; (vi) qualitative fecal fat analysis grossly 

abnormal with large fat globules, 9–75 microns in diameter, so numerous that there was very 

little fecal background observed microscopically under high power.

Given the presence of hepatomegaly with low HDL levels, the diagnoses of Gaucher and 

Niemann–Pick type A or B were entertained. Leukocyte β-glucosidase activity was normal 

at 3.58 nmol/hr/mg (normal: 1.44–14.7), while acid sphingomyelinase activity in a dried 

blood spot (DBS) was elevated to the degree observed in patients with Mucolipidosis 

II or III. Additional lysosomal enzyme testing in plasma was found to be suggestive of 

mucolipidosis (Table I). Subsequent sequencing and deletion/duplication analysis of the 

GNTPAB and GNTBG genes did not reveal any pathogenic alterations. Repeat testing of 

plasma lysosomal enzymes at 7 months of age revealed persistent elevations albeit to a 

milder degree (Table I).

At follow-up at 8 months, the patient still had profound failure to thrive, by now with a 

cachectic appearance and prominence of the veins throughout. Both her weight and length 

were below the third centile, with her weight being average for a 2-month-old girl, and her 
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length average for a 3-month-old girl. She continued to have liver dysfunction, with an AST 

of 367 U/L, and ALT of 208 U/L. At this point, lysosomal enzyme activities were measured 

in plasma, leukocytes, and fibroblasts. Leukocyte and fibroblast activities were essentially 

normal and only one of the three plasma enzymes measured was elevated (Table II).

At 10 months of age, her uric acid was at the upper limit of normal at 5.3 mg/dl 

(normal: 1.5–5.4), her serum was noticed to be lipemic, with triglycerides elevated 

at 345 mg/dl (normal: 33–115), without hypercholesterolemia (total cholesterol 83 

mg/dl; normal: 125–170). There was some proximal renal tubular involvement, with 

hyperphosphaturia (phosphate/creatinine ratio 5.52 mg/mg; normal: 0.34–5.24), but there 

was no hyperaminoaciduria. Further workup for secondary causes of lysosomal enzyme 

mistargeting, including congenital disorders of glycosylation (CDGs) or HFI, was pursued. 

CDT measured by nephelometry was markedly increased at 20.8% (normal: <2.5%), and 

a transferrin isoelectric focusing (TIEF) run on a stored plasma sample obtained when the 

patient was 7 months old revealed a type I CDG pattern (see Fig. 1). At this point, further 

questioning revealed an incipient dietary history of fruit aversion now that she had recently 

started consuming solid foods.

Subsequent massively parallel sequencing revealed a homozygous mutation in the ALDOB 
gene: c.448G>C (p.Ala150Pro) (dbSNP ID: rs1800546), the most common mutation found 

in patients with HFI. Targeted Sanger sequencing confirmed the variant identified.

In retrospect, her admission to the hospital occurred 6 weeks after she was weaned. Initially 

she was placed on Similac® Soy Isomil® (carbohydrate source: corn syrup and sucrose) 

which likely led to her hospitalization. She was then placed on Similac Expert Care® 

Alimentum (carbohydrate source: sucrose ± modified tapioca starch ± maltodextrin) and had 

some improvement of symptoms. Once fructose restriction was initiated at 10 months, there 

was marked improvement in growth parameters; additionally, the CDT test normalized (not 

shown).

DISCUSSION

There were several factors that delayed the diagnosis of HFI in our patient. First, it is 

poorly recognized that several infant milk formulas contain fructose, a fact that can be 

easily missed and thus impact the speed with which diagnosis is achieved. Other notable 

findings that delayed diagnosis were the lack of emesis and the fact that she had no urine 

reducing substances, even in the acute setting. However, this test is known to have poor 

sensitivity, as it was only positive in 14 of 20 untreated HFI patients tested in one series 

[Baerlocher et al., 1978], and in 19 of 55 individuals in another [Odièvre et al., 1978]. She 

also lacked hyperaminoaciduria. On the other hand, an important diagnostic clue was the 

finding of lipemic serum, as lipemia and hypertriglyceridemia have been described in several 

patients with HFI [Odièvre, 1969; Borrone et al., 1982]. Finally, the finding of elevated 

serum lysosomal enzyme activities early in the course of her disease, although previously 

described in patients with HFI, also contributed to the diagnostic delay since the previously 

reported elevations were much milder—β-hexosaminidase as high as 1.5 times the upper 

limit of normal [Michelakakis et al., 2009; Moraitou et al., 2012] compared to 5.1 times 
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the upper limit of normal in our patient. There are several etiologies for the elevation of 

multiple lysosomal enzyme activities in serum or plasma (Table III). However, in most of 

these conditions the increased activities are not within levels compatible with mucolipidosis 

II or III, as it was in our patient.

An elevation of arylsulfatase A serum activity to about twice the upper limit of normal 

(ULN) was reported in the first case report of a CDG [Jaeken et al., 1980]. Since then, 

there have been a few case series reporting elevation of multiple serum lysosomal enzyme 

activities in patients with a type I CDG pattern [Barone et al., 1998; Beccari et al., 2000], 

but in all cases where α-mannosidase activity was measured, it was found to be normal. 

The elevation of multiple lysosomal enzyme activities in serum has also been described 

in a case of type II CDG, that being COG7-CDG—formerly named CDG-IIe [Spaapen et 

al., 2005]. These abnormal lysosomal enzyme activities have been hypothesized to result 

from missorting, reduced intracellular reuptake, and/or decreased enzymatic stability due to 

defective glycosylation [Barone et al., 1998].

HFI can also cause a positive CDT test as the activity of phosphomannose isomerase 

is inhibited by accumulated fructose 1-phosphate [Jaeken et al., 1996]. Thus, it is not 

surprising that increased serum activities of different lysosomal enzymes can exist in 

cases of secondary disorders of glycosylation such as HFI. Michelakakis et al. [2009] and 

Moraitou et al. [2012] reported normal activity of plasma α-mannosidase with variable 

elevations of aspartylglucosaminidase and β-hexosaminidase activities in two patients with 

HFI, with a decrease of those activities after initiation of fructose restriction. In these 

prior case reports, however, the degree of elevation was not as pronounced as that seen 

in mucolipidosis II or III, and thus not as pronounced as in our patient. Of note, plasma 

lysosomal enzyme activities decreased in our patient before the correct diagnosis was made, 

as she started self-restricting fructose. As in our patient, plasma lysosomal enzymes have 

been noted to normalize even with partial fructose restriction, while TIEF still remains 

abnormal [Moraitou et al., 2012]. TIEF is thus a more sensitive test than lysosomal enzyme 

analysis for monitoring dietary compliance in HFI. In fact, even in HFI patients on long-

term dietary treatment, only 30 of 134 CDT values were found to be normal [Pronicka et al., 

2007].

In patients with mucolipidosis type II or III, the activity of lysosomal enzymes in leukocytes 

is not different than in controls. However, in patients with PMM2-CDG it has been 

demonstrated that the activities of several lysosomal enzyme activities are reduced in 

leukocytes [Barone et al., 1998]. In contrast, in a patient with COG7-CDG, several activities 

were found to be selectively elevated in leukocytes, and decreased in fibroblasts [Spaapen 

et al., 2005]. Thus, whatever the mechanism by which abnormal glycosylation affects 

lysosomal enzyme activities in different cell populations, it seems to be different than in 

mucolipidosis.

In summary, HFI should be included in the differential diagnosis of marked elevation of 

multiple serum lysosomal enzyme activities, in particular when there is normal activity 

of α-mannosidase. Clinicians should also be aware that several infant formulas contain 

fructose.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Transferrin isoelectric focusing at 7 months. Lane 1: PMM2-CDG positive control; lane 2: 

negative control; lanes 4 and 8: patient.
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α-fuc, α-fucosidase; α-glc, α-glucosidase; α-man, α-mannosidase; AGA, Aspartylglucosaminidase; ARS, ARS; β-gal, β-galactosidase; β-glc, 
β-glucosidase; β-glu, β-glucuronidase; β-hex, β-hexosaminidase; β-man, β-mannosidase; CDG, Congenital disorders of glycosylation; CI-MPR, 
cation-independent mannose 6-phosphate receptor; HCC, Hepatocellular carcinoma; M6P, mannose 6-phosphate; MPS, mucopolysaccharidosis; 
NAGLU, NAGLU; Sia, Sialidase; ULN, upper limit of normal.

a
Expressed as mean activity in the disease state divided by mean activity in controls. When the mean activity for controls is not provided, the 

comparison is made against the upper limit of the normal range. When comparing means, only data that was shown to be statistically significant—
with a P < 0.05—and increased by at least 25% is included in the table. Numbers are rounded to the nearest decimal.

b
Correlates with glycemic control.

c
Increases with stage of disease.

d
Increases in active stage.

e
Increases throughout pregnancy.

f
Increases with severity of pulmonary involvement.

g
Only in patients >13 years old; increases with severity of pulmonary involvement.

h
Increase with dose.

i
Correlates inversely with CD4 count.
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