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ABSTRACT

Transaldolase deficiency is a rare metabolic disease caused by pathogenic variants in the TALDOI gene.
Transaldolase plays an important role in the ribose-5-phosphate production, maintaining the NADPH-dependent
lipid biosynthesis and cellular redox homeostasis. A small number of patients, predominantly children, have been
reported, with a wide range of phenotypic presentations, including liver and kidney disease, involvement of the
hematopoietic and endocrine systems, as well as possible early death. We aim to provide further insight into the
clinical progression of transaldolase deficiency in adolescence and adulthood.

We report on three adult patients with genetically confirmed transaldolase deficiency, including two novel
genetic variants in TALDOI. Although the patients have been symptomatic since newborn age, initially with
hepatomegaly and cytopenias, they were only diagnosed during adolescence or adulthood. Genetic analysis was
performed only at 17, 26, and 32 years, respectively, which, however, did not reveal any genetic variants that
would be expected to cause a milder disease course. In adulthood, the dominant clinical features were hyper-
gonadotropic hypogonadism, osteopenia, renal and hepatic involvement.

In conclusion, when reporting three new adult cases and comparing them with 47 accessible cases from the
literature, our findings suggest that, even if clinical manifestations begin in the neonatal period, the overall
phenotype may remain relatively mild, with gradual progression. This means that patients presenting with
otherwise unexplained progressive liver disease, kidney dysfunction, cytopenia, and hypergonadotropic hypo-
gonadism should be tested for transaldolase deficiency. We recommend closely monitoring patients with known
transaldolase deficiency regarding the above-mentioned problems.

1. Introduction

dysmorphism, cytopenias (anemia, thrombocytopenia, and/or leuko-
penia), hepatic cirrhosis, and additional cardiac, renal, and endocrine

Transaldolase deficiency is caused by biallelic pathogenic variants in
the TALDO1 gene, located on chromosome 11p15.5 (OMIM: #606003,
GenBank accession no. NM_006755.2) [1]. This rare autosomal recessive
metabolic disorder may present prenatally with hydrops fetalis and in-
trauterine growth restriction (IUGR), and is characterized by facial

involvement [2,3]. Transaldolase (EC 2.2.1.2) catalyzes a crucial step in
the pentose phosphate pathway, namely, the reversible transfer of a
three-carbon unit from sedoheptulose-7-phosphate to glyceraldehyde-3-
phosphate, as a result producing fructose-6-phosphate and erythrose-4-
phosphate [4]. This metabolic step links the non-oxidative phase of the
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pentose phosphate pathway to glycolytic intermediates (Fig. 1) [4,5].
The pentose phosphate pathway provides precursors for the aromatic
amino acids, for ribonucleic acid (RNA), and deoxyribonucleic acid
(DNA) synthesis; moreover, it plays a key role in inactivating the reac-
tive oxygen species (ROS) and in biosynthetic processes (reductive
biosynthesis) by generating reduced nicotinamide adenine dinucleotide
phosphate (NADPH) [4]. Transaldolase deficiency was first described in
2001 in a Turkish girl residing in the Netherlands [6]. To date, about 50
cases of transaldolase deficiency have been published in the literature,
caused by 17 distinct genetic variants and demonstrating a wide range of
phenotypic variability. Notably, early-childhood mortality is relatively
high, and only a limited number of affected individuals have been re-
ported to survive into adulthood [7,8]. Here, we present the phenotypic
and genotypic characteristics of three adult patients - two female and
one male - who underwent longitudinal monitoring. We specifically
highlight the clinical features observed in these adult cases to support
the medical management of this multisystemic metabolic disorder.

2. Patients and methods

Individuals aged 18 years or older with biallelic variants in TALDO1
were included in this multicenter study. The medical history of all
subjects was thoroughly reviewed. Clinical data, laboratory results, ge-
netic findings, and longitudinal follow-up information were collected
via a case report form (CRF).

To enhance clarity and ensure participant anonymity, the patients
were labeled as P1, P2, and P3.

Quantification of urinary sugars, polyols and seven-carbon sugars
was performed using gas chromatography-mass spectrometry (GC-MS)
[9] and liquid chromatography-tandem mass spectrometry (LC-MS/
MS) [10,11].

The listed Human Phenotype Ontology (HPO) terms were selected to
describe the clinical phenotype, as shown in supplementary table S1.
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To search for published cases, PubMed was screened using the MeSH
term “transaldolase deficiency”. Furthermore, the references of all
publications were screened for further relevant publications in May
2025. Inclusion criteria were genetically confirmed transaldolase defi-
ciency with clinically apparent manifestations. Based on the literature
reviewed, we arrived at a total of 47 published cases at our disposal,
although we acknowledge the existence of further cases that were re-
ported in earlier publications but were not available to us for evaluation
[2,6-8,12-30]. In addition, there are our 3 cases, bringing the total
number of cases included in this study to 50. All tables and figures were
designed using Microsoft Word, Biorender, and R Studio, the ggplot2
package.

3. Results
3.1. Genetic and biochemical studies

Three adult individuals (from Austria, Germany, and Turkey) with
pathogenic variants in TALDO1 (NM_006755.2) were included in the
study (for genotype see Table 1). The genetic variants found in patient 2
(c.131_133del, p.(Thr44del); deletion of exon 3) were not previously
reported in the literature. The c¢.131_133del was classified as “likely
pathogenic” (PP4_mod, PM3, PM2 supp, PM4 _supp) and the exon 3
deletion as “pathogenic” (PVS1, PM2_supp, PM3_supp, PP4_mod) ac-
cording to ACMG-AMP criteria [31]. Fig. 2 shows the localization of the
known TALDO1 variants.

In almost all of these variants, a severe functional impairment can be
assumed, which would be consistent with the early manifestation of
clinical symptoms. But despite the fact that all three patients showed an
early-onset form (i.e., a manifestation prenatally or before 1 month of
age), none of them were diagnosed during childhood. Instead, the di-
agnoses were established later, via gene sequencing at 17 years (P3), 26
years (P2), and 32 years (P1), respectively. In all our patients, the
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Fig. 1. Schematic overview of the pentose phosphate pathway and its connection to glycolysis. Abbreviations: G6PD: glucose-6-phosphate dehydrogenase, 6PGL: 6-
phosphogluconolactonase, 6PGD: 6-phosphogluconate dehydrogenase, RPE: ribulose-phosphate 3-epimerase, RPI: ribose-5-phosphate isomerase, TKT: transketolase,
TALDO: transaldolase, PPP: pentose phosphate pathway, GSSG: glutathione disulfide, GSH: glutathione, NADP: nicotinamide adenine dinucleotide phosphate.
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Table 1
Genetic variants of TALDO1 alleles in our study population with the derived change of amino acid sequence. Abbreviations: PID patient identification, NA: not
available.
PID Allele 1 ¢cDNA (NM_006755.2) Allele 1 protein change (NP_006746.1) Allele 2 ¢cDNA (NM_006755.2) Allele 2 protein change (NP_006746.1)
P1 c.574C > T p.(Arg192Cys) c.574C > T p-(Argl92Cys)
P2 ¢.131_133del p.(Thr44del) deletion of exon 3 NA
p3! c.345dupA p.(Asp116ArgfsTer80) ¢.345dupA p-(Asp116ArgfsTer80)

T known consanguinity of parents.

diagnosis was supported by elevated urine polyols (see Table 2).

3.2. Clinical course

The following sections will provide a detailed description of the
organ involvement in the three patients.

3.2.1. Liver anomalies

All three patients developed hepatomegaly during infancy, which
persisted over the years. In patient one (P1), liver enzymes were
elevated in the neonatal period, with a plasma aspartate transaminase
(AST) activity of 53 U/L (ref.: <31 U/L) and alanine transaminase (ALT)
activity of 62 U/L (ref.: <34 U/L), and they remained mildly elevated
over time. In addition, cholecystolithiasis was detected in the neonatal
period and persisted on follow-up imaging over the years. At 29 years of
age, a liver biopsy was performed due to severe esophageal variceal
bleeding. Histology showed progressive liver remodeling, but no
definitive evidence of cirrhosis. The esophageal varices were then
attributed to portal hypertension, with a possible additional contribu-
tion from concomitant pulmonary hypertension (see below). Carvedilol
was subsequently initiated to manage the portal hypertension. By 34
years of age, cirrhosis was confirmed histologically, consistent with the
ultrasound and MRI findings. Splenomegaly was noted in infancy and
persisted over time.

Patient 2 (P2) showed elevated liver enzymes from the neonatal
period through adolescence, with plasma ALT activity levels up to 61 U/
L (ref.: <35 U/L) and AST up to 42 U/L (ref.: <37 U/L). At 10 months of
age, a liver biopsy showed hepatic steatosis with portal fibrosis and
glycogen accumulation. Because of the persistently elevated liver en-
zymes, an increased lactate level of 3.5 mmol/L, and chronic kidney
disease (stage II-III), a mitochondrial disorder was initially considered
the most likely diagnosis. Due to renal carnitine loss and the suspected
mitochondrial disorder, she was treated with carnitine until receiving
the definitive diagnosis of transaldolase deficiency. By the age of 20
years, this patient had developed cholecystolithiasis, too. Splenomegaly
was intermittently present from the age of 4 years.

P3 showed a borderline plasma AST activity (73 U/L) (ref.: <77 U/L)
and an elevated ALT activity of 111 U/L (ref.: <49 U/L) during the third
month of life, with otherwise normal liver function. Liver enzymes
normalized after the first year and remained within normal range. Liver
biopsy was performed at 7 months of age, due to the early death of his
sister with liver cirrhosis. It showed moderate microvesicular paren-
chymal steatosis, with sparse disseminated single-cell necrosis, without
any signs of cirrhosis, inflammation, or cholestasis.

3.2.2. Hematological anomalies

During the newborn period, all three patients presented with anemia
without requiring transfusions. It spontaneously resolved completely in
P2, to a large extent in P3, whereas P1 continues to have anemia to date.
In P1, anemia was first noted in infancy (erythrocytes 3.15 x 10"12/L;
ref.: 4-5.3 x 10"12/L) and persisted into adulthood; at 38 years,
erythrocytes were 3.33 x 10"12/L (ref.: 4.1-5.1 x 10"12/L) with he-
moglobin 12.4 g/dL, MCV 101 fL, RDW 12.5%, and reticulocytes 72 x
10"12/L (ref.: 25-100 x 10712/L), consistent with normocytic anemia.

P2 presented in the postnatal period with anemia (exact laboratory
values not available), which resolved spontaneously, and the

erythrocyte counts stayed within normal limits thereafter.

In P3, normocytic anemia (Hb: 10 g/dL, MCV: 85 fL, erythrocyte
count: 3.36 x 10712/L) was observed during early infancy. Anemia
resolved at kindergarten age but recurred in a very mild form (Hb 12.7
g/dL) with normal MCV, MCHC, and slightly increased reticulocytes
(108 x 10"12/L; ref.: 25-105 x 10"12/L) in early adulthood.

Regarding leukocyte counts, P1 initially showed fluctuating leuko-
cyte counts from 3.1 to 5.4 G/L (ref.: 6-21 G/L). By the age of one year,
the leukocyte count was 3.8 G/L (ref.: 5-17 G/L). With 34 years,
pancytopenia persisted, with a leukocyte count of 0.89 G/L (ref.: 4-10
G/L). P2 presented with agranulocytosis at birth, which later resolved;
between the ages of 3 and 5 years, however, she developed recurrent
granulocytopenia (minimal: 675/ pL). At 4.5 years, she had an increased
susceptibility to infection, with recurrent upper respiratory tract in-
fections, for which an adenoidectomy eventually led to clinical
improvement. In a recent laboratory assessment at 28 years, leukopenia
of 2.91 G/L (ref.: 4-10 G/L) was detected again. In P3, neutropenia was
observed during the newborn period, which resolved and did not recur
beyond kindergarten age. Granulocytes showed a normal phagocytic
function and an impaired respiratory burst. P3 suffered from frequent
urinary tract infections in infancy and later from otitis media. He also
required hospitalizations for surgical intervention and intensive anti-
biotic treatment due to recurrent skin abscesses in various sites.

Thrombocytopenia was identified only in P1 with a progressive
decline in platelet count over the years (neonatal period: 110 G/L, 39
years of age: 23 G/L - ref.: 150-370 G/L).

None of our patients required regular transfusion or granulocyte
colony-stimulation factor during routine follow-up. However, P1 expe-
rienced severe esophageal variceal bleeding and underwent multiple
liver biopsies. In the context of these acute events and given the bleeding
risk associated with thrombocytopenia—particularly around biopsy
procedures—she received red blood cell and platelet transfusions.

3.2.3. Cardiopulmonary anomalies

In P1, an atrial septal defect (ASD) was identified in the newborn
period. At 10 years, a heart catheterization confirmed an 8 mm ASD II
without a hemodynamically significant shunt; therefore, surgical
closure was not indicated. Moreover, an increase of the pressure in the
right ventricle and the pulmonary arterial vascular system was
observed. In adulthood (at the age of 28 years), the patient presented
with exertional dyspnea as a sign of NYHA II cardiac insufficiency.
Further investigations revealed marked pulmonary arterial hyperten-
sion on both echocardiography and right heart catheter examination,
which was responsible for right heart failure and possible congestion of
the azygos vein and downhill esophageal varices. Therapy with maci-
tentan and inhaled iloprost resulted in clinical improvement; the patient
is currently classified as NYHA I under sildenafil therapy. During spi-
roergometrical examination at 36 years, oxygen saturation dropped to
85% at peak exertion. This result might reflect the underlying metabolic
disease; however, an association with pulmonary arterial hypertension
cannot be excluded.

In P2, ASD II was diagnosed during the neonatal period, which closed
spontaneously during childhood without the need for intervention.
Additionally, the patient developed sinus bradycardia (HF <45/min,
especially at night) in adulthood. P2 showed no abnormalities during
spiroergometry.
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Fig. 2. Localization of TALDO1 variants. All known pathogenic variants including affected region of the encoded protein. (a) Exon-Intron structure of TALDO1 gene.
(b) Amino acid sequence. (c) Density plot of known pathogenic variants. (d) In silico effect prediction of TALDOI missense variants using REVEL score (rare exome
variant ensemble learner, a predicting method for the pathogenicity of missense variants based on individual tools) [63].

In P3, rapid exhaustion and fatigue were noticed early in toddler- were unremarkable. Spirometry and plethysmography were normal in
hood without signs of myocardial or pulmonary dysfunction. He was not adolescence, but at the age of 21 years, slight restrictive changes with
able to participate in sport activities. At the age of 17 years, spi- impaired ventilation and diffusion, without obstruction, were docu-
roergometry revealed decreased peak oxygen uptake and an exercise- mented. The same findings were confirmed upon a control examination
induced severe lactic acidosis. Echocardiography and thoracic x-ray one year later, indicating a permanent lung disease.
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Table 2
Urinary sugar and polyol levels in our patients, Abbreviations: H: high (elevated
level).

Sugars, polyols (mmol P1 (reference P2 (reference P3 (reference

/mol creatinine) range) range) range)
Erythritol 89 (14-88) H 118 (0-65) H 98 (14-88) H
Threitol 58 (0-35) H 17 (0-19) 22 (0-35)
Xylitol 5(0-12) 1 (0-6) 3(0-12)
Arabitol 128 (6-60) H 67 (0-50) H 115 (6-60) H
Ribitol 40 (0-7)H 23 (0-8) H 31 (0-7)H
Galactitol 1(0-15) 2 (0-4) 8 (0-15)
Perseitol 5(0-1)H 272 (0-0.02)H  2(0-1)
Sedoheptulose 333 (<9 H 0(0-13) 195 (<9 H
Mannoheptulose 15(<3)H 1(0-2) 15 (<3)H

3.2.4. Renal anomalies

At 23 years of age, routine assessment in primary care by P1 revealed
elevated serum creatinine and urea despite an eGFR >90 mL/min/1.73
mz, consistent with chronic kidney disease (CKD) stage 1. Renal function
declined gradually over the following years, reaching CKD stage 3a with
an eGFR of 50 mL/min/1.73 m? by the age of 34 years. Further diag-
nostic evaluation confirmed the diagnosis of renal tubular acidosis type
IT as well. She receives a potassium substitution.

Similarly, in P2, elevated serum creatinine concentrations were
observed at the age of 8 years. The diagnostic work-up revealed mixed
tubular and glomerular proteinuria (for laboratory values see supple-
mentary table S2). The decreased eGFR (35 mL/min/1.73 m? at 13
years) corresponded to CKD stage 3. At the age of 22 years, the new
finding of intermittent microhematuria led to a kidney biopsy showing
histological features consistent with focal segmental glomerulosclerosis
(FSGS).

A tubulopathy was diagnosed in the third patient (P3) at kinder-
garten age and has persisted over time. P3 had recurrent urinary tract
infections (Escherichia coli) during infancy, with the first occurrence in
the newborn age. Left-sided vesicoureteral reflux I° was shown. Tubular
proteinuria was diagnosed during the third year of age and has persisted
over time. The patient was treated for many years with angiotensin-
converting enzyme (ACE) inhibitors and currently with candesartan.
Kidney function was normal until primary school age. Later, he showed
an increased serum creatinine concentration (at the time of this report
1.57 mg/dL) and mild generalized aminoaciduria. Renal failure has
slowly progressed to CKD stage 3.

3.2.5. Skin anomalies

Cutis laxa occurred in P1 during the newborn period and normalized
over time. Both P1 and P3 individuals presented with dry skin and a
widespread network of visible blood vessels, first observed in infancy
and continuously present. P3 still has thin and loose skin with reduced
elasticity and sagging folds, but without permanent wrinkles. P2 showed
no transaldolase deficiency-related skin anomalies.

3.2.6. Endocrine abnormalities

P1 had primary amenorrhea. Hypergonadotropic hypogonadism was
identified at the age of 23 years (LH: 89.8 mU/mL (ref. postmenopausal:
11.3-40 mU/mL), FSH: >170 mU/mL (ref. postmenopausal: 21.7-153
mU/mL), estradiol <20 pg/mL (ref. postmenopausal: <20 pg/mL)).
Abdominal MRI revealed the absence of ovaries. At 28 years of age, the
patient developed hyperprolactinemia in the absence of structural ab-
normalities of the sella turcica on MRI. The condition was presumably
transient, with prolactin levels having normalized by 39 years of age.
Hypoparathyroidism was diagnosed in adulthood.

Following menarche at 15 years of age, P2 exhibited oligomenorrhea
(3-4 menstrual cycles per year), while thelarche and pubarche were
otherwise normal. Between 25 and 28 years of age, laboratory testing
confirmed hypergonadotropic hypogonadism, with low estrogen levels
and elevated gonadotropins (exact values not available). Hormone
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replacement therapy was started with estradiol and dienogest. As a
secondary complication of kidney disease, hyperparathyroidism was
diagnosed and treated with vitamin D3 since the age of ten years.

In the male patient P3, increased FSH (10.5 U/L, ref.: 0.4-3.8 U/L),
with otherwise normal sexual hormone levels, was first measured at the
age of 9 years due to hirsutism. No testicular growth or voice changes
evolved during the following years. Plasma testosterone concentrations
were almost undetectable with very high FSH (>200 U/L) and LH (186
U/L, ref.: 1.5-9.3 U/L) concentrations, indicating a hypergonadotropic
hypogonadism. Treatment with testosterone started only at the age of 22
due to noncompliance. He also suffers from gynecomastia.

Osteopenia was noted during early adulthood (T score of bone den-
sity measurement in femoral neck: —1.7 at the age of 28 years) in P2 and
in P1 osteoporosis (T score in femoral neck: —3.3 at 33 years). P3 was
found to have osteoporosis at the age of 20 years: his T score of the left
femoral neck was —3.7. Vitamin D3 deficiency (9.1 pg/L; ref.: >30 pg/L)
was detected, although the level had previously been normal. P1 is
receiving osteoporosis therapy with vitamin D3 and calcium supple-
mentation, as well as denosumab administered every six months. P2 is
on vitamin D3 and vitamin K2 supplementation. P3 is under treatment
with vitamin D3 and calcium supplementation.

Thyroid function proved to be normal in all three individuals.

3.2.7. Growth

P1 exhibited normal growth, with a final height z-score of —0.4, at
166 cm (minimum —1.2 at 6 years). Body weight was low at 3 months (z-
score — 1.2); it improved until 1.2 years (—0.37) but subsequently
remained suboptimal in adolescence, with a weight z-score around —2.

P2 showed normal growth (height z-score 0.37 at 28 years; nadir
—1.57 at 6 years). Her final height is 164 cm. The weight development
stayed in the normal range (z-score — 1.34 at 8 years, improving to
—0.59 at 28 years).

P3 was growing appropriately until the 6th year, reaching around the
50. percentile, but between 6 and 12 years, the z-score gradually
decreased to —0.67 and further to —1.75 during adolescence. His height
is 165 cm. Until preschool age, the relative weight decreased to a z score
of —1.64, and later during adolescence to —2.33, with a current z-score
of —1.88.

3.2.8. Neuromuscular abnormalities

All patients showed motor delay until approximately six years of age,
after which it resolved. Hypotonia was observed in P1 and P2 and
improved by age three, while in P3 it continued into adolescence and
was the reason for intensive physiotherapy. Due to muscular hypotonia
and fatigue, and the suspicion of a mitochondrial disorder, P3 was
treated with a vitamin cocktail (B;, By, Q10, and carnitine) during pre-
school age. Indeed, his fibroblasts showed diminished complex II ac-
tivity, and urine 2-oxoglutarate concentration was increased. EEG and
brain MRI at 9 years were normal.

The highest level of education was completion of secondary educa-
tion in one patient and vocational training in the other two; all patients
are working in their respective fields of training.

3.2.9. Other

Prenatal findings included polyhydramnios in two individuals (P2,
P3). Inguinal hernia was observed in P1 and P2. Mild facial dys-
morphism was present in P1 and P2. P1 experienced an acute ischemic
stroke at 28 years of age, presenting with left-sided hand weakness. A
right frontotemporal ischemic event was identified on MRI, which
resolved completely, both clinically and radiologically, without residual
deficits.

3.3. Phenotypic spectrum of the published cases

Reviewing the available literature, 47 cases of transaldolase defi-
ciency were identified, with a total of 17 distinct pathogenic TALDO1
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gene variants. We contribute another three adult cases and two previ-
ously unreported gene variants. Among these 50 patients, eight had died
before the age of one year.

Most patients first presented during early infancy (40/50), with
symptoms as listed above. Hematologic abnormalities, mainly cytope-
nias, were common: anemia (27/50), thrombocytopenia (32/50), and
leukopenia (11/50). Hepatic involvement was also frequent and was
already evident in 45 patients during infancy. Cardiac anomalies were
reported in 30 cases, most commonly atrial septal defect, patent ductus
arteriosus, patent foramen ovale, and myocardial hypertrophy.
Splenomegaly occurred in 42 patients.

Skin anomalies including, wrinkled or dry skin, telangiectasia,
neonatal edema, and hemangiomas, were primarily noted in infancy and
childhood (32 cases).

Renal involvement (tubulopathy, glomerulonephritis, or chronic
kidney disease) was documented in 22 cases, of whom 9 cases had
presented in infancy.

Endocrinologic problems affecting gonadal hormones or genital
development were reported in 19 cases, among them 10 cases with
presentation during infancy (with enlarged clitoris, microphallus, or
cryptorchidism). Notably, among the cases with an overall milder pre-
sentation of transaldolase deficiency, hypergonadotropic hypogonadism
was described in 9 cases. Impaired bone mineral status (osteoporosis or
osteopenia) was identified in 11 patients.

For a better overview, the common phenotypical features of the 50
case reports and their frequencies are summarized in Fig. 3.

Frequency
rare

intermediate

@ frequent
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4. Discussion

Transaldolase deficiency is caused by pathogenic variants in the
TALDOI1 gene, which comprises seven coding exons. Seventeen gene
variants have already been described in transaldolase-deficient patients;
however, to date, no clear phenotype-genotype association has been
established. Here, we present three additional affected patients with two
already published variants, ¢.345dupA [8], ¢.574C > T [16], each ho-
mozygous, as well as two novel variants found in one individual: dele-
tion of exon 3 and c.131_133del. Homozygosity in 2 out of 3 patients
confirms the high consanguinity rate in affected families, which has
been reported to be up to 81% in earlier publications [32]; however, in
our study, only in one case was consanguinity confirmed.

Transaldolase is the second enzyme of the non-oxidative part of the
pentose phosphate pathway [4,33], which plays a significant role in
human metabolism. Transaldolase deficiency has been associated with
reduced intracellular NADPH availability, due to increased NADPH-
dependent diversion of sugars to polyols by aldose reductase [34].
Decreased NADPH has been linked to impaired mitochondrial mem-
brane potential and increased susceptibility to apoptosis (e.g., H202- and
CD20-induced apoptosis) [35]. The reduced availability of NADPH, a
critical cofactor for reductive biosynthesis - including lipid and choles-
terol synthesis [36,37] - results in secondary glutathione (GSH) deple-
tion, thereby exacerbating cellular oxidative stress and impairing redox
homeostasis [38]. The regeneration of reduced GSH (from the oxidized
GSSG) depends on the NADPH synthesized in the pentose phosphate
pathway [38]. In addition, in transaldolase deficiency, the intracellular
accumulation of potentially hepatotoxic sugar-phosphates (sedoheptu-
lose-7-phosphate), polyols (erythritol, arabitol, ribitol), and C7

Skin

| |
Newborn - Infant Child

Teenager

Adult

Fig. 3. Frequency of organ involvement depending on age in transaldolase deficiency. Definitions of frequency: rare - <33%, intermediate - <67%, frequent - >68%
of the included cases. Age groups: Newborn-Infant (<1 year), Child (1-9 years), Teenager (10-18 years), Adult (>18 years).
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monosaccharides (mannoheptulose, sedoheptulose) may induce hepa-
tocellular injury through osmotic stress [39] and disruption of redox
homeostasis [32,34,40]. Nonetheless, emerging data have associated
circulating polyols (erythritol, xylitol) with increased thrombotic and
cardiovascular risk, so it may be reasonable to consider limiting intake
of foods containing these sugar alcohol sweeteners in transaldolase
deficiency [41,42].

For a better understanding of the disease mechanism, a compre-
hensive assessment of sugar, polyol, and NADPH levels across patients
would be very informative. Variations in these measures, together with
aldose reductase activity, may contribute to phenotypic heterogeneity
and help explain differences in disease severity. However, given the
small cohort size, meaningful interpretation would require inter-study
comparisons, which might be challenging due to the possible age-
dependency of urinary polyols [43] and the different pre-analytical/
analytical methods used to measure NADPH levels [44]. In our study,
comparison with previously reported cases was limited because most
published pediatric cases are not age-matched to our cohort; the liter-
ature on adult patients is sparse; and quantitative metabolite values are
often not reported [8,22]. We therefore propose prospective studies with
standardized sampling conditions, harmonized pre-analytical proced-
ures, and healthy control samples analyzed in the same laboratory using
identical protocols. Lastly, comparison with other pentose phosphate
pathway disorders (e.g., glucose-6-phosphate dehydrogenase defi-
ciency) could also be of interest.

In recent years, evidence has emerged linking transaldolase defi-
ciency to autoimmunity [45]. At the molecular level, altered regulation
of apoptosis has been described in transaldolase deficiency, which may
contribute to an increased risk of autoimmune disease [38,46]. In
addition, there is increasing evidence of mechanistic overlap between
systemic lupus erythematosus (SLE) and transaldolase deficiency
[38,40,47-49]. Transaldolase-deficient mice show marked hepatic
activation of mTORC1 [50], resembling the pattern observed in lupus-
prone mouse models [51]. Notably, inhibition of mTOR signaling with
rapamycin may protect against liver injury in transaldolase deficiency
and prevent liver disease in SLE [50,52]. In clinical studies, N-ace-
tylcysteine (NAC) reduced mTOR activation, and improved disease ac-
tivity in patients with SLE [53]. In TALDO1 knockout mice, lifelong NAC
treatment prevented acetaminophen-induced liver failure and the
development of hepatocellular carcinoma [54]. Furthermore, as re-
ported by Winans et al., mTOR-dependent impaired secretion of para-
oxonase 1, together with antiphospholipid antibody production, has
been proposed to contribute to autoimmune mechanisms in the patho-
genesis of cirrhosis in transaldolase deficiency [50]. Taken together,
these findings suggest that redox imbalance and downstream immu-
ne-metabolic pathways may also be relevant in transaldolase deficiency.
However, in our cohort, we observed no clinical evidence of autoim-
munity. Therefore, we did not pursue a systematic autoimmune work-up
in our patients. We acknowledge that this remains an important area for
future studies incorporating standardized immune assessment.

Our study reviewed 50 cases of transaldolase deficiency from various
geographical regions of the world, demonstrating a broad spectrum of
genotypic and phenotypic variability. Information on the disease course
in adulthood is scarce. The oldest reported patient with transaldolase
deficiency was 42 years old [8], and presented with renal anomalies
(proximal tubular dysfunction, CKD stage 3). The patient had a history
of “cryptogenic hepatic cirrhosis” and underwent an ASD operation at
28 years. Another previously described adult presented at the age of 32
years with hypergonadotropic hypogonadism and renal insufficiency
(CKD stage 2); however, transaldolase deficiency was only considered
after this diagnosis had been confirmed in her nephew [7].

Recent reports distinguish between early- and late-onset forms of
transaldolase deficiency [7,13,22]. With the early-onset form being
associated with a more severe clinical course and increased mortality in
early childhood [14,43]. Williams et al. reported on 34 patients, of
whom eight had died at a median age of 2.3 years [32]. In the three
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patients described here, hematological and liver changes occurred
neonatally, which classifies them as early-onset cases. Notably, how-
ever, none of the patients in our cohort died, and their clinical course
was comparatively mild. Hence, disease classification should be recon-
sidered, as the age of onset does not appear to determine severity.

Hepatomegaly is commonly described (77% of early-onset trans-
aldolase deficiencies [32]). Hepatic involvement can progress to liver
cirrhosis [13], hepatocellular carcinoma [16,21], and liver failure.
Hepatopulmonary syndrome has been previously reported, too
[16,29,55], in our patients, no such finding was observed. As a thera-
peutic option in patients with transaldolase deficiency and liver failure,
a liver transplantation may be necessary [6,16]. Despite the inherent
limitations and challenges associated with organ transplantation, it has
been proven to be effective and lifesaving for affected individuals. Thus
far, in nine cases of transaldolase deficiency, liver transplantation has
been performed, at a median age of 12 months (range: 5-40 months)
[15,16]. One patient died postoperatively, whereas the others are doing
well after 1-2 years of follow-up [15,32,56]. A postoperative bile-duct
stenosis occurred in one case and was treated successfully [15]. How-
ever, a more extended follow-up might be necessary to determine the
course of the disease after liver transplantation [15,21,32,56].

In two cases of adult patients reported to date [7,8], the liver
manifestation had already progressed to liver cirrhosis. In contrast,
among our three adult patients, two had hepatomegaly and mildly
elevated liver enzyme levels. However, in P1 (the eldest of our patients),
the hepatic involvement progressed over the years to liver cirrhosis with
portal hypertension. Accordingly, we advise close hepatologic surveil-
lance in these patients, with monitoring for progressive liver remodeling
and for HCC. Splenomegaly, reported in half of previously published
cases [32], occurred in one of our patients.

Moreover, pancytopenia (15%) or involvement of at least one cell
line (thrombocytopenia 74%, anemia 76%), is reported in many patients
[32]. Affected individuals often require blood transfusions [3,23].
Anemia mostly resolves with age, but it can also persist [8]. Possible
explanations for the anemia could be the oxidative stress due to NADPH
deficiency or hemolysis; moreover, decreased erythropoietin formation
in the kidney involvement, impaired hematopoiesis in the fetal liver, and
bleeding [32]. Splenic pooling may account for the observed thrombo-
cytopenia and might contribute to splenomegaly [6]. All three patients
had transient anemia accompanied by leukopenia or neutropenia, and
one presented with pancytopenia at birth. In adulthood, P1 continued to
exhibit pancytopenia, with thrombocytopenia and leukopenia as the
most pronounced abnormalities. By contrast, P2 has leukopenia and P3
anemia in adulthood.

Tubular dysfunction occurred in 29% of the reported cases [32].
Interestingly, we observed this feature in all our patients; in one, focal
sclerosing glomerulonephritis was an additional manifestation. Reasons
may be impaired energy metabolism, accumulation of toxic metabolites
[57], autoimmunity [38,45], or oxidative stress due to NADPH depletion
[38]. In our adult cohort, we identified renal involvement as a key
observation, as all three patients had tubulopathy and chronic kidney
disease; therefore, nephrological examination should be included in the
standard follow-up protocols of patients with transaldolase deficiency.

Cardiac involvement is commonly reported and includes patent
ductus arteriosus, atrial or ventricular septal defects, coarctation of the
aorta, and cardiomyopathy [2,6,23,32]. The bradycardia observed in P2
likely reflects exercise-related cardiovascular adaptation. We also noted
severe primary pulmonary hypertension in one patient—a finding not
previously reported for this disorder. If patients with transaldolase
deficiency develop significant pulmonary arterial hypertension, it is
essential to consider the possibility of esophageal variceal bleeding. In
P1 of our case series, treatment with macitentan, an endothelin receptor
antagonist (ERA), and later with sildenafil was associated with a stabi-
lization of pulmonary arterial hypertension (PAH) over several years.

Hypergonadotropic hypogonadism appears to be typically in
adolescent and adult patients with transaldolase deficiency [7,22]. It
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may go unrecognized during childhood due to the absence of clinical
symptoms, which could lead to underreporting. Alternatively, hypo-
gonadism may develop over time, as one of our female patients
exhibited some form of menstrual bleeding. The reduced steroid hor-
mone concentration may reflect impaired reductive biosynthesis sec-
ondary to NADPH deficiency [40]. Sperm dysmotility has been reported
in male TALDO1 knockout mice [58] but has not, to our knowledge,
been reported in humans. In our male patient, no fertility assessment has
been performed to date, as there was no clinically driven indication. In a
long-term Polish follow-up (4-13 years) [43], osteopenia was present in
all pediatric patients. In our study, all three patients had developed
osteoporosis, but at a later age. This finding suggests a gradual transition
from osteopenia to osteoporosis. It is likely that in adult patients,
hypergonadotropic hypogonadism and renal insufficiency add to the
risk of bone loss. Hence, an endocrinological consultation including the
assessment of sex hormones at the time of diagnosis, with close follow-
ups during puberty, as well as hormone replacement therapy and
vitamin D3 supplementation, should be considered.

In all of our patients, we observed a delay in motor development
during childhood, whereas in a larger study, only 28% of patients
showed mild intellectual disability or motor delay [32]. We acknowl-
edge the lack of systematic assessment of psychosocial and neuro-
cognitive status in our cohort, constituting an important limitation of
the present study. Nevertheless, the overall existing data on neuro-
cognitive development remains limited, and prevalence is probably
underestimated. For this reason, future studies should implement stan-
dardized neurocognitive and psychosocial evaluations to better char-
acterize long-term outcomes.

In our cohort, P1 experienced an acute ischemic stroke, with symp-
toms being resolved completely without residual impairment. Possible
contributing factors include the reported association between elevated
polyols and thrombotic risk [41,42], as well as an underlying autoim-
mune prothrombotic state (e.g., antiphospholipid antibodies) [59]. In
light of the complete clinical and radiological resolution, no additional
diagnostic evaluation (including investigation for autoimmune etiol-
ogies) was performed in our patient.

Williams et al. reported that 50% of the transaldolase-deficient pa-
tients exhibit dysmorphic features (including triangular faces and low-
set ears), and skin anomalies (e.g., cutis laxa, capillary hemangioma)
[32]. In our study, cutis laxa and dry skin were present in two cases;
however, cutis laxa was only transient during early childhood. Other-
wise, dysmorphic features were only noted during childhood. Inguinal
hernias have rarely been reported in the current literature [14,17,25],
whereas in our cohort, 2/3 patients had inguinal hernias. The patho-
genesis might be similar to that of cutis laxa, suggesting a concomitant
connective tissue disorder.

Although many case reports have been published since 2001, plenty
of questions remain unanswered. The therapeutic options are limited
and mainly consist of symptomatic treatment. In light of the disturbed
redox balance, antioxidant therapies—including N-acetylcysteine, and
vitamins C and E—have been introduced [25,32]. As mentioned above,
NAC therapy has been proposed based on its protective effect in pre-
venting hepatocellular carcinoma in mice, and its efficacy in the
acetaminophen-induced liver failure in both mice [54] and human trials
[60]. Although its role in transaldolase deficiency requires evaluation in
larger cohorts to better guide therapeutic decision-making, clinicians
could consider administering NAC to selected patients. Antioxidants like
Vitamin E and C have been proposed as a therapeutic option for trans-
aldolase deficiency, however, no published data on their beneficial ef-
fects have been found.

Additionally, aldose reductase may represent a potential therapeutic
target, based on the possible contribution to the elevated risk of hepa-
tocellular carcinoma in transaldolase deficiency. Oaks et al. showed that
AR blockade—in mice deficient for both transaldolase and AR—reduced
NADPH consumption via AR, attenuated mitochondrial oxidative stress
and polyol accumulation, and mitigated liver disease progression to HCC
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[34]. Pharmacologic inhibition of AR (e.g., sorbinil or zopolrestat) has
also been reported to suppress hepatocellular carcinoma cell prolifera-
tion [34], suggesting that these agents might be candidates for future
studies, under careful consideration of their safety profiles [61].

Lastly, the pharmacological therapy of the disease includes hormone
replacement in patients with hypergonadotropic hypogonadism, as well
as vitamin D3 supplementation and, in some cases, calcium for osteo-
penia [13].

5. Conclusions

In conclusion, transaldolase deficiency has gained increased atten-
tion over the last decades. However, the condition remains likely to be
underdiagnosed, particularly in less severe cases. Here, we describe
three adults with neonatal-onset transaldolase deficiency who have had
a relatively mild clinical course, showing clinical features similar to
those reported in pediatric patients but developing more gradually over
time.

A novel finding in adult patients with transaldolase deficiency is the
severe pulmonary hypertension observed in one of our cases, under-
scoring the importance of monitoring for this complication. All patients
with transaldolase deficiency should be closely monitored in a multi-
disciplinary setting that should include hepatologists, nephrologists,
endocrinologists, and cardiologists. Liver involvement may progress
from fibrosis to possible cirrhosis, liver failure, and, in rare cases, he-
patocellular carcinoma. Endocrinological monitoring plays a key role in
initiating hormone replacement therapy and preventing osteoporosis.
Renal function should be assessed regularly due to the possible renal
involvement. Moreover, we recommend considering transaldolase
deficiency as a differential diagnosis in patients with multisystem
involvement, including the features outlined above.

Through this work, we aim to raise awareness of the multisystemic
phenotype of transaldolase deficiency and its variable types of presen-
tation in adult patients, to help these patients receive the proper diag-
nostic work-up and ultimately appropriate treatment.
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AR: aldose reductase

ASD: atrial septal defect

AST: aspartate transaminase

CKD: chronic kidney disease

CRF: case report form

DNA: deoxyribonucleic acid

EEG: electroencephalography

ERA: endothelin receptor antagonist

FSGS: focal segmental glomerulosclerosis

FSH: follicle-stimulating hormone

G6PD: glucose-6-phosphate dehydrogenase

GC-MS: gas chromatography-mass spectrometry

GSH: glutathione

GSSG: glutathione disulfide

Hb: hemoglobin

HCC: hepatocellular carcinoma

HPO: Human Phenotype Ontology

LC - MS/MS: liquid chromatography-tandem mass spectrometry

LH: luteinizing hormone

MCHC: mean corpuscular hemoglobin concentration

MCV: mean corpuscular volume

MRI: magnetic resonance imaging

NAC: N-acetylcysteine

NADP: nicotinamide adenine dinucleotide phosphate

NADPH: nicotinamide adenine dinucleotide phosphate

PAH: pulmonary arterial hypertension

PID: patient identification

PPP: pentose phosphate pathway

RDW: red blood cell distribution width

REVEL score: rare exome variant ensemble learner

RNA: ribonucleic acid

ROS: reactive oxygen species

RPE: ribulose-phosphate 3-epimerase

RPI: ribose-5-phosphate isomerase

TALDO: transaldolase

TKT: transketolase
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