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A B S T R A C T   

Galactose is an essential carbohydrate for cellular metabolism, as it contributes to energy production and storage 
in several human tissues while also being a precursor for glycosylation. Galactosylated glycoconjugates, such as 
glycoproteins, keratan sulfate-containing proteoglycans and glycolipids, exert a plethora of biological functions, 
including structural support, cellular adhesion, intracellular signaling and many more. The biological relevance 
of galactose is further entailed by the number of pathogenic conditions consequent to defects in galactosylation 
and galactose homeostasis. The growing number of rare congenital disorders involving galactose along with its 
recent therapeutical applications are drawing increasing attention to galactose metabolism. 

In this review, we aim to draw a comprehensive overview of the biological functions of galactose in human 
cells, including its metabolism and its role in glycosylation, and to provide a systematic description of all known 
congenital metabolic disorders resulting from alterations of its homeostasis.   

1. Introduction 

Galactose is an important carbohydrate for cellular metabolism and 
one of the most abundant sugar in the human diet [1]. Historically and 
panculturally, human diets have been primarily based on carbohydrates, 
accounting alone for 40–80% of the total daily calories [2,3]. The term 
carbohydrates derives from the definition “hydrates of carbon” which 
refers to polyhydroxylated compounds with a carbonyl group (either an 
aldehyde or a ketone). The most simple form (or basic unit) of carbo
hydrates is called monosaccharide (derived from the Greek word 
sákkharon, meaning sweetness) [4]. Two monosaccharides can be 
covalently linked together via a glycosidic bond to generate a disac
charide, while a chain of multiple monosaccharide units is defined as 
oligosaccharide (2–12 units) or polysaccharide (>12 units). 

Despite being merely considered as primary source of energy and 
structural materials for a long time, over the past 50 years the awareness 
of the biochemical importance of carbohydrates has been growing 
exponentially, fueled by the incremental understanding of their bio
logical functions, chemical properties and pharmaceutical relevance. 
Aside from energy production and storage, galactose and other carbo
hydrates are in fact involved in other essential biological processes, 

summarized in Fig. 1 [2,5,6]. Most of these functions are exerted by 
carbohydrates in the form of glycoconjugates. Glycoconjugates are 
hybrid macromolecules resulting from the covalent attachment of long 
branched oligo− /polysaccharides, named glycans, to a protein or lipid, 
via a sequence of finely regulated and compartmentalized enzymatic 
reactions that are collectively called glycosylation. Due to the highly 
versatile nature and unsurpassed high-density information-coding ca
pacity of complex carbohydrates, glycans represent an ideal platform to 
encode information in the shape of oligomers. For this reason, glycans 
have been defined as the third alphabet of life (a.k.a. sugar code), 
alongside nucleic acids and amino acids [7–9]. In humans, this sugar 
code is for the most part written based on less than ten monosaccharides, 
of which galactose represents one of the most abundant [1]. 

In this review, we aim to draw a comprehensive overview of the 
biological functions of galactose in human cells, including its meta
bolism and its role in glycosylation, and to provide a systematic 
description of all congenital metabolic disorders resulting from alter
ations of its homeostasis. 
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2. The ‘lactic glucose’: galactose 

Galactose is a reducing monosaccharide containing six carbon atoms 
(C₆H₁₂O₆), making it an hexose. Galactose is a carbon 4 (C-4) epimer of 
glucose, which represents the main carbon source for anaerobic energy 
production and glycan biosynthesis in most living organisms [10]. Being 
a monosaccharide, galactose can directly be absorbed after digestion 
and enter the bloodstream to reach the target tissues where it fuels en
ergy production, glycosylation and other important metabolic functions. 

Thanks to its chemical structure, solubility and dedicated transport 
system that allows diffusion across the membranes, galactose is an 
interesting candidate for new biotechnological and pharmacological 
applications. For example, it has been used to generate galactose- 
containing conjugates to improve drug delivery and absorption, like 
successfully attempted for dopamine supplementation in Parkinson’s 
patients [11]. 

Galactose, like all other aldohexoses, has two enantiomers: D- 

galactose (from Latin dexter, right) or L-galactose (from Latin laevusor, 
left), the latter not naturally occurring in higher living organisms as it 
cannot be further metabolized within the cell (Fig. 2). Henceforward, 
the term ‘galactose’ will be used throughout the manuscript to indicate 
D-galactose, unless otherwise specified. Galactose can occur in linear 
form or in cyclic form (Fig. 2). The six‑carbon cyclic form, named gal
actopyranose, is the only cyclic form found in mammals, while the 
five‑carbon ring, named galactofuranose, is frequently found in lower 
organisms such as bacteria, fungi, protozoa, sponges and green algae. 
Both these cyclic forms have two anomeric configurations depending on 
the position of the hydroxyl group on C-4: in the α the -OH group is 
located below the equatorial plan, while in the β anomer is located 
above (Fig. 2) [12]. 

Galactose was first isolated in the 1850s by L. Pasteur [13] from milk, 
but the characterization of its structural configuration was achieved 
only 30 years later by E. Fischer and R. Morrell [14]. The etymology of 
the name ‘galactose’ itself emphasizes the profound relation between 

Fig. 1. Summary of the main biological functions of carbohydrates. The green boxes indicate the main biochemical functions of carbohydrates in eukaryotic cells, 
specifically human cells. The blue boxes indicate the main biological roles of glycans and glycoconjugates. The box ‘pathogenesis’ refers to the roles played by 
glycoconjugates in the pathogenesis of a wide array of human pathological conditions including inflammation, cancer, degenerative neuromuscular disorders, 
and diabetes. 
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this carbohydrate and milk. In 1860s P.E.M. Berthelot [15] named this 
sugar as ‘lactic glucose’ or galactose (from the Greek word galaktos, 
meaning milk, followed by the chemical suffix for sugars -ose). In fact, 
although galactose is naturally present in our everyday diet as found in a 
variety of foods such as cereals, fruits, vegetables and honey [16–20], 
the largest amount of galactose in the human diet is provided by con
sumption of milk and dairy products. In milk, galactose is present in the 
form of lactose, a disaccharide formed by a β-1 → 4 glycosidic linkage 
between one molecule of galactose and one of glucose. This glycosidic 
bond can be hydrolyzed by the enzyme lactase, which is a 150 kDa β-D- 
galactosidase found in the apical surface of the intestinal microvilli. 
Lactase mediates the absorption of lactose by hydrolyzing it in glucose 
and galactose, which are then absorbed through the enterocyte mem
brane [paragraph 4]. 

3. Galactose in human anabolism and catabolism: over a 
century long puzzle 

As galactose enters the body after ingestion, it starts its metabolic 
journey from the intestinal lumen, where it is absorbed by the endo
thelial cell of the villi via the sodium-glucose linked transporter type I 
(SGLT1) [21]. Next, galactose is released into the bloodstream via 
glucose transporter type 2 (GLUT2) located on the membrane on the 
opposite side of the enterocytes [21]. Galactose is then transported to 
the liver via the portal vein, entering the organ via other GLUTs. Most of 
the ingested galactose is retained in the liver, while a minor amount 
reaches other organs, such as the brain or the mammary glands where it 
is used for the synthesis of amino acids or for the production of lactose, 
respectively [10]. In the liver, skeletal muscles and other target tissues, 
most of the galactose is metabolized via three main routes: (i) Leloir 
pathway, from which galactose flows into glycolysis or glycosylation, 

(ii) conversion to galactonate that is further metabolized to enter the 
pentose phosphate pathway, and (iii) reduction to galactitol that is then 
excreted with urine. 

3.1. Leloir pathway, the crossroad between glycolysis and glycosylation 

From simple organisms like bacteria all the way to plants and ani
mals, the metabolism of galactose has been highly conserved and 
generally follows the so called Leloir pathway. The Leloir pathway, 
firstly described by L.F. Leloir in 1948, is composed of four sequential 
enzymatic reactions that ultimately change the stereochemical config
uration of a single carbon (C-1) of galactose (Figs. 3, 4) [22–24]. Via this 
route, galactose can either be activated to UDP-α-D-galactose (UDP-Gal) 
and be used as precursor for glycosylation, or can be converted to UDP- 
α-D-glucose (UDP-Glc) which then flows into glycogen synthesis or 
glycolysis, depending on the type of tissue and its energy demand. 

First, β-D-galactose is converted to its stereoisomer α-D-galactose by 
the galactose mutarotase enzyme (GALM) (Fig. 3) [22,25]. GALM was 
first discovered in Escherichia coli by Wallenfels and colleagues in 1965 
[26], but only in 2003 its human homolog gene and protein were 
characterized [27]. The human GALM is a 342 aa protein structured as a 
β-sheet “sandwich” with its active site lying in a rather open cleft, which 
unlike its bacterial counterpart acts like a monomer [22,27,28]. Aside 
from galactose, GALM is also able (with variable efficiency) to convert 
the anomeric configuration of D-glucose, L-arabinose, D-xylulose, 
maltose and lactose [28]. 

The second step of the Leloir pathway is represented by the phos
phorylation of α-D-galactose into α-D-galactose 1-phosphate (Gal–1P) 
by galactokinase (GALK) (Fig. 3). GALK is 400 aa protein belonging to 
the GHMP (Galacto-, Homoserine, Mevalonate and Phosphomevalonate) 
kinase superfamily. Although the three-dimensional structure of human 

Fig. 2. Cyclic and linear configurations of the enantiomeric pairs of galactose. The hydroxy group on the hemiacetal carbon (C-1) is indicated in blue in the alpha (α) 
anomer and in yellow in the beta (β) anomer. 
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Fig. 3. Leloir pathway. The four steps of the Leloir pathway are shown in order of activity, and they are mediated by (1) GALM, (2) GALK, (3) GALT and (4) GALE. 
Legend: the anomeric carbon 1 (C-1) of galactose is indicated by a red dot; the UMP part of the molecules is indicated in green; the phosphate group is indicated in 
pink; the hydroxy group on carbon 4 (C-4) is indicated in yellow. 
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GALK has not yet been fully unravel, a crystal structure of GALK of L. 
lactis in complex with α-D-galactose and inorganic phosphate was 
described in 2003. This bacterial GALK (24% identity and 47% simi
larity with the human ortholog) has two domains of roughly equal size, 
with the catalytic site lying between the N- and C-terminal domains 
[22,29]. Unlike in bacteria, in humans this ATP-dependent enzyme first 
binds to ATP and later to α-D-galactose [22], and it is able to successfully 
phosphorylate 2-deoxy-D-galactose as well [30,31]. 

Galactose 1-phosphate uridylyltransferase (GALT) mediates the third 
step of the Leloir pathway to produce UDP–Gal (Fig. 3). GALT catalyzes 
the reaction through which Gal-1P and UDP-Glc are converted to α-D- 
glucose 1-phosphate (Glc-1P) and UDP-Gal [25]. Human GALT is a 
homodimer containing 379 aa residues per monomer, each containing a 
structural zinc-binding site and an active site at position 168. Although 
highly conserved, human GALT shows significant differences with bac
terial GALT in metal ligation and dimer interactions [32,33]. 

The last step of the Leloir pathway is catalyzed by UDP-galactose 4′- 
epimerase (GALE). GALE is a 348 aa protein that mediates the inter
conversion of UDP-Gal and UDP-Glc (Fig. 3) [25,34]. Structurally, this 
enzyme is a member of the short chain dehydrogenase/reductase 
enzyme class. In solution, GALE is a dimer with a substrate binding site 
in each subunit, which requires NAD+ for catalytic activity. Unlike the 
highly specific bacterial enzyme, human GALE can also catalyze the 
interconversion of UDP-N-acetyl-α-D-galactosamine (UDP-GalNAc) and 
UDP-N-acetyl-α-D-glucosamine (UDP-GlcNAC) [35–37]. 

Although the Leloir pathway is traditionally described as the meta
bolism from galactose and UDP-Glc towards UDP-Gal synthesis, the 
enzymatic reactions of this pathway (with the exception of GALK) can 
flow in both directions (Fig. 3), depending on substrate levels and 
biochemical demands of a tissue. In most tissues, UDP-Gal is used as 
building block for glycosylation. In skeletal muscle and liver, UDP-Gal 
can be converted to UDP-Glc, a precursor of glycogen synthesis, for 
energy storage when the energetic demand is low. Conversely, when the 
energy demand is high, UDP-Gal can participate to energy production by 
being converted to UDP-Glc, which is then transformed into Glc-1P by 
UDP-glucose pyrophosphorylase 2 (UGP2), and after converted to 
glucose-6-phosphate (Glc-6P) by phosphoglucomutase-1 (PGM1) upon 
entering glycolysis. 

Lastly, in mammary glands of lactating mammals UDP-Gal in not 
only used for glycosylation but also to generate lactose thanks to the 

lactose synthase (LS) complex. The LS is an enzymatic complex resident 
in the GA lumen, and is formed by a catalytic subunit, β-1,4-gal
actosyltransferase (a.ka. N-acetyl-lactosamine synthase), and a non- 
catalytic regulatory subunit, α-lactalbumin. When α-lactalbumin is not 
expressed, β-1,4-galactosyltransferase synthesizes N-acetyl-lactosamine 
from UDP-Gal and GlcNAc. After birth, the reduction of the hormone 
progesterone leads to increased luteotropic hormone (a.k.a. prolactin), 
stimulating the production of α-lactalbumin. When increased, α-lactal
bumin combines with β-1,4-galactosyltransferase to form the LS com
plex, in which the catalytic subunit undergoes conformational changes 
in the catalytic region. As a result, the LS complex acquires the capa
bility of catalyzing a different biosynthetic reaction in which one UDP- 
Gal molecule and one glucose molecule are used as substrates to produce 
lactose. 

3.2. Galactonate and the pentose phosphate pathway 

In the presence of excessive levels of galactose, alternative pathways 
that usually play marginal roles in cellular biochemistry can be sub
stantially fueled. This is the case for D-galactonate and galactitol 
biosynthesis [paragraph 3.3] (Figs. 4, 5). 

The galactonate pathway was first discovered in mammals in 1966 
from in vitro studies conducted on healthy rat liver [38]. Later, accu
mulation of D-galactonate (or D-galactonic acid) was detected also in 
other tissues, including rat intestine, heart and kidney when rats were 
maintained on a prolonged high-galactose diet [39–41]. In Guinea pigs 
high-galactose diet led to accumulation of D-galactono-1,4-lactone in 
lens, testis, circulation and muscles when galactitol production was 
suppressed [42,43]. In humans, D-galactonate has been detected in 
urine, plasma and red blood cells in patients affected by galactosemia 
[paragraph 5.1] [42,44]. 

D-Galactonate is an aldonic acid sugar derived from galactose, which 
can be excreted in urine or further metabolized to D-xylulose 5-phos
phate, linking galactose to the pentose phosphate pathway (PPP) 
(Figs. 4, 5). In detail, galactose is oxidized to D-galactono-1,4-lactone by 
galactose dehydrogenase (GALDH), while producing NADH. Next, the 
lactone bond is hydrolyzed by a lactonase to form D-galactonate, which 
can be excreted or further converted to β-keto-D-galactonate by β-L- 
hydroxy acid dehydrogenase, producing more NADH. β-Keto-D-gal
actonate is then decarboxylated to D-xylulose and CO2. Despite the 

Fig. 4. Alternative route for metabolism of galactose to the PPP via galactonate. The names of the human enzymes that catalyze each reaction are reported in blue 
color. The name of the synthesized compound is reported in grey color. The colored blocks indicate the chemical groups modified in each reaction. The red dot in 
β-keto-D-galactonic acid indicates the anomeric carbon atom (C-1) that is removed via decarboxylation. This step has been proposed to be enzymatically achieved, 
although the specific mammalian decarboxylase has not been identified yet. 
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number of studies performed in animal models, the identity of the 
enzyme catalyzing this decarboxylation reaction remains to be unrav
eled [38]. Lastly, D-Xylulose can enter the non-oxidative part of the PPP 
as D-xylulose 5-phosphate after phosphorylation by ATP:D-xylulose 5- 
phosphotransferase (or xylulokinase) [45,46]. 

3.3. Galactitol and oxidative stress 

In addition to the previous pathways, galactose can be metabolized 
to galactitol via its reduction by aldose reductase (also known as Alde
hyde Reductase, AR, or Aldo-Keto Reductase Family 1 Member B, 
AKR1B1) (Fig. 5), which requires energy in the form of NADPH [45]. 
Galactitol is a sugar alcohol, or alditol, generated by hydrogenation of 
galactose. It is poorly metabolized and does not diffuse across the cell 
membranes due to poor liposolubility, increasing the intracellular os
motic pressure and resulting in membrane rupture [47,48]. 

Under physiological conditions, the affinity of AR for galactose is 
relatively low and galactitol is present only in traces. However, in case of 
galactose accumulation, such as in case of galactosemia [paragraph 5.1], 
its production increases [49]. When galactitol accumulates, it leads to 
depletion of NADPH and decreased glutathione reductase activity, 
acting as a metabotoxin, neurotoxin and hepatotoxin [50,51]. Moreover, 
galactitol acts as an inhibitor of GALM, raising the hypothesis that 
galactose accumulation could partly block the first step of the Leloir 
pathway and thus worsening the accumulation of galactose in loop [27]. 

Galactitol has also been proposed as one of the links between 
galactose overexposure and cell aging. In 2010 Uddin et al. [52] first 
reported how the continuous exposure to galactose via daily injections 
triggers oxidative stress and cell aging in young adult mice. According to 
their hypothesis, the inhibitory effect on the antioxidant enzymatic ac
tivity caused by galactitol accumulation contributes to the build-up of 
free radicals, and this, along with the osmotic effect caused by the hy
pertonic nature of galactitol, ultimately damages the integrity of cell 
membranes, proteins and mitochondrial DNA [47,53,54]. In addition, 
excessive levels of galactose are oxidized by oxidases into reactive al
dehydes and hydrogen peroxide, causing a further decrease of antioxi
dant enzymes. 

In light of these findings, it has also been proposed that galactose 

might accelerate the natural decline of the mitochondrial function 
during aging [55]. Nonetheless, the effects of galactose exposure seem to 
be neutralized when a physiological amount of glucose is present as 
main carbon source, as shown by Radenkovic et al. [56] in in vitro ex
periments on human primary dermal fibroblasts. 

4. Galactose in human glycosylation 

Protein glycosylation is a post-translational covalent modification 
essential for functional maturation of a wide array of macromolecules, 
like proteins and lipids. Through covalent attachment to glycans, these 
macromolecules acquire structural folding, stability and solubility, so 
that they can mature into their functional three dimensional configu
ration. Glycoconjugates play a plethora of effects in- and outside the cell, 
including modulation of lipid and protein functions, cell-cell commu
nication, cell-matrix adhesion, intracellular signaling, glycocalyx for
mation, and immune response modulation (Fig. 1) [5,6]. 

In the next paragraphs, we will discuss the galactosylation of known 
glycoconjugates (Fig. 6), including protein N- and O-glycosylation 
[paragraph 4.1], proteoglycans [paragraph 4.2], collagen [paragraph 4.3] 
and glycolipids [paragraph 4.4]. 

4.1. Galactose and protein glycosylation 

Among all post-translational modifications, glycosylation is the one 
with the largest contribution to proteome complexity. A given protein 
can have multiple sites of glycosylation, whose accessibility can influ
ence the glycan formation, and its glycoforms can differ by site occu
pancy (macroheterogeneity) and by the type of occupying glycans 
(microheterogeneity) [57–61]. It has been estimated that more than 
50% of human proteins are glycosylated, which entails why glycosyla
tion is essential for a tremendous amount of biological events [6,62]. 
Galactose is an essential precursor of glycan biosynthesis via activation 
to a high energy donor, UDP-Gal (Figs. 3, 5) [paragraph 3.1]. UDP-Gal is 
transported into the Golgi Apparatus (GA) lumen by a specific trans
porter, namely the solute carrier family 35 member A2 (SLC35A2), and 
into the endoplasmic reticulum (ER) lumen by the spliced isoform of 
SLC35A2 [63]. Here, UDP-Gal acts as a donor of galactose, which is 

Fig. 5. Scheme of galactose metabolism. Abbreviations: CO2, carbon dioxide; GALE, UDP-α-D-galactose 4-epimerase; GALK, galactokinase; GALT, galactose 1-phos
phate uridylyltransferase; HK, Hexokinase; PGM1, phosphoglucomutase isoform I; UGP, UDP-α-D-glucose pyrophosphorylase. Solid arrows indicate single enzymatic 
reactions, dashed arrows indicate a sequence of enzymatic reactions (omitted) and the blue dotted arrows indicate the contribution of different biochemical pathways 
to the production of CO2. 
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Fig. 6. Schematic representation of the glycosylation pathways involving galactose. Galactose is metabolized into UDP-Gal which is used as a precursor for 
glycosylation of different macromolecules. UDP-Gal can be used as building block for synthesis of N-glycans and O-glycans. Moreover, UDP-Gal can be used to 
synthesize keratan sulfate, a glycosaminoglycan that, along with N- and O-glycans, is an essential component of several extracellular proteoglycans. Additionally, 
UDP-Gal is used to glycosylate collagens. Lastly, UDP-Gal can be used to glycosylate lipids alone or in combination with other monosaccharides, generating gly
colipids. Among glycolipids, several types of glyceroglycolipids, sulfoglycolipids and glycerolipids contain galactose in their sugar moieties. 

Fig. 7. UDP-Galactose synthesis and function in glycosylation. Solid line arrows indicate direct enzymatic reactions, while dashed line arrows indicates a series of 
sequential reactions. 
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covalently linked via glycosidic bond to the growing glycan on proteins 
or lipids, by galactosyltransferases (Fig. 7). About 20 galactosyl
transferases have been described in human, with a high degree of 
specificity for their acceptor substrates and the type of glycosidic linkage 
generated [64,65]. 

The attachment of galactose molecules to a glycan chain is called 
galactosylation, and typically occurs at the (semi)terminal positions of 
several N-linked glycans or in the core structure of O-linked glycans 
(Fig. 8) [66]. 

After a glycoconjugate has fulfilled its functions, it undergoes 
degradation inside the lysosomes, where glycans are exposed to the 
activity of glycosidases. Lysosomal glycosidases are a super-family of 
enzymes that hydrolyze glycosidic bonds in complex sugars and mostly 
require low pH for optimal cleavage. This enzymatic superfamily in
cludes the subfamily of galactosidases, which is further divided in (i) 
exogalactosidases, which cleave the glycosidic linkage of terminal ga
lactoses from the nonreducing end of a glycan chain, and (ii) endoga
lactosidases, which instead cleave the glycosidic linkages of internal 
galactoses present in larger glycans, yielding more substrate (fragments) 
for the exogalactosidases [67]. 

The lysosomal degradation of glycans ultimately results in mono
saccharides, like galactose, that exit the lysosome by diffusion or carrier- 
mediated transmembrane transport and, once in the cytosol, can either 
be metabolized or be reactivated for de novo synthesis of glycans [68]. 
This recycling process of galactose from the lysosome is conventionally 
called the salvage pathway. 

The two main types of protein glycosylation in human cells are N- 
glycosylation and O-glycosylation, and both require the presence of 
galactose. 

In N-linked protein glycosylation (Fig. 8), the glycans are covalently 
attached to asparagine (Asn) residues by an N-glycosidic bond. All 
eukaryotic N-glycans have a uniform base of GlcNAcβ1–Asn, and their 
synthesis starts on a dolichol-phosphate carrier. Hereafter the glycan is 
transferred to proteins and modified. Ultimately, three types of N-linked 
chain can be synthesized: oligomannose forms, complex forms and a 
hybrid forms [69]. 

Mucin O-linked glycans (Fig. 8) are initiated by GalNAc and are 
attached to the hydroxyl of serine (Ser) or threonine (Thr) residues by 
polypeptide GalNAc transferases. The length of O-linked glycans varies 
greatly, from a single GalNAc to over 20 residues. Mucin O-glycans are 
the largest group of O-linked glycans. The monosaccharides found in O- 
GalNAc linked glycans include GalNAc, galactose, GlcNAc, fucose, and 
sialic acid, whereas mannose, glucose, or xylose residues are not rep
resented. O-linked glycans are greatly variable in sugar residues but 
there are four major core structures [70]. 

4.2. Galactose, keratan sulfate and proteoglycans 

Glycosaminoglycans (GAGs), also known as mucopolysaccharides, 
are negatively-charged polysaccharides composed of repeating disac
charide units. They are present in every mammalian tissue and covered a 
wide range of functions determined by their molecular structure [71]. 

Fig. 8. Examples of N-glycan structures and the four types of human mucin O-glycans, namely: [core 1] Galβ1–3GalNAcαSer/Thr; [core 2] GlcNAcβ1–6(Galβ1–3) 
GalNAcαSer/Thr; [core 3] GlcNAcβ1–3GalNAcαSer/Thr; [core 4] GlcNAcβ1–6(GlcNAcβ1–3)GalNAcαSer/Thr. 
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Historically, the function of GAGs was thought to be limited to cell 
hydration and structural scaffolding. However, recent evidences entail 
that GAGs also play a key role in cell signaling, which modulates a vast 
amount of biochemical processes [72]. 

The four primary groups of GAGs are classified based on their core 
disaccharide units and include heparin/heparan sulfate, chondroitin 
sulfate, dermatan sulfate, hyaluronic acid and keratan sulfate [73]. Of 
these, keratan sulfate (KS) is the only type of GAG containing galactose 
as structural component. 

Keratan sulfate is the most recently discovered GAG, and although 
eighty years have passed from its discovery in the cornea [74], it still 
remains the least understood. KS is a sulfated polylactosamine chain 
composed of repeating disaccharides of galactose and N-acetylglucos
amine (GlcNAc), which can both be subjected to C-6 sulfation, and its 
nonreducing termini can be capped with various types of mono
saccharides. Three classes of KS have been defined on the basis of tissue 
specificity and, most importantly, on the chemical structure, which 
varies depending on the extent of sulfation, the sulfation patterns, and 
the type of linkage oligosaccharide that connects keratan sulfate to the 
core protein [75]. KS type I is a N-linked KS chain with variable degrees 
of sulfation (non-, mono- and di-sulfation) and it is predominant in the 
cornea [76]. KS type II is an almost completely sulfated KS chain, O- 
linked to the core protein through GalNAc, mostly present in cartilagi
nous tissues [76]. KS type III is also highly sulfated but is attached to its 
core protein through a 2-O-mannose linkage, and it is mostly abundant 
in the central nervous system [76]. 

The biosynthesis of KS type I begins in the ER where dolichol phos
phate in the ER membrane acts as a glycosyl receptor for the formation 
of high mannose N-linked oligosaccharide. The complex is then trans
ferred to the GA [75]. Instead, for KS type II and III the addition of the 
first monosaccharide and the extension of the chain occur once the 
polymer has entered the GA. Dedicated glycosyltransferases resident in 
the GA catalyze the elongation of the KS chains, and in general this 
occurs by alternative action of a β1,4-galactosyltransferase (β4GalT) and 
a ß1,3-N- acetylglucosaminyltransferase (β3GnT). Lastly, the KS chains 
are covalently attached as modules to core proteins to form pro
teoglycans (PGs), which are then transported to the plasma membrane 
via vesicle trafficking. 

KS-containing proteoglycans (KSPGs) play essential roles in ECM 
formation and connective tissue organization, mechanical support, and 
resistance to compression while maintaining tissue elasticity. Besides, 
KSPGs are involved in bone homeostasis, mucous composition and 
mucinous microenvironment, fertilization and oocyte implantation, 
development of heart tissue and in the valve leaflets, neuronal cell 
development, dendritic synaptic contact area protection and neuro
transmitter transport, transferrin and prostaglandin biosynthesis [76]. 
Among the KS-containing PGs, several members can be found of the 
small leucine repeat proteoglycan (SLRP) family, such as fibromodulin, 
lumican, keratocan, mimecan, and osteoadherin that contain short N- 
linked KS chains, and aggrecan, a large PG containing both KS and CS 
that contributes to the structural scaffolding, water-retaining properties 
and compression resistance in cartilaginous tissues [77]. 

4.3. Galactose and collagen glycosylation 

Although the majority of proteins undergo glycosylation as a process 
spanning from ER to GA, there are exceptions to this role. The most 
relevant exception in the context of this review are collagens, a family of 
proteins that are glycosylated entirely in the ER with a unique disac
charide that is involved in correct folding of collagen fibers. 

Collagens, the most abundant class of proteins in the human body, 
provide structural support, tensile strength and elasticity to connective 
tissue, skin, bones, muscles, tendons and ligaments. To date, 29 types of 
collagen encoded by at least 46 genes have been reported [78]. The 
structure of collagens is rather diverse but generally characterized by 
repeats of a triplet, Gly-X-Y, where proline and lysine are often found at 

positions X and Y, respectively. A typical collagen polypeptide includes 
hundreds of this motif, which confers a left handed helical conformation 
to the single strand collagen domains [79]. The presence of glycans on 
collagens has been first described in 1935, when Grassmann and 
Schleich assigned up to 1% of the mass of collagen to carbohydrates 
[79,80]. 

While still in the ER, these collagen domains undergo different post- 
translational modifications, of which the most important are then hy
droxylation on proline and lysine residues, followed by glycosylation on 
selected hydroxylysine residues (the extent of which varies according to 
the different types of collagen). Whereas the hydroxylation of proline 
increases the thermal stability of collagen, which would otherwise 
already partially denature at body temperature [81], the hydroxylation 
of lysine enable glycosylation. These hydroxylysine residues carry var
iable numbers of the monosaccharide Gal(β1-O) or the disaccharide Glc 
(α1–2)Gal(β1-O) through O-glycosidic linkages (Fig. 5) [78,79,82,83]. 
Although the galactosyltransferases specific for collagen glycosylation 
are still under investigation, the ER-resident galactosyltransferases 
COLGALT2 and COLGALT1 have been identified, and mutations in the 
latter have been linked to cerebral small vessel abnormalities and por
encephaly [paragraph 5.5, 78, 79, 84]. 

After undergoing glycosylation and other post-translational modifi
cations, three collagen polypeptides associate to form a right-handed 
triple helical coil stabilized through hydrogen bonds between the 
three subunits, ultimately forming collagen fibrils [79]. Next, the fibrils 
migrate outside the ER lumen and via vesicle transport they are secreted 
in the extracellular space. Here, the procollagen pro-peptide is cleaved 
so that the fibrils reach mature state and gain the ability to cross-link 
with other fibers, thus building the structural matrix that provides 
support and elasticity to tissues. 

4.4. Lipid glycosylation 

Glycosylation also occurs on lipids, generating glycolipids, which are 
formed by a lipid moiety covalently bound through glycosidic bonds to a 
mono- or oligosaccharide [85]. Glycolipids are mostly known for their 
role as bilayer membrane constituents. Lipid membranes are essential 
structural elements for the evolution of life, as they provide separation 
from the extracellular environment and allow compartmentalization by 
generating organelles within the cells. Glycolipids contribute to mem
brane structural stability, orientation and organization, while enabling 
signal transmission and interactions between the two sides (e.g. extra
cellular microenvironment and intracellular cytoplasm). 

The biological functions of glycolipids are intertwined with their 
chemical structure that grants them an ambivalent nature: the lipidic 
chain is hydrophobic and constitutes the core of the membranal bilayer 
separating different aqueous environments and controlling their in
teractions, while the carbohydrate moieties are hydrophilic and can 
extend into the aqueous media on the opposite sides of the membrane 
creating polarization and encoding information [9]. Since their discov
ery towards the end of the 19th century [9], several classifications have 
been proposed, although the most simple divides glycolipids in (i) gly
coglycerolipids, which contain a glycerol backbone and are absent in 
human but very common in plants and microbes, and (ii) glyco
sphingolipids, which instead contain a sphingosine backbone. 

Glycosphingolipids typically account for about 5–10% of lipid in 
plasma membranes, and their structural diversity and strategic locali
zation in the outer leaflet of the plasma membrane render them ideally 
suited for their functions in mediating intercellular adhesion, in
teractions, recognition, receptor function and signaling [9,86]. 

The majority of glycosphingolipids belong to the subclass of the ce
rebrosides, which can be further divided into different subtypes. One of 
these are the galactosylceramides (a.k.a. galactocerebrosides). Gal
actosylceramides are mostly found in brain where they act as major 
components of brain myelin [87,88] and alone accounts for 16% of the 
total lipid content in the CNS [9]. Sulfation of galactosylceramide results 
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in 3-O-sulfated-galactosylceramide, also called sulfatide. Sulfatide is an 
essential component of myelin in the nervous system, but it has also 
been detected in the pancreas where it is involved in insulin secretion, in 
the gastrointestinal tract and in the kidney [89]. Moreover, it has been 
identified on the membrane of various blood cells, such as leukocytes, 
platelets and erythrocytes, where it seems to be involved in immune 
system, hemostasis and thrombosis, bacterial infection, and virus 
infection [89,90]. 

Another subclass of glycosphingolipids includes the globosides, 
which are to glycosylated with more than one monosaccharide, usually 
galactose, glucose and GalNAc. Globosides can be mostly found on the 
membrane of erythrocytes, immune cells, stem cells and kidney cells, 
where they act as a membrane receptor [91,92]. 

Lastly, the most complex type of glycosphingolipids is represented by 
gangliosides, as they contain up to seven carbohydrate residues in a 
branched chain and include sialic acid (NeuAc) residues [86]. Gangli
osides are ubiquitous membrane-bound components in vertebrates and 
are most abundant in the CNS, where they support its development and 
mediate protection and repair mechanisms [93]. 

The de novo biosynthesis of most of these glycosphingolipids starts in 
the ER with the biosynthesis of the ceramide moiety. The ceramide is a 
long-chain aminoalcohol sphingosine originating from palmitoyl-CoA 
and serine in amide linkage to a fatty acid thanks to the ceramidase 
synthase [9,94]. Next, the ceramide core is glycosylated, but in a 
peculiar fashion: the galactosylation of ceramide takes place inside the 
ER lumen, while additional glycosylation reactions occur in the GA 
[94,95]. The attachment of the galactose molecules is mediated by the 
UDP-galactose/ceramide galactosyltransferase (UGT8) [95]. After
wards, the galactosylceramide traffics to the GA lumen, where galactose 
is 3′-O-sulfated by the cerebroside sulfotransferase to form sulfatides, or 
its glycan chain is elongated by glycosyltransferases to form glyco
sphingolipids with core structure Galα(1,4)Galβ-Cer (a.k.a. gala-series 
glycosphingolipids) [9,96,97]. 

5. Galactose-related congenital disorders of glycosylation 

As glycosylation plays an important role in enabling and regulating a 
variety of biological processes, defects of this post-translational modi
fication have been related to both acquired pathologic conditions, such 
as neurodegenerative disorders, diabetes and cancer [98], and to some 
congenital inborn errors of metabolism, specifically congenital disorders 
of glycosylation (CDG) and lysosomal storage disorders (LSDs). 

CDG are mainly autosomal recessive monogenic disorders with 
multisystem symptoms, including hepatic, neurologic, muscular and 
skeletal involvement. Traditionally, CDG used to be divided into two 
classes based on the glycosylation steps affected by the pathogenic 
mutation: CDG type I, which includes the defects in the assembly of the 
immature chain and its transfer to the protein, resulting in missing 
glycan chains, and CDG type II, which beholds the defects in the pro
cessing of the protein-bound glycan and results in incomplete glycans 
[99]. Yet, in the past decade more and more ‘mixed-type’ CDG have been 
discovered. 

Out of 137 CDG described to date [100–104], about ten have been 
linked to galactose via genetic mutations that disrupt different steps of 
galactose metabolism, transport, glycosylation or indirectly via the 
alteration of the ion homeostasis in the GA, which will be described in 
the following paragraphs. 

5.1. Galactosemia 

Galactosemia was originally described as an autosomal recessive 
defect for the first time in 1908 by A. von Reuss [105]. Over a century 
later, it was discovered that the term “galactosemia” was used to 
describe several congenital disorders affecting different enzymes of the 
Leloir pathway, and thus it was divided in four types: galactosemia type I 
due to GALT deficiency, type II due to GALK deficiency, type III due to 

GALE deficiency, and type IV due to GALM deficiency [35,36]. 
Galactosemia can result indirectly results in the impairment of both 

glycan assembly and processing and thus it is classified as a secondary 
CDG [106]. The accumulation of galactose fuels the activation of 
alternative metabolic pathways, such as the synthesis of galactonate 
[paragraph 3.2] and of galactitol [paragraph 3.3], which both have been 
proposed to contribute to the increased oxidative stress in the most 
affected tissues. The accumulation of these two metabolites can be 
detected in patients’ plasma, red blood cells and urine, and thus it has 
been proposed as biomarker for defects in GALT, GALK and GALE [45]. 

To date, only a limited therapy is available for galactosemia. In 
clinical practice, as soon as galactosemia is suspected neonatally, the 
infant is promptly switched to a galactose-restricted diet, usually 
replacing milk with a galactose-free formulation. This dietary regimen 
stops the morbidity of the disease but cannot resolve the long-term 
consequences of some of the symptoms which accumulate over time. 

On the other hand, it has been suggested that a galactose-restricted 
diet might diminish bone mineral density, resulting in decreased 
growth and height. Besides, over 80% of female galactosemic patients 
suffer from primary ovarian insufficiency and they often need puberty 
induction to reach maturity. Little research has been conducted about 
male fertility in galactosemia, but increased cryptorchidism has been 
reported [16,107]. 

5.1.1. Galactosemia type I: GALT deficiency 
GALT deficiency is the most common form of galactosemia, also 

known as classical galactosemia [MIM#230400, 108], affecting 1 in 
16,000:60,000 live births [16]. To date, over 200 GALT mutations have 
already been described [109], although over 70% of classic galacto
semia cases are due to a few common mutations (Q188R, S135L, K285N, 
and L195P) [110]. 

Infants with classical galactosemia, often do not present any symp
toms at birth but, once the consumption of milk is commenced, the 
symptoms appear due to exposure to galactose [111]. The first symp
toms to manifest include vomiting, diarrhea, jaundice, lethargy, hypo
tonia, hepatomegaly and liver dysfunction (Table 1) [16,112,113]. The 
progression of the galactose toxicity leads to the development of cata
racts, liver damage, abnormal bleeding, gram negative sepsis, and 
bulging fontanel due to pseudotumor cerebri [16,114]. Along with 
endocrine abnormalities, the cognitive symptoms are the most severe 
and persistent and can manifest motor disturbances, vision impairment, 
memory disruption, speech delay, language problems and below 
average IQ (85–100) [16]. 

From a molecular point of view, the increased Gal-1P level is typical 
to classic galactosemia, and it has been proposed that the accumulation 
of this intermediate could be responsible for the clinical features, 
especially the ophthalmological defects and the neurological symptoms 
[115]. Due to the severity of the disease, galactosemia has been included 
in newborn screening for over fifty years, based on the quantification of 
total galactose (TGAL) and GALT enzymatic activity [116,117]. 

IgG N-glycans were found as a potential biomarker for determining 
galactose tolerance in classical galactosemia [118]. This tolerance of 
galactose is important as increased galactose intake, when tolerated, 
may improve glycosylation. In 2015, a study with 13 galactosemic 
children already indicated that moderate increase in galactose intake 
may well be tolerated and indeed may improve glycosylation [119]. 

As alternative strategy, GALK inhibitors, which are typically used to 
treat GALK deficiency or galactosemia type II [paragraph 5.1.2], have 
been studied as potential treatment in patients with classic galactosemia 
[120]. 

5.1.2. Galactosemia type II: GALK deficiency 
Deficiency of GALK, mediating the second step of the Leloir pathway, 

is the cause of galactosemia type II [MIM# 230200]. This type of 
galactosemia is more rare than type I, with a prevalence of less than 
1:1,000,000 [35] and approximately 40 pathogenic mutations reported 
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[108]. Cataracts and pseudotumor cerebri are considered the only 
consistent abnormalities in this type of galactosemia (Table 1) [120]. 
Long-term follow-up of patients with this disorder has shown that, in 
spite of a severely galactose-restricted diet, most patients develop ab
normalities such as a disturbed mental and/or motor development, 
dyspraxia and hypergonadotropic hypogonadism [120]. Nonetheless, 
the phenotype of galactosemia type II is generally considered less severe 
than that of classic galactosemia and of galactosemia type III [51]. 

Both the cataracts and the neurological symptoms have been pro
posed to be caused by the accumulation of galactose and galactitol that, 
in this type of galactosemia, reaches the highest levels. Based on this 
hypothesis, starting from 2014 high-throughput screenings have been 
performed to identify small molecules that could inhibit human GALK to 
prevent the accumulation of toxic collateral bioproducts. As results, 
multiple functional inhibitors have been identified, such as the so called 
Analog 36, but they have yet to be tested on patients [121–123]. GALK 
inhibitors are considered the most promising treatment option also for 
galactosemia type I, especially considering that gene therapy is currently 
not a feasible option for this CDG [123]. Furthermore, chaperone or co- 
factor therapies are unlikely to be beneficial as few if any cause protein 
misfolding [123]. 

5.1.3. Galactosemia type III: GALE deficiency 
Galactosemia type III [MIM#230350] is caused by mutations 

affecting the gene encoding GALE enzyme, which catalyzes the last step 
of the Leloir pathway by converting UDP-Gal to UDP-Glc and vice versa. 
Over 20 disease-associated mutations have been reported and only a 
small number of patients has been diagnosed thus far, making this rarest 
type of galactosemia. 

Galactosemia type III used to be divided into two groups: a severe 
generalized form, and a mild peripheral form, but more recently inter
mediate forms have become evident [36,124]. The peripheral form is 
mostly asymptomatic except for altered blood galactose levels. In 
contrast, the generalized form with very low or totally absent GALE 
activity presents with cataracts in the first few months of life, followed 

by liver, kidney and neurological damage largely due to the accumula
tion of Gal–1P. In these patients, galactose restriction is less effective 
than in other types of galactosemia, possibly because GALE is also 
involved in the conversion of UDP-GalNAc and UDP-GlcNAc, a problem 
which is not resolved by galactose restriction [36]. 

5.1.4. Galactosemia type IV: GALM deficiency 
In 2018, Wada and colleagues investigated the causes of eight un

explained galactosemia cases and found biallelic variants of GALM gene 
in all patients. This new deficiency was called galactosemia type IV 
[MIM#618881, 125]. 

All eight patients were younger than one year of age and presented 
elevated blood galactose levels. Their Gal-1P levels appeared initially 
elevated during the perinatal period, but gradually decreased to normal 
levels in early infancy. Two patients showed bilateral cataracts [125], 
making GALM deficiency similar to galactosemia type II. Concerning the 
decursus of this disease, very little is known as no patients have yet 
reached adulthood, and are currently maintained on a galactose 
restricted diet [125]. Iwasawa and colleagues identified 30 GALM var
iants that cause low or absent enzyme activity, thus providing a first 
panel that can be used as reference for patient diagnosis [126]. As this 
type of galactosemia has been only recently described [125], much still 
remains to be discovered about its phenotypes, their evolution over time 
and the long term effects of galactose restriction during patients’ life. 

5.2. PGM1 deficiency 

Aside from galactosemia, also other CDG are known to involve 
galactose metabolism. This is the case for phosphoglucomutase-1 
(PGM1) deficiency (or PGM1-CDG) [MIM#614921], which was first 
reported in 2009 [127]. PGM1 enzyme is an heart-shaped phosphoglu
comutase of 562 aa that catalyzes the interconversion of Glc-1P and Glc- 
6P (Fig. 4). Glc-6P can flow into glycolysis, while Glc-1P can be trans
formed to UDP-Glc, which can be used as substrate for UDP-Gal syn
thesis for glycosylation, or can fuel into glycogen synthesis. Therefore, 

Table 1 
Summary of the details and clinical presentation of galactosemia and other galactose-related CDG. 

Red color, reported symptom; grey color, absent symptom; the symbol ‘?’ indicates symptoms unclearly correlated with the disease. Abbreviations: chr, chromo
some; Gal, galactose; Glc, glucose; GalNAc, N-acetyl-α-D-galactosamine; GlcNAc, N-acetyl-α-D-glucosamine; 1P, phosphate on carbon 1; UDP, uridine diphosphate; 
proCOL, procollagen; M, million; K, thousand. 
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PGM1-CDG affects both energy production and storage, as well as 
glycosylation. 

Being a ubiquitarian enzyme, PGM1-CDG affects a wide number of 
organs and systems and presents with a highly heterogenous clinical 
spectrum that includes hypoglycemia, cleft palate or bifid uvula, liver 
dysfunction, growth delay, endocrine and skeletal abnormalities (e.g. 
short limbs), cardiac defects (mostly dilated cardiomyopathy and ven
tricular defects), myopathy with or without rhabdomyolysis, and lastly 
coagulation disturbance (Table 1) [128–135]. Although the CNS was 
initially considered unaffected [132], recent studies suggest an associ
ation between PGM1-CDG and neurological symptoms, including 
seizure and intellectual disability, which do not appear to be secondary 
to hypoglycemia [135–137]. Thus far, 57 patients affected by PGM-CDG 
have been reported in the literature [135,138]. 

Aside from routine therapies targeting single symptoms (e.g. palatal 
surgery to repair the cleft palate), oral D-galactose supplementation is 
used as metabolic treatment to treat these patients. D-Galactose sup
plementation acts by replenishing the scarce pool of UDP-Gal in PGM1- 
deficient tissues, hence ameliorating the defective glycosylation by 
resolving hypogalactosylation and contributing to rescue missing gly
cans [128,129]. Thanks to this compensatory mechanism, hypoglycemic 
episodes are significantly reduced (and in some cases disappear), liver 
dysfunction is ameliorated, coagulation improves, while growth delay 
and puberty delay are reduced. 

Although there is no standard protocol for such supplementation, 
although Wong and colleagues proposed a dose of 1 g/kg/day galactose 
for adult patients (Wong protocol), while infantile patients required 
dose adjustments to meet the higher requirements of this sugar 
[128,139]. In several pilot studies that made use of the Wong protocol, 
this dose was sufficient to successfully restore protein N-glycosylation 
within 3–4 weeks of treatment, without glycogen accumulation. This 
resulted in improvement of the hepatic and endocrine functions, 
normalization of transaminases, and prevented puberty delay when 
administered in younger patients [128,129]. Yet, no evident effects have 
been reported on the cardiac and muscular function, hinting that the 
currently used doses might be too low to have any effects on such 
symptoms or that galactose plays a minor role in the pathomechanisms 
taking place in these tissues [139]. 

5.3. SLC35A2 deficiency 

The solute carrier (SLC) gene superfamily consists of around 400 
putative genes including the SLC35 subfamily, which mainly encodes 
transporters involved in the translocation of nucleotide mono
saccharides across membranes [63]. SLC35A2 encodes a 324 aa trans
locator of pyrimidine nucleotide monosaccharides, specifically UDP- 
GlcNAc and UDP-Gal, from which its name UDP-Gal transporter 
(UGT). Two UGT isoforms due to alternative splicing have been reported 
in human, UGT1 and UGT2, the latter differing from the former by eight 
amino acids in the C-terminal eight amino acids [140]. UGT1 (the main 
isoform) transports its ligand by creating heterologous complexes in the 
GA with the UDP-GlcNAc transporter (SLC35A3), which further in
teracts with mannosyl acetylglucosaminyltransferases (MGATs), ulti
mately generating a glycosylation-related transmembrane complex 
[141]. By concentrating UDP-Gal and UDP-GlcNAc molecules from the 
cytosol into the GA lumen, UGT enables proper protein and lipid gal
actosylation that results in the synthesis of functional N-/O-glycans 
(Fig. 6). Therefore, mutations affecting the functionality of this trans
porter result in a CDG with X-linked inheritance and severe neurologic 
involvement [MIM#300896]. These patients present with an heteroge
neous phenotypic spectrum with predominant neurologic symptoms, 
including central nervous system malformations and early-onset en
cephalopathy with epilepsy, developmental delay, drug-resistant hyp
sarrhythmia, facial dysmorphism, skeletal abnormalities (e.g. short 
limbs), growth deficiency and ophthalmological defects. More rarely, 
patients may present hepatic, cardiac, respiratory and immunological 

symptoms. 
Thus far, 77 SCL35A2-CDG patients have been identified, accounting 

for a total of 59 mutations (Table 1) [142–156]. Although in about half 
of the patients the transferrin glycoprofile spectrum revealed truncated 
glycans lacking terminal galactose (hypogalactosylation) and sialic 
acids (hyposialylation) [157], other patients present with normal 
glycosylation [149]. 

Oral D-galactose supplementation was attempted in ten SLC35A2- 
CDG patients, with escalating doses up to 1.5g/kg/day over a period 
of 18 weeks [158]. Although results were rather variable among pa
tients, overall the supplementation seemed to ameliorate growth and 
developmental delays, improved the gastrointestinal symptoms and 
epilepsy, and restored the levels of fully N-glycosylated glycans. 

5.4. B4GALT1 deficiency 

Structural glycan changes dominated by galactose loss are present 
also in B4GALT1-CDG [MIM#607091]. Beta-1,4-galactosyltransferase 1 
(B4GalT1) is a 398 aa glycosyltransferase residing in the trans GA that, 
in the presence of manganese, transfers a galactose moiety from UDP- 
Gal to GlcNAc residues in a β1–4 linkage [159–161]. Besides, B4GalT1 
can interact with α-lactalbumin to form the lactose synthase complex 
that leads to the synthesis of lactose in the lactating mammary gland 
[162,163]. 

B4GALT1-CDG has thus far been diagnosed only in four pediatric 
patients [142,164–166]. The clinical spectrum includes Dandy-Walker 
malformation, hydrocephalus, facial dysmorphisms, muscular symp
toms (e.g. pronounced hypotonia, elevated creatin-kinase levels), tran
sient cholestatic syndrome and liver defects, pulmonary symptoms, 
coagulation abnormalities (e.g. thrombocytopenia) (Table 1). Less 
frequently, heart failure, splenomegaly and developmental disability 
also occur. Transferrin glycoprofiling showed truncated glycans due to 
hypogalactosylation in patients. A recent study demonstrated hypo
galactosylation and reduced activity of lipoproteins such as cholesteryl 
ester transfer protein, leads to anomalies in plasma HDL cholesterol 
levels [166]. To date, only symptomatic therapies are available in 
clinical practice for B4GALT1-CDG, although manganese and galactose 
supplementation are under investigations [167]. 

5.5. COLGALT1 deficiency 

To reach its mature form, collagens require galactosylation, which is 
catalyzed by two collagen β(1-O) galactosyltransferases: COLGALT1 and 
COLGAT2 [paragraph 4.3]. While no patients with compound hetero
zygous mutations in COLGALT2 have been reported, a recent case report 
[78,84] described two unrelated Japanese patients affected by missense 
mutations in highly conserved domains of COLGALT1. COLGALT1 is a 
622 aa glycosyltransferase resident in the ER lumen, and its loss of 
function lead to an autosomal recessive condition named brain small 
vessel disease 3 (BSVD3) [MIM# 618360]. On a molecular level, in vitro 
knock-out cell models for COLGALT1 showed a dramatic decrease of 
intracellular and extracellular collagen type IV alpha 1 chain (COL4A1) 
secretion, inability to restore proper COL4A1 production and collagen 
accumulation in the ER lumen. And these molecular events ultimately 
disrupts the protein-protein interactions with other extracellular mole
cules and compromised structural integrity of the vascular basement 
membranes [84]. This experimental evidence also explained the 
phenotypic similarity with collagen type IV-related cerebral small vessel 
diseases, which is a class of disorders clinically heterogeneous with a 
broad range of manifestations of variable severity [78]. BSVD3 pre
sented with early onset, slowly-progressive disease characterized by 
psychomotor delay and intellectual impairment, which however differ 
in terms of severity in the two reported cases (Table 1). The most severe 
of these two patients was affected by severe spastic quadriplegia and 
severe intellectual disability, while the least severe patient died at 9 
years of age due to intracranial hemorrhages following an infection 
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[78,84]. At present, no specific metabolic management has been defined 
for BSVD3 but only symptomatic therapies. 

5.6. SLC39A8 deficiency 

A recently classified CDG type II affecting manganese metabolism, 
SLC39A8 deficiency (or SLC39A8-CDG) [MIM#616721], is also linked 
to galactosylation. SLC39A8 encodes for a metal cation transporter of 
460 aa commonly known as zinc- and iron-related protein type 8 (ZIP8), 
which transports manganese across the membranes of GA, mitochon
dria, lysosomes and cytoplasm [168–171]. SLC39A8-CDG patients suffer 
from cranial asymmetry, infantile spasms with hypsarrhythmia, intel
lectual disability and cerebellar atrophy, dystonia, seizures, bilateral 
basal ganglia hyperintensities, disproportionate dwarfism and failure to 
thrive (Table 1) [168,170]. To date, 14 patients have been described 
[168,172,173], all manifesting severe glycosylation disruption with 
truncated N-glycans due to hypogalactosylation and secondary hypo
sialylation, and blood levels of manganese below the detection limit. 
Thus, oral D-galactose supplementation was also tested on SLC39A8- 
deficient patients [168,170,172]. The supplementation improved the 
glycosylation up to the normal range [168]. However, as galactose 
supplementation is only able to rescue the glycosylation anomalies and 
not the manganese related problems, in 2018 Park and colleagues tested 
a complementary oral manganese supplementation [172]. Manganese 
treatment resulted in clinical improvement in motor abilities, hearing 
symptoms and other neurological manifestations [172], officially 
entering the metabolic management protocol for this CDG. 

5.7. TMEM165 deficiency 

In 2012 another CDG characterized by reduced galactosylation 
caused by defects in an ion transporter, TMEM165, was described in five 
patients [174,175]. TMEM165 is a 324 aa transmembrane protein 
localized in the lysosome, endosome and GA membranes and it has been 
proposed to function as a calcium/proton transporter involved in cal
cium and lysosomal pH homeostasis [176]. 

Similarly to SLC39A8-CDG, TMEM165-CDG [MIM# 614727] is 
characterized by neurologic, pulmonary, endocrine, hematological, 
gastrointestinal and skeletal involvement [175] (Table 1). Furthermore, 
these patients show abnormally truncated N-glycans due to hypo
sialylation and hypogalactosylation and disrupted Golgi manganese 
homeostasis. The latter symptom can be resolved upon manganese 
supplementation, which however does not rescue all symptoms [174]. In 
2017, due to the successful treatment of PGM1-CDG patients using only 
oral galactose supplementation [170], this supplementation was also 
investigated in TMEM165-CDG patients. This first trial reduced hypo
galactosylation and had a positive effect on several parameters such as 
APTT, antithrombin, IGF1, IGFBP3, alanine aminotransferase levels and 
endocrine function [174]. 

6. Galactose-related lysosomal disorders 

The turnover of glycoconjugates takes place in the lysosomes, where 
glycosidases digest the glycans, releasing monosaccharides that are 
recycled for biosynthesis of glycans or for fueling other metabolic 
processes. 

Genetic defects affecting lysosomal glycosidases lead to congenital 
disorders called LSDs. LSDs represent a group of at least 41 genetically 
distinct, biochemically related, congenital diseases that are individually 
considered rare, although collectively they affect 1 in 7000–8000 live 
births [177,178]. Several classes of congenital diseases are included 
under the umbrella term LSDs, but here we will focus only on those 
directly related to the lysosomal catabolism of galactosylated conju
gates, specifically: Krabbe disease (galactosylceramidase deficiency), 
Fabry disease (alpha-galactosidase deficiency), beta-galactosidase defi
ciency and galactosialidosis. 

6.1. Galactosylceramide lipidosis (Krabbe disease) 

Galactosylceramide lipidosis, also known as Krabbe disease 
[MIM#245200], is a neurodegenerative LSD with autosomal recessive 
inheritance and a worldwide incidence of 1:100,000–250,000 live 
births, caused by mutations in the galactosylceramidase gene GALC 
[179,180]. 

GALC is 669 aa lysosomal enzyme that catalyzes the hydrolysis of 
galactose from several glycosphingolipids, including galactosylceramide 
and galactosylsphingosine [paragraph 4.4] [181]. When it is defective, 
the accumulation of GALC substrates (of which psychosines are cyto
toxic lipids) induces damage to the myelin-forming cells, thus compro
mising tissue integrity and functionality of the nervous system [182]. 

Since its first description in 1916 by K. Krabbe, over 130 pathogenic 
GALC mutations have been identified, and according to OMIM over a 
couple of hundreds of patients have been reported thus far [182]. 

Infantile Krabbe disease accounts for approximately 85–90% of cases 
and can be further divided into early-infantile disease, in which symp
toms appear by 6 months of age, and late-infantile disease, in which 
symptoms typically appear between 7 and 12 months of age [179]. The 
infantile-onset clinical spectrum includes feeding difficulties, irritabil
ity, followed by rapid mental and motor deterioration, hyperactive re
flexes, hypertonicity, loss of vision, and seizures. In the final stage of the 
disease, stiffness decreases, but the child develops blindness and deaf
ness, while also losing control of voluntary movements (Table 2) 
[183,184]. The more rare, adult-onset Krabbe disease is instead mostly 
characterized by weakness, lower limb hypoesthesia and spastic para
paresis (Table 2) [183]. Although pharmacological chaperone therapy is 
currently under investigation for Krabbe disease [182], the recom
mended treatment is based on human stem cell transplantation, which 
can improve the clinical outcome in infantile-onset cases only if initiated 
within 30 days after birth. Therefore, Krabbe disease has been included 
for about a decade in newborn screening [185]. 

6.2. Alpha-galactosidase deficiency (Fabry disease) 

Alpha-galactosidase deficiency, or Fabry disease [MIM#301500], is 
the second most common LSD, firstly reported in 1898 [186–188]. 
Despite being the only X-linked recessive sphingolipidosis, heterozygous 
women with Fabry disease experience significant life-threatening con
ditions requiring medical treatment and intervention. Although its 
prevalence greatly varies depending on the study considered, in recent 
European screening studies showed an incidence of up to 1:1250 new
borns [189–191]. 

Fabry disease is caused by mutations in the gene GLA, which encodes 
a 429 aa lysosomal glycoside hydrolase (α-galactosidase A or α-Gal A) 
that hydrolyzes the terminal alpha-galactosyl moieties from glyco
conjugates. Over 1000 mutations in the GLA gene have been identified 
in several thousands of patients [191,192]. Although heterogeneous, the 
clinical features and their severity appear to correlate with the residual 
activity of α-Gal A. The first symptoms can manifest in childhood and 
include episodic intermittent pain crises (acroparestesia), vascular le
sions, cornea opacity and damage, proteinuria, and hypohidrosis or 
anhidrosis [186,187]. The disease progresses into adulthood with car
diac, renal, and cerebral complications including proteinuria, chronic 
kidney disease, left ventricular hypertrophy, cerebral white matter le
sions and occlusive cerebrovascular events, ultimately leading to pre
mature death due to organ failure (Table 2) [186]. At a molecular level, 
the symptoms are linked to accumulation of glycolipids, like globo
triaosylceramide, in the lysosome of the vascular endothelium of skin, 
kidneys, nervous system, and heart. Over time this accumulation in
duces inflammation and fibrosis which ultimately develops into organ 
dysfunction [193]. Currently, the main therapy for Fabry disease is 
enzyme replacement therapy (ERT), which in some cases has been tested 
in concert with substrate reduction therapy (SRT) [186,191], which 
limits biosynthesis of the accumulating metabolites. 
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6.3. LDSs related to beta-galactosidase deficiency 

Other two autosomal recessive neurodegenerative LSDs linked to 
galactose homeostasis are GM1-gangliosidosis and Morquio disease type 
B. Both disorders are caused by mutations affecting the same gene, 
GLB1, that encodes the lysosomal β-galactosidase, an enzyme with cat
alytic effects on ganglioside GM1, keratan sulfate and several glyco
peptides [194]. In general, when the activity of β-galactosidase is 
compromised, the glycoconjugates with terminal β-galactose residues 
accumulate in the body fluids and in several tissues of the patients, 
mostly in the central nervous system and visceral organs [195]. 

GM1-gangliosidosis has been known since the late 1960s, and it is the 
most common, with an incidence estimated around 1:100,000–200,000 
live births [196]. This disorder has a variable clinical onset that varies 
according to age [195]. The infantile form (a.k.a. type I) [MIM#230500] 
shows rapid psychomotor deterioration within 6 months of birth, 
generalized central nervous system involvement, cardiomyopathy and 
valvular defects, hepatosplenomegaly, facial dysmorphism, macular 
cherry-red spots, skeletal dysplasia, and early death (Table 2). The ju
venile form (a.k.a. type II) [MIM#230600], manifests between 7 months 
and 3 years, and shows similar but overall less sever clinical features 
than the infantile form (excluding hepatosplenomegaly and skin con
ditions), and usually the patient survives into childhood (Table 2). The 
adult (or chronic) form (a.k.a. type III) [MIM#230650], which is less 
severe than types I and II, manifests from 3 to 30 years and is charac
terized by localized skeletal involvement and localized central nervous 
system involvement, such as dystonia, gait or speech disturbance 
(Table 2) [195]. The onset and severity of these three types of GM1- 
gangliosidosis could be related to the differences in the residual 
enzyme activity, which accounts for less than 1.5% in type I, for 1–4% in 
type II, and 4–10% in type III. According to OMIM and current literature, 
to date 154 patients have been reported for GM1-gangliosidosis type I, 

less than 15 for type II and less than 30 for type III [196]. 
Morquio disease type B (a.k.a. mucopolysaccharidosistype IVB) 

[MIM#253010] has been estimated to affect 1:250,000-1,000,000 live 
births [197]. It differs from GM1-gangliosidosis as it mostly affects bone 
tissue and no neurologic alterations. Aside from skeletal defects (e.g. 
kyphoscoliosis, dysmorphism), joint laxity, progressive growth impair
ment and cornea opacity, other more rare symptoms have been re
ported, including cardiac valve pathology, tracheal stenosis, adeno- 
tonsillar hypertrophy, and hepatosplenomegaly (Table 2) [198]. For 
Morquio disease type B so far less than 40 patients have been reported in 
OMIM and in literature [197], and it becomes recognizable around late 
infantile or juvenile age. 

In both GM1-gangliosidosis and Morquio disease type B disease high 
amounts of oligosaccharides derived from keratan sulphate or glyco
proteins are detected in visceral organs and urine of the patients. For 
both diseases only symptomatic therapies are available. 

6.4. Galactosialidosis 

Galactosialidosis [MIM#256540] is an autosomal recessive LSD with 
a combined deficiency of two lysosomal enzymes, β-galactosidase 
[paragraph 6.3] and N-acetyl-α-D-neuraminidase (or sialidase) 1, due to 
homozygous or compound heterozygous mutations affecting the pro
tective protein/cathepsin A (PPCA or CTSA) [199]. Approximately a 
hundred of patients and 25 PPCA mutations have reported in the liter
ature, but the prevalence remains still to be determined [199]. 

PPCA is a multifunctional enzyme of 480 aa, formed by two subunits 
of 32 kDa and 20 kDa, with both protective and catalytic functions 
[199,200]. In its mature form, PPCA is found as constituent of the so- 
called lysosomal multienzyme complex (LMC), together with β-galac
tosidase and neuraminidase [201,202]. 

The close interaction with the β-galactosidase and the consequent 

Table 2 
Summary of the details and clinical presentation of galactose-related LSDs. 

Legend: red color, reported symptom; pink color, more rare or suspected symptoms; grey color, absent symptom. Numbers of patients in red color indicate numbers 
calculated using references from OMIM and available literature. Abbreviations: chr, chromosome; Gal, galactose; Glc, glucose; Cer, ceramide; M, million; K, 
thousand. 
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secondary deficiency of this enzyme explain the similarities with GM1- 
gangliosidosis. In fact, galactosialidosis was first reported in 1968 [203] 
and was initially defined as a new variant of GM1-gangliosidosis. 
However, in vitro studies detected a rather high residual activity of 
the β-galactosidase (15–20%) in the patients, which was not consistent 
with the other forms of GM1-gangliosidosis. Closely after, the secondary 
deficiency of the neuraminidase was detected, followed by the identi
fication of the mutated protein, PPCA, in 1982 [202]. 

Similarly to GM1-gangliosidosis, also galactosialidosis presents with 
a wide spectrum of symptoms whose severity varies according to the 
onset age. Galactosialidosis can be divided in three clinical variants: 
early infantile form, late infantile form or juvenile/adult form. 

The early infantile type is the most severe form and exhibits hydrops 
fetalis, macular cherry-red spots, visceromegaly, psychomotor 
disability, coarse facies, skeletal dysplasia, and early death (Table 2). 
Late infantile forms are characterized by corneal opacity, cardiac 
involvement, visceromegaly and rare occurrence of disability (Table 2). 
The milder juvenile/adult form presents with myoclonus, ataxia, 
neurological deterioration, angiokeratoma, and absence of viscer
omegaly (Table 2) [204,205]. 

Like several other LSDs, galactosialidosis is responsive to ERT and 
the first steps have been moved towards gene therapy, but no metabolic 
management is currently in place in clinical practice [206]. 

7. Conclusion 

Galactose is an essential carbohydrate for cellular metabolism, being 
a building block for glycan biosynthesis and a carbon source alternative 
to glucose. Human cells are not programmed to be able to live on 
galactose alone, due to the fact that this molecule would fuel into 
glycolysis via the Leloir pathway at a much slower rate than glucose 
preventing a rapid ATP production. Nevertheless, galactose is critical to 
balance all carbohydrate-based pathways in the presence of glucose and 
other sugars. 

The biological relevance of galactose is highlighted by the extent of 
deleterious consequences due to defects in its metabolism. In this re
view, we have illustrated how both accumulation and depletion of 
galactose, UDP-Gal and galactosylated glycoconjugates lead to a wide 
range of congenital metabolic disorders. Oral galactose supplementation 
has proven to ameliorate clinical features in some of these disorders and 
improve the patients’ prognosis. 

Thanks to its properties, versatility and key-role in human meta
bolism, galactose and galactose-containing molecules hold great but still 
mostly unexplored potential for nutritional, biotechnological and 
pharmacological applications. 
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