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Abstract

Incretin-based drugs originally developed for the treatment of type 2 diabetes 
mellitus are currently under investigation for their therapeutic potential in sporadic 
Alzheimer’s disease (AD). Two major incretin hormones are glucagon-like peptide-1 
(GLP-1) and glucose-dependent insulinotropic peptide (GIP), which both additionally 
have neuroprotective, neurotrophic and neurogenesis-promoting effects upon the 
stimulation of GLP-1 and GIP receptors in the brain. This review points out another 
approach to the incretin-related sAD therapy based on the therapeutic potential of 
oral galactose in a streptozotocin-induced rat model of sporadic AD (STZ-icv model). 
Chronic oral galactose treatment prevents the development and ameliorates already 
developed cognitive deficits in the early stage of sAD-like pathology in STZ-icv rat 
model. The underlying mechanism(s) of these beneficial effects might be related 
to stimulation of endogenous GLP-1-mediated central effects and normalization of 
cerebral glucose hypometabolism as well as other oral galactose-induced effects 
along the oro-gastro-intestinal tract. The beneficial effects on cognitive impairment 
seem to depend on galactose exposure, presence and stage of sAD-like pathology. 
Further research is needed to clarify therapeutic potential and safety profile of oral 
galactose treatment as well as its possible advantages over or synergistic activity 
with the GLP-1 analogues and inhibitors of dipeptidyl peptidase-4.

Introduction
Alzheimer’s disease (AD) is the most common form of dementia 

for which there is no cure and no approved disease-modifying 
therapy, and which presents as a metabolic disorder of the brain 
characterised by insulin-resistant brain state (IRBS)1–3 and brain glucose 
hypometabolism4. Type 2 diabetes mellitus (T2DM) is a risk factor for 
AD5 which has increased the interest in restoring brain insulin signalling 
in AD with therapeutic agents originally developed for the treatment 
of T2DM, particularly those stimulating the action of glucagon-like 
peptide-1 (GLP-1)6,7. 

GLP-1 and glucose-dependent insulinotropic peptide (GIP) are 
incretins, hormones released from the gut into the bloodstream in 
response to food and nutrient ingestion, which then stimulate β-cells 
in the pancreas to release insulin8,9. GLP-1 and GIP have important non-
insulinotropic effects in extrapancreatic tissues, including the brain 
where both serve as neuromodulators demonstrating neuroprotective, 
neurotrophic and neurogenesis-promoting effects10,11. The actions 
of GLP-1 are mediated by GLP-1 receptors (GLP-1R) expressed in the 
gut, pancreas and other peripheral organs as well as throughout the 
brain12. GLP-1 mimetics have shown promising results in animal models 
of neurodegenerative disorders, including AD13,14 and accomplished 
recently first positive results in AD clinical trials15. 

Currently marketed GLP-1-based drugs are injectable GLP-1 
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analogues, whose effects are mediated by activation of GLP-
1R, and oral inhibitors of dipeptidyl peptidase-4 (DPP4-I), 
the enzyme that rapidly inactivates circulating incretins16. 
Despite their multi-modality, based on their mechanism of 
action GLP-1R agonists and DPP4-I seem to be deprived of 
some beneficial effects that may contribute to the incretin-
based therapy of neurodegenerative disorders. This review 
points out another approach to the incretin-related therapy 
based on the recent research on oral galactose therapeutic 
potential in a streptozotocin-induced rat model of sAD17,18 
(STZ-icv model) which develops cognitive deficits, IRBS 
and glucose hypometabolism in the brain19,20.

The rational for our research on oral galactose came 
from the previous work of Reutter and coworkers21 who 
found that galactose, a simple sugar composed of the same 
elements as glucose, is taken up by rat brain cells to a similar 
extent as by liver cells. In our preliminary work we wanted 
to explore whether drinking of small amounts of galactose 
solution ad libitum would prevent the cognitive deficits 
induced by STZ-icv treatment which reduces glucose 
metabolism in the brain17, 20. Although modest, some clinical 
evidence supports the hypothesis that oral galactose might 
have beneficial effects on neuropathological processes, 
like in the case reports of congenital prosopagnosia, 
the lifelong inability to recognize people by their face22  
and of a patient with inflammatory demyelinating brain 
lesions23. While in the former, remarkable improvement in 
face recognition, sense of orientation and mental activity 
vanished after discontinuation of oral galactose intake, in 
the latter, disappearance of numbness and amelioration 
of fatigue and central symptoms persisted 6 months after 
the therapy. Many clinical trials on galactose treatment 
indicate its harmless action and therapeutic effects in 
different pathological conditions although the cognition 
has not been explored in these trials. 

The literature on the role of other simple sugars in the 
therapy of cognitive disorders is lacking and there are only a 
few reports indicating that they might have some beneficial 
effects on the brain. Some studies showed that fructose 
increased memory performance in rats24,25 and that it had 
positive effects on preservation of synaptic potential in 
guinea pig hippocampal slices26, in contrast to numerous 
studies demonstrating that fructose intake is linked with 
insulin resistance and cognitive impairment27. However, 
among sugars like fructose, lactose and saccharose which 
induced only partial neuroprotection, galactose (+31.5 
mmol/l) most potently protected cholinergic neurons 
against hypoglycemia at low pH28.

D-galactose is a C-4 epimer of glucose, which is
physiologically found only in very small quantities in 
the human and animal body. At high levels, induced by 
dysfunctional metabolism of galactose or by exogenous 
galactose load, galactose reacts with the free amines of 

amino acids in proteins and peptides and consequently 
forms advanced glycation end products which cause 
oxidative damage in the body29. These detrimental effects 
have been used for modelling of age-related development of 
brain oxidative stress and cognitive impairment following 
a chronic exposure of healthy mice or rats to parenteral 
galactose30. 

However, there are only a few studies of other groups 
on oral galactose effects in the brain at the molecular 
level. The research of Budni and coworkers31 showed 
that galactose given daily by oral gavage as a single bolus 
dose (100 mg/kg) increased the activity of mitochondrial 
respiratory chain complexes I, II, II-III and IV in the rat 
prefrontal cortex and hippocampus in the 1st, 2nd, 4th, 
6th and 8th weeks of treatment. Since mitochondria is 
responsible for the generation of reactive oxygen species, 
the authors suggested that it cannot be ruled out that such 
a mitochondrial dysfunction may be, in part, a molecular 
mechanism involved in oral galactose effects, which could 
eventually contribute to the development of cognitive 
deficits observed after 6-8 weeks of treatment32. However, 
this seems to be contradictory to the studies with 6- to 
8-week subcutaneous administration of galactose in mice
which induced cognitive deficits but was associated with
reduced levels of mitochondrial complex activity33–35.
Whether the opposite effects might be species-dependent,
since galactose-induced aging model was explored mostly
in mice, or differ according to the stage of the pathology
and its progression like suggested for the mitochondrial
changes in AD patients36 remains to be determined.
Despite that, it should be taken into account that all these
preclinical studies on galactose effects, regardless the route 
of its administration were done in healthy animals with no
underlying pathology.

One explanation why galactose might have beneficial 
effects in the pathological conditions like AD, which is 
associated with the hypoglicemic and acidic condition in 
the brain, could be related to the finding that galactose 
protected cholinergic neurons in hypoglycemia only at low 
pH levels between 6.7 and 6.9 but not at the physiological 
pH28. The reason for that might be in low pH necessary for 
optimal activity of enzymatic processes in metabolizing 
galactose as well as of the enzymes required in glycogen 
utilization since glycogen in the brain  is the only 
endogenous fuel store capable of maintaining cerebral 
functions under hypometabolic conditions28. It could not 
be excluded that, since these processes are lacking or are 
reduced in the normal condition at the physiological pH, 
more galactose is available to react and form advanced 
glycation end products and oxidative damage. Further 
research is needed to elucidate the difference in the 
mechanism of galactose action between physiological and 
pathological condition.
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Our research in STZ-icv rat model of sAD has shown that 
1- to 2-month oral galactose treatment (200 mg/kg/day,
dissolved in water, drink ad libitum) prevented development 
of cognitive deficits when initiated immediately after
the STZ-icv injection17, and improved already developed
cognitive deficits when initiated 1 month after the STZ-icv
injection18.

Beneficial Effects of Oral Galactose
Several factors along the path of ingested galactose should 

be considered as possible contributing factors to the beneficial 
central effects seen in the STZ-icv rat model of sAD. 

GLP-1- related effects 
Orally administered galactose enters the enterocytes 

by sodium glucose cotransporter SGLT137 (partly also by 
a transient insertion of glucose transporter 2 /GLUT2/ 
into the apical membrane38) and is transported out of 
the enterocytes by GLUT2 at the basolateral membrane37. 
The GLUT2 trafficking between apical and basolateral 
membrane is disturbed in insulin-resistant state39. 
Galactose released from enterocytes is absorbed into 
the circulation (Figure 1b) and additionally, unlike the 
parenteral galactose, also acts in a paracrine fashion and 
stimulates adjacent endocrine L-cells to secrete GLP-
140 (Figure 1d). The majority of L-cells secreting GLP-1 
are located in ileum and colon and have direct contact 
with orally given nutrients at their luminal surface, and 

with vascular tissue and parenterally given compounds 
through their basolateral surface41. Different structures/
signalling mechanisms and their regulations are present 
at the enterocyte luminal and basolateral membranes, 
respectively, which could account for different responses 
following oral and parenteral galactose (as well as any other 
drug) treatment38. Ileum-derived GLP-1 acts as an incretin 
which dose-dependently promotes insulin secretion from 
the pancreatic beta cells (plasma peak values 15 min after 
nutrient ingestion) (Figure 1c), while colon-derived GLP-
1 might be the result of local neuronal signalling and is 
additionally proposed to serve as a messenger of the low 
energy levels leading to delayed increase of appetite or 
slowing of the gastrointestinal transit42.  

Gut location-dependent functions of cells secreting GLP-
1 (L-cells) and GIP (K-cells, primarily upper intestine) might 
also contribute to the different response to oral galactose 
administered continuously as a drink ad libitum17,18 and as 
a single daily dose given via orogastric tube32,43. Unlike the 
bolus dose, smaller nutrient loads preferentially release 
both GLP-1 and GIP (Figure 1e) from the upper intestinal 
portion, associated also with smaller but continuous and 
more physiological daily rise in the incretin level. In line 
with that, our preliminary experiments showed that 
chronic oral galactose treatment also normalized STZ-
icv-induced decrement in plasma GIP levels (manuscript 
in preparation). This allows a speculation that chronic 
oral galactose-induced effects in STZ-icv rat model might 

Figure 1: Proposed mechanisms of possible beneficial effects of oral galactose administered in small quantities as drink ad libitum.
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mimic the effects of dual GLP-1/GIP receptor agonist which 
demonstrates the neuroprotective effect in animal AD 
model44. 

Additionally, continuous daily drink of galactose 
activates specific (G-protein coupled) sweet taste receptors 
in the tongue’s taste buds (Figure 1a) and the gut, involved 
in regulation of GLP-1 secretion at both sites45. Small 
amounts of GLP-1 released in the tongue46, may send 
signals to the brain by activating adjacent sensory afferent 
neurons (Figure 1a1) or by circulation (Figure 1a2) and 
generating an additional stimulus that may contribute to 
the beneficial effects in the brain45. These effects are lacking 
when galactose is administered by orogastric tube as well 
as in the approved incretin-based therapy.

Our results demonstrated that the single oral galactose 
dose (200 mg/kg) tended to normalize the decrease in 
blood insulin levels seen transiently 1 month after STZ-icv 
treatment, but had no effects on normal insulin homeostasis 
observed in the chronic experiment in STZ-icv rat model18, 
suggesting that the beneficial activity of oral galactose on 
cognitive impairment in STZ-icv rats seems to be unrelated 
to the incretin effect.

Only <25% of L-cell-secreted GLP-1 leaves the gut 
in its active form due to rapid inactivation by DPP4, 
expressed on the membranes of enterocytes, endothelial 
cells and throughout the brain9. Unlike the parenteral, oral 
administration of a single galactose dose (200 mg/kg) 
induced a huge (+500%) increase in active GLP-1 blood 
levels (Figure 1d1) in the STZ-icv but not in the control rats18. 
However, following a chronic oral galactose treatment, rise 
in active plasma GLP-1 levels normalized STZ-induced 
decrement to (but not over) the levels of galactose-
untreated controls18. Since active GLP-1 plasma levels were 
found unchanged in the galactose-untreated STZ-icv rats 
1month after icv injection but were significantly decreased 
after 3 months18, it seems likely that GLP-1 degradation 
increases in the course of STZ-icv-induced pathology. The 
chronic oral galactose-induced increase observed only 
in the active but not in the total plasma GLP-1 levels in 
STZ-icv rat model, indirectly suggest that oral galactose 
might affect DPP4 inhibitory activity (Figure 1f), which 
could also contribute to the observed normalization of GIP 
plasma levels (manuscript in preparation). Considering 
the status of DPP4 in AD, literature data reveals no direct 
measurements of DPP4 activity in AD condition, but  
indicates that long-term inhibition of DPP4 in Alzheimer-
prone mice counteracts cognitive impairments47, and 
that DPP4-I have also therapeutic effects of on cognitive 
impairment in diabetic patients with or without AD48. 

Intestinally released GLP-1 may also bind to and activate 
adjacent sensory afferents of the vagus nerve (Figure  
1d2), while in turn, the vagus may activate neurons of the 

solitary tract nucleus with a widespread projection pattern 
in the brainstem, hypothalamus, and forebrain, which 
consequently may also produce GLP-1 themselves49 (Figure  
1g). The relative contribution of peripherally- versus 
centrally-derived GLP-1 in affecting the brain functions 
remains to be determined. 

Peripherally- and centrally-derived GLP-1 activates 
GLP-1R in the brain located particularly on pyramidal 
neurons in the hippocampus and neocortex, on dendrites 
and cell bodies50. Activation of GLP-1R activates signalling 
pathways that converge with the insulin-signalling pathway 
and facilitate insulin signalling which may have beneficial 
effects on IRBS50. Oral galactose-induced cognitive 
improvement and increase in active plasma GLP-1 levels in 
STZ-icv rats are indeed followed by an increased expression 
of GLP-1R in the hippocampus18 (Figure 1h), which is in line 
with the enhancement of associative and spatial learning 
in mice following increments in GLP-1R expression in the 
hippocampus51. Another brain region rich in GLP-1R that 
may be significantly affected by GLP-1 is the hypothalamus 
where a marked increase in GLP-1R expression was found 
following the oral galactose treatment in STZ-icv rats18, 
which might have further implications on hypothalamic 
regulation of neuroendocrine functions. 

Direct effects of circulating galactose on the brain
 Small quantities of absorbed galactose in the 

circulation escape liver degradation and reach the brain 
(Figure 1b1), where they are transported into neurons 
by the insulin-independent GLUT3 in a concentration-
dependent manner52. Our research has showed that oral 
galactose treatment increases the hippocampal GLUT3 
expression17,18. As already mentioned, the capacity of the 
brain to take up and metabolize galactose is similar to that 
of the liver21. Inside the cell galactose is quickly metabolized 
to glucose via the Leloir pathway53, suggesting that when 
intracellular glucose level/metabolism is decreased (like 
in sAD), galactose may serve as an alternative source of 
glucose/energy within the neurons. Our recent research 
on STZ-icv rat sAD model demonstrated that 2-month 
oral galactose treatment normalized STZ-induced glucose 
hypometabolism in the brain measured in vivo by the 
uptake of the positron emission tomography tracer18 

F-fluorodeoxyglucose18. However, additional involvement
of GLP-1-related effects could not be excluded based on the 
GLP-1 analogue liraglutide-induced prevention of cerebral
glucose metabolism decline in AD patients54.

There might be additional beneficial effects of circulating 
galactose in the brain.  Similar to glucose, galactose in the 
brain is metabolized into amino acids leading to increased 
level of glutamate and gamma-aminobutyric acid21 which 
play important roles in normal cognitive functioning. 
Galactose has an advantage over glucose because the 
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galactose metabolites persist for longer time in the brain21. 
The biosynthesis of amino acids from hexoses (via citric 
acid cycle) consumes equivalents of ammonia which 
is increased in AD55. Galactose-induced increment in 
glutamate levels may further be of importance considering 
the decreased glutamate levels found in the brain of AD 
patients56. However, such an increase should not go over the 
threshold of glutamatergic-induced excitotoxicity which 
is why low galactose exposure following oral, in contrast 
to parenteral administration, would be expected to have 
beneficial effects. Additionally, increased intracellular 
concentration of galactose or galactose-1-phosphate or 
UDP- galactose might also normalize 0-GlcNAcylation of 
the regulatory proteins, an important post-translation 
mode of regulation of protein functions, like in case of tau 
protein found compromised in AD57. 

Effects on gut microbiota
Oral galactose may elicit effects in the gut before being 

absorbed by acting on intestinal microflora involved 
in bidirectional communication between the gut and 
the brain. Alterations in the amount/composition of 
gut microbiota might be linked to AD58 as evidenced by 
transgenic mice AD model, in which histological and 
cognitive AD manifestations were correlating with a 
specific gut microbiome state59. Microbiota dysbiosis 
increases the permeability of the gut and blood-brain 
barrier, and can induce inflammation but can also activate 
the vagus nerve and induce an anti-inflammatory reflex49,60 
(Figure 1i). Consumption of a mixture of probiotics had a 
positive effect on cognitive function and some metabolic 
statuses in randomized, double-blind controlled clinical 
trials in AD patients61, while such a treatment attenuated 
age-related deficits in long-term potentiation in rats, 
suggesting an improvement in memory associated with 
amelioration of age-related microglial activation62. Unlike 
the glucose and fructose diets, nine weeks of oral galactose 
treatment (diet containing 15% of dry matter) induced a 
favourable shift in rat gut microbial populations associated 
with improvement in hepatic insulin sensitivity63. Future 
research needs to elucidate the influence of oral galactose 
treatment on the gut microbiota in STZ-icv rat sAD model as 
a possible beneficial mechanism that is lacking in approved 
incretin-based drugs. 

Limitations of Oral Galactose Therapy
It might be difficult to determine the exact level of 

galactose exposure associated with the beneficial effects in 
the AD brain since in healthy condition the high exposure 
induces detrimental effects which depend on age, gender 
and treatment duration30,31,43. The effects of oral galactose 
differ in the absence or presence of AD-like pathology 
(increase in both active plasma GLP-1 level and GLP-1R 
expression in the hippocampus of the STZ-icv rats versus 

decrease and no change of the respective parameters in 
healthy controls)18. Moreover, they also seem to depend 
upon the animal model and stage of AD pathology with 
cognitive improvement seen only in the early and not 
advanced stage of sAD model, and not in transgenic 
(familial) AD mice model (manuscript submitted). The 
underlying molecular mechanisms involving GLP-1 and/or 
GIP and DPP4, and the contribution of each one separately, 
as well as the side-effects of the long-term oral galactose 
therapy or the persistency of the effects upon the therapy 
discontinuation, are still unclear.

Conclusion
Oral galactose treatment might offer a novel strategy 

to the AD therapy by combining several current trends; 
incretin-based therapy, nutrients as neuroprotective 
substances, and agent’s multi-modality manifested here by 
stimulation of endogenous GLP-1-mediated central effects 
and by direct galactose effects in the brain and possibly 
along the oro-gastro-intestinal tract. Further research is 
needed to clarify therapeutic potential and safety profile 
of oral galactose as well as its possible advantages over or 
synergistic activity with the GLP-1 analogues/DPP4-I in 
the sAD treatment.
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