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Abstract: Aging is a complex process impacted by both internal and external causes.
Nutrition is a crucial extrinsic factor in the development of aging and degenerative
disorders. D-galactose is involved in many aging mechanisms in the brain, heart, liver,
kidney, and skin. Galactose-induced cellular aging is primarily caused by oxidative
stress. Production of ROS can damage proteins, lipids, and DNA. The recommended
daily dietary limit for D-galactose is 50 grams for healthy people who can completely
remove it within 8 hours. An in vivo study revealed that consuming 150 mg/kg/day of
galactose led to metabolic issues, heightened blood pressure, and disrupted cardiac
sympathovagal balance. These outcomes resulted from compromised cardiac
mitochondrial activity, elevated oxidative stress, inflammation, and mitochondrial
dysfunction, which caused cell death and eventually cardiac failure. A diet high in
carbohydrates, particularly those derived from dairy products and their derivatives, can
lead to the accumulation of galactose and its metabolites within cells. This buildup
subsequently increases reactive oxygen species and reduces antioxidant capacity,
resulting in mitochondrial dysfunction and heightened oxidative and osmotic stress. The
culmination of these processes is a decline in cellular function, senescence, and
accelerated organ aging.
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Introduction organ function (Bo-Htay et al., 2018; Niccoli &

The global population is increasingly aging
biologically, leading to a rise in degenerative
diseases. Aging, defined as a gradual decline in the
body's physiological functions, is a major risk factor
for the progression of degenerative conditions,
including cardiovascular diseases,
neurodegenerative disorders, and the decline of
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Partridge, 2012). Aging is a complex process
influenced by various intrinsic and extrinsic factors
(Farage et al., 2008). Nutrition plays a critical
extrinsic factor in the onset of aging and
degenerative diseases. An unbalanced and high in
carbohydrates diet has been associated with the
development of obesity and related metabolic
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syndromes (Umbayev et al., 2020).

Galactose is a monosaccharide sharing the
same chemical formula as glucose, CgH12O0e.
However, it differs from glucose in the position of
the hydroxyl group on the fourth carbon atom
(Williams, 2003). In nature, it exists as two optical
isomers: L-galactose and D-galactose, but humans
can only digest the D-form due to enzyme specificity
(Umbayev et al., 2020). Galactose plays vital roles in
various physiological processes, including the
galactosylation of ceramides involved in myelin
sheath formation in Schwann cells, the synthesis of
heparin and heparin sulfate, lactose production
during breastfeeding, and serving as a substitute for
glycolipids (cerebrosides), proteoglycans, and
glycoproteins (Chichlowski et al., 2011; Mills et al.,
2011; Prado & Dewey, 2014). Notably,
galactosylceramide is the predominant
glycosphingolipid in the brain and nervous tissue,
although it is present in smaller amounts in other
tissues (Bender & Mayes, 2018).

Oxidative stress occurs when the balance
between oxidation and antioxidant defenses is
disrupted, leading to increased production of reactive
oxygen species (ROS). This imbalance damages cellular
components, including DNA, proteins, and lipids
(Jiang et al., 2016). Usually, ROS levels are kept in check
by antioxidant systems, including non-enzymatic
factors and enzymes like glutathione peroxidase (GSH-
Px), catalase (CAT), and superoxide dismutase (SOD)
(Yahata & Hamaoka, 2017).

Numerous studies have established the link
between types of sugar and the acceleration of cellular
aging (Noordam et al., 2013). Galactose (especially D-
galactose) is a more potent glycation agent than
glucose, thus having a higher capability of inducing
oxidative stress (Budni et al., 2016; Delwing-de Lima et
al., 2017). This review discusses how galactose induces
oxidative stress, ultimately contributing to cellular
aging and organ dysfunction.

Galactose
Structure

Monosaccharides  (glucose,  galactose,
fructose) are important dietary components mainly
serving as energy sources. Enzymes converted more
complex saccharides into monosaccharides for
energy and other vital functions. Louis Pasteur first
identified galactose in milk in 1856, naming it
"lactose" —later known as '"galactose"—from the
Greek '"galakt," meaning "milk". Galactose is a
natural aldohexose prevalent in nature as D-
Galactose and, together with glucose, forms the
disaccharide lactose (Coelho et al., 2015). As an
aldohexose, galactose contains an aldehyde group on

carbon 1, with the other end attached to a hydroxyl
group. Notably, galactose is an epimer of glucose at
carbon 4 (Qi & Tester, 2019).

Dietary Sources of Galactose

The primary source of galactose is
disaccharide lactose. Type of sugar exclusively
present in milk, including breast milk. Consequently,
after weaning, dietary lactose comes from dairy
products. Certain dairy products contain lower
levels of lactose than whole milk because lactose is
enzymatically broken down by microbes used
during production (Williams, 2003). Additionally,
sources of free galactose beyond milk include fruits
and vegetables such as tomatoes, Brussels sprouts,
bananas, and apples (Acosta & Gross, 1995). Lactose
can also be enzymatically hydrolyzed to produce
lactose hydrolysate syrup, which comprises lactose,
glucose, and galactose. This syrup is utilized as a
sweetening agent in the manufacture of biscuits,
confectionery, and milk-based snacks, thereby
indicating that galactose is present in foods beyond
those derived solely from milk (Qi & Tester, 2019).

The galactose content in milk varies
significantly among mammalian species, reflecting
adaptations to their environments and the nutritional
needs of their infants (Chichlowski et al., 2011;
Georgi et al., 2013). Human milk is distinct in its
sugar composition, containing 55-70 g/L of lactose
and 5-8 g/L of complex oligosaccharides (Coelho et
al, 2015). Over 100 different oligosaccharide
structures are present in breast milk, with galactose
being the predominant component (Mills et al., 2011).
This sugar level is maintained due to its critical role
in infant development, including postnatal processes
such as myelin sheath formation on nerve cells,
providing a prebiotic defense mechanism, and
serving as a vital energy source (Chichlowski et al.,
2011; Mills et al., 2011; Prado & Dewey, 2014).
Lactose supplies about 40% of an infant's energy and
makes up 90% of their total daily sugar intake
(Coelho et al., 2015).

Galactose can also be produced naturally
within human cells (Umbayev et al., 2020). A 70 kg
adult male can synthesize approximately 2 grams of
galactose daily (Berry et al., 1995). This endogenous
production occurs via the hydrolysis of
glycoproteins, glycolipids, and proteoglycans that
contain galactose groups in lysosomes (Coelho et al.,
2015).

The FDA recommends a daily intake limit of
50 grams of added sugar (including galactose) for
healthy adults (Bo-Htay et al., 2018). When galactose
metabolism enzymes function correctly, the body can
efficiently process galactose within 8 hours after
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consumption. Elevated galactose levels may result
from two main mechanisms: (a) higher consumption
of foods containing galactose, and (b) genetic
mutations causing metabolic disorders in enzymes of
the Leloir pathway (Lai et al., 2009). Research has
shown that D-galactose also influences the aging
process in living organisms. Numerous studies
indicate that D-galactose plays a significant role in
aging mechanisms across brain, heart, liver, kidney,
and skin cells (Umbayev et al., 2020).

Absorption and Metabolism

Galactose is attached to complex molecules
and must be broken down before absorption. This
process is facilitated by lactase, a disaccharidase
primarily located in the brush border of the small
intestine's mucosal epithelial cells. Human lactase
functions optimally at a pH of 5.5-6, which
corresponds to the pH of the jejunum. Although
minor absorption of monosaccharides can also
happen in the duodenum and ileum, this is less
common (Williams, 2003).

Apical cells (brush border) and basolateral
membranes of enterocytes in the small intestine
lumen, particularly within the jejunum, contain
specific transporter proteins that facilitate the
absorption of monosaccharides (Wright et al., 2012).
Glucose and galactose share the same carrier;
therefore, disruption of this carrier impairs the
absorption of both compounds (Qi & Tester, 2019).
The rate of monosaccharide absorption in the
intestinal lumen varies; several studies indicate that
galactose and glucose are absorbed significantly
faster than other monosaccharides. Furthermore,
galactose is absorbed slightly more rapidly than
glucose (Bender, 2003). It is noteworthy that
galactose absorption is an active process requiring
ATP and can be inhibited by metabolic inhibitors
(Williams, 2003).

Specific  transporters  responsible  for
monosaccharide absorption in the small intestine
include isoforms of sodium-driven sugar co-
transporters (SGLTs) and concentration gradient-
dependent glucose transporters (GLUTs) (Qi &
Tester, 2019). Galactose is absorbed through co-
transport with sodium ions via SGLT1 and enters the
circulation by diffusion through GLUT1 (Bender &
Mayes, 2018).

Galactose metabolism occurs primarily via
the Leloir pathway, converting galactose into
glucose-1-phosphate, which then enters glycolysis.
The intermediates from this process are utilized in
glycogen formation, mucopolysaccharide
production, and glycoprotein synthesis. This
pathway primarily takes place in the cytoplasm,

especially in the hepatocite (Holden et al., 2003). An
alternative route, known as the Isselbacher pathway,
metabolizes  galactose-1-phosphate, a  toxic
byproduct, by reducing it to galactitol and
converting it to  galacturonic acid via
dehydrogenation (Coelho et al., 2015). A deficiency
in this pathway, called galactosemia, results in the
buildup of galactose-1-phosphate in tissues, leading
to liver problems, cataracts, intellectual disability,
and growth failure (Bender & Mayes, 2018).

Before entering the Leloir pathway, p-
galactose is converted into a-galactose by the
enzyme galactose mutarotase (GALM; enzyme 1).
Afterward, once in the path, a-galactose is
phosphorylated to galactose-1-phosphate (Gal-1-P)
by galactokinase (GALK; enzyme 2). The enzyme
galactose-1-phosphate uridylyltransferase (GALT;
enzyme 3) then transfers the uridine monophosphate
(UMP) group from UDP-Glucose (UDP-glc) to Gal-1-
P, producing glucose-1-phosphate (Glc-1-P) and
UDP-galactose (UDP-gal). In the third step of the
Leloir pathway, UDP-galactose 4'-epimerase (GALE;
enzyme 4) catalyzes the reversible conversion
between UDP-galactose and UDP-glucose. Both
nucleotides act as donors in glycosylation reactions,
which play a significant biological role in
glycoconjugate production. The formation of Glc-1-P
is crucial in the production of Glc-6-P and glucose
(Umbayev et al., 2020). Alternative to the Leloir
pathway, aldose reductase (enzyme 5) converts
galactose to galactitol, galactose dehydrogenase
(enzyme 6) converts galactose to galactose, and UDP-
glucose pyrophosphorylase (UGP; enzyme 7)
converts Gal-1-P to UDP-gal (Bender & Mayes, 2018).

Biological Functions

Galactose is involved in the galactosylation
of ceramides during the formation of myelin sheaths
in Schwann cells, as well as in the synthesis of
heparin and heparin sulfate. It also contributes to
lactose production during breastfeeding and can
serve as a substitute for glycolipids (such as
cerebrosides), proteoglycans, and glycoproteins. The
main glycosphingolipid in the brain and nervous
tissues is galactosylceramide, although it appears in
smaller amounts in other tissues (Bender & Mayes,
2018).

The glycaemic index is a system for
classifying carbohydrate-rich foods based on their
effect on blood sugar levels. Foods that digest more
slowly lead to smaller blood sugar spikes, resulting
in a lower overall glycaemic index. An index of 70 or
higher is considered high, 56-69 is medium, and 55
or below is low. Glucose has a glycaemic index of
100. Lactose's glycaemic index is significantly lower
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than sucrose's, which reflects the glycaemic index of
galactose (Qi & Tester, 2019).

Overconsumption of plant-derived sugars
or those produced by the hydrolysis of
polysaccharides is considered to have adverse health
effects. During commercial extraction, hydrolysis, or
purification of starch, other dietary components such
as fiber, minerals, vitamins, proteins, antioxidants,
and others are typically omitted. Consequently, the
energy source becomes more concentrated and is
absorbed more readily by the intestines. This
perspective, however, does not extend to sugars
naturally present in fruits and vegetables (Qi &
Tester, 2019). Health issues related to sugar typically
include dental problems, obesity, diabetes, and
deficiencies in nutrients that are not commonly
found in carbohydrate-rich foods (Goldenberg &
Punthakee, 2013).

Galactose and Oxidative Stress

Galactose-induced cellular aging mainly
results from oxidative stress and a weakened
antioxidant system (Bo-Htay et al., 2018). This
heightened oxidative stress leads to increased
production of lipid peroxides. The damage caused by
galactose buildup involves hydrogen peroxide and
superoxide anions, produced by excessive galactose
metabolism, which accelerate aging (Aydin et al,
2012; Yanar et al, 2011). An excess of ROS can
damage proteins, lipids, and DNA through
peroxidation. Redox homeostasis disruption due to
increased ROS formation is a main feature of the
aging process (Li et al., 2016; Liang et al., 2017).

D-Galactose is a reducing sugar that,
when accumulated, reacts with proteins and amino
acids to create unstable Schiff bases (Wu et al., 2017).
If this state persists for several months, the Schiff
bases can solidify and converted into Advanced
Glycation End-products (AGEs) (Hegab et al., 2012).
When AGEs attach to their receptors (RAGEs) in
numerous organs, they activate the nuclear factor
kappa-B (NF-xB) pathway, causing inflammation
and the formation of reactive oxygen species (Frimat
etal., 2017).

A rat study revealed that consuming 150
mg/kg/day of galactose led to metabolic issues,
heightened blood pressure, and disrupted cardiac
sympathovagal balance. These outcomes resulted
from compromised cardiac mitochondrial activity,
elevated oxidative stress, inflammation, and
mitochondrial dysfunction, which caused cell death
and eventually cardiac failure (Bo-Htay et al., 2018).

The accumulation of galactose also
reduces the myocardial antioxidant capacity,
particularly affecting thiol groups, including non-

protein thiol groups (Cebe et al., 2014; Chang et al.,
2017). Concurrently, there is an elevation in protein
oxidation products, including protein carbonyl
groups, dityrosine-bound proteins, and kynurenine
(Umbayev et al., 2020)

Persistent oxidative stress induced by D-
galactose also diminishes the antioxidant capacity of
ferric ions and decreases the activity of Cu-Zn
superoxide dismutase (SOD) (Chang et al., 2017; Wu
et al., 2017). An elevation in lipid peroxide markers,
including lipid hydroperoxides, conjugated dienes,
and malondialdehyde, is observed with six weeks of
D-galactose administration in rats (Baraibar et al.,
2012; Bo-Htay et al., 2018; Eaton et al., 2001).

Mitochondria serve as the primary
targets and producers of reactive oxygen species
(ROS). Damage inflicted by ROS results in
mitochondrial dysfunction, which, in turn, leads to
increased ROS production. The activation of
nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (Nox) promotes excessive
generation of ROS (Chang et al., 2017). Additionally,
galactose diminishes oxidative phosphorylation
efficiency by reducing the transmembrane potential,
decreasing ATP synthesis, and altering respiratory
function. Prolonged exposure to galactose results in
a reduction in mitochondrial quantity and a decline
in mitochondrial DNA copies, indicating
mitochondrial DNA damage (Aydin et al., 2011).

Another mechanism involves the build-
up of galactose, leading to osmotic shock in cells.
This occurs because galactitol accumulates, which
should typically be metabolized into Gal-1-P. The
excess galactitol activates aldose reductase, depletes
the NADPH system, and reduces glutathione
reductase activity. Such a build-up can also alter the
cellular oxidative balance (Kubo et al., 1999).

D-galactose ~ within  the cell is
enzymatically converted by galactose reductase into
galactitol, which may induce osmotic stress. Elevated
D-galactose levels can be oxidized by galactose
oxidase to hydrogen peroxide, and increased
hydrogen peroxide concentrations can reduce
antioxidant enzyme activity. Furthermore, d-
galactose can initiate non-enzymatic glycation,
leading to the formation of advanced glycation end
products (AGEs) over weeks or months.
Accumulated AGEs interact with their receptor
(RAGE), and the activation of NADPH can generate
reactive oxygen species (ROS) (Askarova et al., 2013;
Wautier et al., 2001).

In galactose metabolism disorders, Gal-
1-P accumulates in various tissues, leading to
increased nitric oxide and iNOS levels. Additionally,
increased Gal-1-P impairs the conversion of inositol
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phosphate to inositol, which is involved in
antioxidant activity (Umbayev et al., 2020).

“noroseed O- |

L .
Sctel busw

Figure 1. Summary of the Mechanism of Cellular Aging
by D-Galactose (modified from (Bo-Htay et al., 2018;
Umbeayev et al., 2020)

Conclusion

A diet high in carbohydrates, particularly
those derived from dairy products, may lead to the
accumulation of galactose and its metabolites within
cells. This accumulation increases reactive oxygen
species and reduces antioxidant capacity, resulting
in mitochondrial dysfunction and elevated oxidative
stress. Consequently, these effects contribute to a
decline in cellular function, increased senescence,
and accelerated organ aging. Further research is
essential to assess the risks and benefits of milk and
dairy products for patients with chronic conditions.
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