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Abstract: Galectins are a family of proteins with an affinity for 3-galactosides that have roles in neu-
roprotection and neuroinflammation. Several studies indicate that patients with neurodegenerative
diseases have alterations in the concentration of galectins in their blood and brain. However, the
results of the studies are contradictory; hence, a meta-analysis is performed to clarify whether pa-
tients with neurodegenerative diseases have elevated galectin levels compared to healthy individuals.
Related publications are obtained from the databases: PubMed, Central-Conchrane, Web of Science
database, OVID-EMBASE, Scope, and EBSCO host until February 2022. A pooled standard mean
difference (SMD) with a 95% confidence interval (CI) is calculated by fixed-effect or random-effect
model analysis. In total, 17 articles are included in the meta-analysis with a total of 905 patients.
Patients with neurodegenerative diseases present a higher level of galectin expression compared to
healthy individuals (MDS = 0.70, 95% CI 0.28-1.13, p = 0.001). In the subgroup analysis by galectin
type, a higher galectin-3 expression is observed in patients with neurodegenerative diseases. Patients
with Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALD), and Parkinson’s disease (PD)
expressed higher levels of galectin-3. Patients with multiple sclerosis (MS) have higher levels of
galectin-9. In conclusion, our meta-analysis shows that patients with neurovegetative diseases have
higher galectin levels compared to healthy individuals. Galectin levels are associated with the type of
disease, sample, detection technique, and region of origin of the patients.

Keywords: Alzheimer’s disease; amyotrophic lateral sclerosis; galectin; multiple sclerosis; neurode-
generative diseases; Parkinson’s disease

1. Introduction

Neurodegenerative diseases affect millions of people worldwide. These diseases are
characterized by the gradual development of cognitive dysfunction and motor impairment
caused by neuronal damage and death. The most common neurodegenerative diseases are
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS),
multiple sclerosis (MS), and Huntington’s disease (HD) [1]. Neurodegenerative diseases
are not curable due in part to a lack of understanding of pathogenesis and treatments
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starting at late stages [2], so the search for diagnostic and prognostic markers is important
for treatment.

Among the proteins that have been investigated in neurodegenerative diseases, we have
galectins, which are a group of lectins with an affinity for structures with (3-galactoside [3].
Galectins can be localized in different compartments such as the nucleus, cytoplasm, and
extracellular space, and their functions depend on the compartment where they are local-
ized [4-6]. Seventeen types of galectins have been described, of which the most studied
are galectin-1 and galectin-3. Galectins are involved in processes such as cell cycle, RNA
transcription, cell differentiation, and immune response [3,7].

Alterations in galectin expression have been observed in patients with neurodegenera-
tive diseases [8-10]; furthermore, galectins mediate functions related to neurodegeneration
and neuroinflammation [11-14]. For example, galectins mediate cell-cell or cell-matrix
interactions, cell growth, differentiation, apoptosis, and activation of immune system cells
such as macrophages and microglia [12]. Galectins form clusters known as lattices that
stabilize extracellular matrix proteins, organize receptors on the cell membrane and partly
control intracellular trafficking [3]. In the case of galectin-4, it participates in lipid raft-
dependent secretion through glycoprotein-lectin interactions, and galectin-3 mediates the
secretion of proteins not associated with lipid rafts [3].

Astrocytes express galectin-1, which is involved in the proliferation of adult neural
stem cells [5]. Galectin-1 also mediates the activation of regulatory T cells and thus partici-
pates in the protection of axonal damage [5]. Some populations of neurons also express
galectins, which have been implicated in pain control [5]. In the case of galectin-3, it has
been observed that its expression is associated with microglia activation in brain damage,
ischemia, demyelination, and encephalitis [5,12]. Activated microglia release galectin-3,
which activates other microglial cells, facilitates phagocytosis of neurons, and promotes
beta-amyloid aggregation [13,14]. In addition, galectin-3 increases interleukin (IL)-1(3 ex-
pression in microglia from a murine model of Huntington’s disease [14]. In primary cultures
of microglia, suppression of galectin-3 expression enhances the elimination of damaged
lysosomes [14], and when galectin = 3 expression is eliminated in mice with experimental
autoimmune encephalomyelitis (EAE), the severity of the disease is reduced [12].

Given the involvement of galectins in neurodegeneration-related processes, galectin
levels have been measured in plasma, cerebrospinal fluid, and the brains of patients with
neurodegenerative diseases. However, the results of studies evaluating the level of galectins
in neurodegenerative diseases are contradictory; therefore, the aim of this meta-analysis is
to evaluate galectin expression levels in comparison with healthy individuals, in addition
to determining possible sources of heterogeneity.

2. Materials and Methods
2.1. Identification of Relevant Literature

This systematic review was reported following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement [15]. The protocol of the
present systematic review was registered on PROSPERO (CRD42022316539). The search
was performed in the following databases: PubMed, Central-Cochrane, Wed of Science
database, OVID-EMBASE, Scope, and EBSCOhost, and in search engines such as Google
Scholar. The following combined terms were searched: (Galectin or Gal or LGALS or
S-type lectin or galactose binding lectin) and (neurodegenerative diseases or Parkinson’s
disease or Alzheimer’s disease or Huntington’s disease or multiple sclerosis or epilepsy or
amyotrophic lateral sclerosis). The last search was performed in February 2022.

Two coauthors (Ramos-Martinez, Edgar, and Ramos-Martinez, Ivan) independently
reviewed all abstracts generated by the search and read the full text to identify eligible
studies and potentially eligible articles were identified by searching reference lists of
relevant reviews and original articles. Studies in English and Spanish with full access to
the article were included, and no restriction on publication period was applied.
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2.2. Inclusion and Exclusion Criteria

The inclusion criteria in this meta-analysis were (a) patients were diagnosed with
neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease, Huntington’s
disease, multiple sclerosis, epilepsy or amyotrophic lateral sclerosis, (b) galectin expression
was determined by immunohistochemistry, ELISA, Western blot, PCR, mass spectrometry,
(c) the level of galectin expression was compared with healthy individuals, and (d) galectin
levels were measured in serum, plasma, brain or other tissue. Studies were excluded
according to the following criteria: (a) duplicate studies from the original data, (b) abstracts,
comments, case reports, unpublished data, letters, reviews, or nonclinical studies, and
(c) the research without access to full text.

2.3. Quality Evaluation for Studies

Study quality was assessed using the Newcastle-Ottawa quality assessment scale. We
evaluated the studies according to the following three fundamental criteria established by
the scale: (1) the selection of the study groups, (2) the comparability of the groups, and
(3) the ascertainment of either the outcome or the exposure. Studies with scores greater
than 7 are considered high quality, a study could be awarded a maximum of nine points.

2.4. Data Extraction

We used a data extraction sheet to extract data from the included studies to assess study
quality and evidence synthesis. Data from selected articles were extracted independently
by two reviewers (Ramos-Martinez, E.G., and Ramos-Martinez, I.E.), and discrepancies
were identified and resolved by discussion with a third reviewer (Cerbon, M.).

2.5. Statistical Analysis

Statistical analysis in this meta-analysis was performed using Review Manager (RevMan)
and Comprehensive Meta-Analysis software. The mean and standard deviation of the relative
level of galectin expression in arbitrary units were obtained. In studies reporting galectin
levels through median and range, the formulas specified by Hozo et al. (2005) [16] were used
to obtain the mean and standard deviation. In the articles that did not report the mean and
standard deviation, the mean and standard deviation were obtained from the graphs with
the WebPlotDigitizer program [17]. Finally, the standardized mean difference (SMD) was
calculated from these data.

We used the I test and the x*>-based Q test to analyze the statistical heterogene-
ity between studies. When there was significant heterogeneity (I> > 50% or p < 0.05)
in the included studies, the random-effects model was then calculated according to the
DerSimonian-Laird method [18]. Otherwise, the fixed-effects model [19] was used. Sub-
group analyses were performed to analyze sources of heterogeneity. Sensitivity analysis
was also performed, in which one study at a time was eliminated to assess its impact on
the results of the meta-analysis. Finally, bias analysis was performed using the funnel plot
and Egger’s and Begg’s tests. The trim-and-fill method [20] was used to estimate the effect
of publication bias in the calculation of the MDS and its 95% confidence interval.

3. Results
3.1. Characteristics of the Selected Studies and Qualitative Analysis

We found 2609 studies through the search strategy described above. After eliminating
duplicate articles, we reviewed the titles and abstracts of 832 articles, of which 789 were
excluded because they were not related to the object of study. The reviewers evaluated 43 full
articles, and 21 were excluded due to the following reasons: 10 did not measure galectins,
2 were not performed with neurodegenerative diseases, 7 were reviews or conference abstracts,
and 2 were performed in mice. Details of the search are presented in Figure 1.

Twenty-two articles were selected, of which 5 were addressed in the qualitative
analysis and 17 were used in the quantitative analysis. In the articles for the qualitative
analysis, three were in ALS patients, one in SM, and one in prion diseases. Studies in ALS
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indicate that galectin-1 is expressed in neurofilamentous lesions [21], and no differences
in plasma levels of galectin-1 and galectin-3 were found between patients with rapid
progression and patients with slow progression [10]. However, a reduction in galectin-
1 expression in the skin was observed in ALS patients compared to patients with other
neurodegenerative and inflammatory diseases. The study in SM found that galectin-4 is
expressed in chronic lesions in the brain where it possibly participates in remyelination
and differentiation functions of oligodendrocytes [22]. In the study of prion diseases, it was
determined that galectin-1 levels in the brain are increased in patients, although the sample
size was very small [23].

In the quantitative analysis, 905 patients with neurodegenerative diseases were in-
cluded. In 12 of these studies, gal-3 is evaluated in 5 gal-1, in 3 gal-9, in one gal-4, and in one
gal-8. Regarding the type of neurodegenerative disease, six studies were in Alzheimer’s
disease, five in Parkinson’s disease, three in Amyotrophic lateral sclerosis (ALS), two in MS,
one in HD, and one in intractable epilepsy. These studies were conducted in nine different
countries; six were from Europe, six from East Asia, three from Western Asia, and one from
America. In the chosen studies, galectin levels had different cohort levels and were mainly
determined by ELISA, Western blot, RT-qPCR, and 2-DE and MALDI-TOF-MS (Table 1).
We assessed the quality of the studies with the Newcastle-Ottawa Scale. We considered
the study high quality if it had more than seven points on the scale. Only the studies by
Tao et al. (2020) and Zhou et al. (2010) had a low quality. The complete evaluation data
appears in Supplementary Table S1.

Records identified through Additional records identified
database searching through other sources
(n=2)

(n = 2609)

l

Records after duplicates removed

(n=832)
y
Records screened Records excluded
(n=2832) (n=789)
Full-text articles assessed for Full-text articles excluded,
eligibility with reasons
(n=43) (n=21)
- do not measure galectins
(10)
Studies included in qualitative - were not performed in neuro-
synthesis degenerative diseases (2)
(n=22) - are reviews or conference
abstracts (7)
l - were performed in mice (2)
Studies included in quantitati-
ve synthesis (meta-analysis)
(n=17)

Figure 1. Flow diagram of the publication search and selection process.
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Table 1. Characteristics of the included studies.

Median or Median or

First Author Case . . Number Female % Study Detected Galectins .
and Year Nationality Region Disease of Patients Controls Patients Mea'n Age Mean Age Design Sample Assay Method Tested Units
Patients Controls
Boza-Serrano, 2019 Dutch and Europe AD 6 5 16.6 74.6 74.8 cs Brain WB Gal-3 FC
[11] Swedish
Yazar, 2021 [24] Turkish Western Asia AD 57 61 61.4 79.1 777 (@] Serum ELISA Gal-3 pg/mL
Cengiz, 2019 [8] Turkish Western Asia PD 60 30 40 725 72 CSs Serum ELISA Gal-3 and -4 pg/mL
Marques, 2019 [25] Dutch Europe PD 37 44 35 57 58 Cs CSF ELISA Gal-1 ng/mg
Wang, 2019 [26] Chinese East Asia AD 115 115 64.3 75.7 75.9 CS Serum ELISA Gal-9 pg/mL
Yan, 2016 [27] Chinese East Asia ALS 51 60 96 54.8 55.5 CS Plasma ELISA Gal-3 ng/mL
Zhou, 2010 [28] American America ALS 27 14 - - - CS CSF ELISA Gal-3 ng/mL
Wang, 2015 [29] Chinese East Asia AD 41 46 46.3 712 69.8 CS Serum ELISA Gal-3 ng/mL
AD 31 50 419 66.8 74.9 CS Serum ELISA Gal-3 ng/mL
Ashraf, 2018 [30] Saudi Western Asia
ALS 19 - 421 64.1 CS Serum ELISA Gal-3 ng/mL
Tian, 2016 [31] Chinese East Asia Epilepsy 38 26 55 32.5 - (@] Serum ELISA Gal-3 ng/mL
Burman, 2016 [32] Swiss Europe MS 94 25 - 46 48 CSF ELISA Gal-9 pg/mL
. . Gal-1, -3, -8,
Stancic, 2011 [9] Dutch Europe MS 17 8 - 61 76.6 CS Brain WB and -9 FC
. 2-DE and relative volume
Basso, 2004 [33] Dutch Europe PD 4 4 25 75 70 CS Brain MALDI-TOE-MS Gal-1 in 2-DE
. 2-DE and relative volume
Werner, 2008 [34] German Europe PD 5 5 40 84.2 77.4 CS Brain MALDILTOE-MS Gal-1 in 2-DE
Tao, 2020 [35] - - AD 101 52 - - - cs Br:zrrtlf:d WB and ELISA Gal3and-1  FCandng/mL
Wu, 2021 [36] Taiwanese East Asia PD 56 46 43 64.8 65.9 CS Plasma ELISA Gal-3 ng/mL
. ) . . Plasma and ELISA and
Siew, 2019 [14] Taiwanese East Asia HD 31 21 72 51 54 CS brain RTGPCR Gal-3 ng/mL
Articles included in the qualitative analysis
Wada, 2003 [37] ALS 12 10 33 58.3 60.1 Cs Skin IHC Gal-1 pixels
Zubiri, 2018 [10] British Europe ALS 12 6 33 PP Plasma LC-MS/MS Gal-1 and -3 FC
Kato, 2001 [21] - - ALS HC Gal-1
de Jong, 2018 [22] - - SM 25 11 - - - CS Brain IHC Gal-4 X
Guo, 2017 [23] Chinese East Asia human prion 5 3 - - - cs Brain WB Gal-1 FC

diseases

IHC: immunohistochemistry; qRT-PCR: quantitative real-time polymerase chain reaction; WB: Western blot; LC-MS/MS: liquid chromatography tandem mass spectrometry; 2-DE:
two-dimensional gel electrophoresis; CS: cross-sectional; PP: prospective; CSF: Cerebrospinal fluid; AD: Alzheimer’s disease; PD: Parkinson’s disease; SM: multiple sclerosis; HD: HD:
Huntington disease; gal: galectin; -: not available.
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3.2. Galectin Expression Levels in Neurodegenerative Diseases

Of the 17 studies included in the meta-analysis, 4 studies reported the mean and
standard deviation according to disease subtype [9,30,32,35], so we pooled the data from
each article using the formulas recommended by the Cochrane Handbook for Systematic
Reviews of Interventions [38] to obtain a pooled mean and standard deviation, and thus
avoid the error of repeating a single control group for two or more patient subgroups
of a study. Our results show that patients with neurodegenerative diseases present a
higher level of galectin expression compared to healthy individuals (MDS = 0.70, 95% CI
0.28-1.13, p = 0.001; Figure 2). Study heterogeneity was high (I> = 93%, p < 0.00001), so a
random-effects model was used for analysis.

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ashraf 2018, Gal-3 (AD) 109 358 a0 8.76 3.03 a0 4 6% 0.64[0.24,1.04] -
Ashraf 2018, Gal-3 (ALS) 10.45 348 14 8.76 3.03 50 4.5% 0.53[-0.01,1.07] —
Basso 2004, Gal-1 0.431 0111 4 0.239 0.14 4 2.8% 1.32 [-0.34, 2.98] b
Boza-Serrano 2019, Gal-3 70 30 B 4 4 ] 2.6% 2E0([0.80,4.40)

Burman 2016, Gal-9 3481 101.4 94 287 56.6 24 4.5% 0.87 [0.51,1.43] -
Cengiz 2019, Gal-3 22718 23244 G0 8929 562 an 4 6% 0.71[0.26,1.16] -
Cengiz 2019, Gal-4 2823 207 g0 1851 493 30 4. 6% 0.56[0.11,1.01] —
Margques 2019, Gal-1 11 ] ar 17 ] 44 4.5% -0.80[-1.25,-0.34] -

Siew 2019, Gal-3 {brain) 173.2 47 B ] a0 47 6 ] 3.0% 1.58[0.05,3.10

Siew 2018, Gal-3 (serum) 3.34 0.76 26 2.81 0.6 16 4.3% 0.74[0.08,1.38] —
Stancic 2011, Gal-1 711.88 266.7 17 554 180 g 4.0% 063 [0.23,1.49] T
Stancic 2011, Gal-3 8.3 4,28 17 3.07 15 g 4.0% 0.59 [-0.27 1.45] T
Stancic 2011, Gal-g 1.39 0.49 17 1.1 0.3 g 4.0% 0.64 [-0.23,1.50] T
Stancic 2011, Gal-9 12.08 345 17 7.7 33 g 3.9% 1.24[0.32, 2.16] —
Tao 2020, Gal-1 1.03 0.1 4 1 0.06 4 31% 0.32[-1.08,1.72] I R—
Tao 2020, Gal-3 {brain) 217 0.44 4 1.01 n.oz 4 1.7% 3.24[0.62, 5.86]

Tao 2020, Gal-3 (serum) 11.38 379 47 9.11 2 48 4 6% 0.68[0.33,1.04] -
Tian 2016, Gal-3 B.G7 0.34 38 5.4 0.34 26 4.1% 3.69[2.86,4.52) —_—
Wang 2014, Gal-3 6.42 2.51 41 8.27 1.91 45 4 6% 0.52[0.08, 0.94] i
Wang 2019, Gal-9 0.0a89 ooos 115 013 002z 115 4.7% -1.84 [[12.25 -1.62] -

Werner 2008, Gal-1 0.0024 0000437 5 0.00188 0.000857 ] 33% 084048 2.17] T
Wy 2021, Gal-3 9.493 3.84 56 8.39 1.85 46 4 6% 0.48[0.08, 0.87] ~

Yan 2016, Gal-3 25414 197.52 51 201.64 379.28 60 4. 6% 017 [-0.21,0.594] T
Yazar 2021, Gal-3 2384 160.2 a7 178 8.3 61 4 6% 0.54[017,0.491] -
Zhou 2010, Gal-3 217 1.56 27 1.59 0.33 14 4.3% 0.44 [-0.21,1.08] T
Total (95% CI) 924 720 100.0% 0.70 [0.28, 1.13] L 2
Heterogeneity: Tau®= 0.87, Chi®= 329.49, df= 24 (P = 0.00001); F=93%

'
T
'
et
=
b
Faun

Testfor overall effect Z=3.25 (P = 0.001)

Figure 2. Forest plot showing the results of the meta-analysis of random effects of galectin levels in
patients with neurodegenerative diseases and healthy individuals.

3.3. Heterogeneity Analysis

To explore the source of heterogeneity, a subgroup analysis was performed by type
of neurodegenerative disease, type of galectin, region to which patients belong, method
of galectin detection, and type of sample analyzed. Analysis according to neurodegener-
ative disease type showed that there was a significant difference in galectin expression
in ALS (MDS = 0.31, 95% CI 0.04-0.59, p = 0.03) and MDS (MDS = 0.86, 95% CI 0.54-1.18,
p <0.00001), but not in AD and PD (Figure 3a). In the case of epilepsy and HD, there was
only one study. Analysis by galectin type was performed for galectin-3, galectin-1, and
galectin-9, which were those for which more than two studies were available. A significant
difference in galectin-3 expression was found between patients with neurodegenerative
diseases and healthy individuals (MDS = 0.85, 95% CI 0.53-1.18, p < 0.00001), but no
differences were found for galectin-1 and 9 (Figure 3b).
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Stil. Mean Difference

Sti. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
1.3.1 AD
Ashraf 2018, Gal-3 (AD) 109 358 a0 8.76 3.03 50 4.6% 064 [0.24, 1.04] -
Boza-Serrano 2019, Gal-3 70 30 G G 4 5  26% 2.60[0.80, 4.40]
Tao 2020, Gal-1 1.03 0.1 4 1 0.06 4 31% 0.32[1.09,1.72]  ——
Tao 2020, Gal-3 (brain) 217 0.44 4 1.01 0.0z 4 1.7% 3.24 [0.62, 5.86]
Tao 2020, Gal-3 (serum) 11.38 379 97 9.11 2 48 46% 0.E8[0.33,1.04] -
Wang 2015, Gal-3 6.42 2.41 41 5.27 1.91 46 4.6% 0,52 [0.09, 0.94] —
Wang 2018, Gal-9 0.089 0ooa 114 013 0022 115  47% -1.94 [[2.25,-1.62] -
Yazar 2021, Gal-3 2385 160.2 a7 178 8.3 61 4.6% 054 [0.17,0.891] -
Subtotal (95% CI) 374 333 30.5% 0.58 [-0.38, 1.54]
Heterogeneity: Tau®=1.63; Chi*= 197.39, df= 7 (P =< 0.00001); F= 96%
Test for averall effect Z=1.18 (P=0.24)
1.3.2PD
Basso 2004, Gal-1 0.431 0111 4 0.239 014 4 2.8% 1.32[-0.34, 2.98] T
Cengiz 2019, Gal-3 22718 23244 60 8929 562 30 4.6% 0.71[0.26, 1.16] -
Cengiz 2019, Gal-4 2823 207 B0 185.1 493 30 46% 056 [0.11,1.01] —
Margques 2019, Gal-1 ih a 37 17 9 44 4.5% -0.80 [-1.25,-0.34]
Werner 2008, Gal-1 0.0024 0.000437 5 0.00188 0.000657 5 33% 0.84 [[0.49, 2.17] T
Wy 2021, Gal-3 9.83 394 56 8.39 1.85 46 4.6% 0.48[0.08, 0.87] ~
Subtotal (95% CI) 222 159 24.3% 0.39[-0.19, 0.97] »
Heterogeneity: Tau?= 0.38; Chi*= 29.70, df= 5 (P =< 0.0001); F= 83%
Test for averall effect Z=1.31 (P=0.19)
1.3.3SM
Burman 2016, Gal-9 3481 101.58 94 287 56.6 25 4.5% 0.97[0.51,1.43] -
Stancic 2011, Gal-1 711.88 266.7 17 554 180 8 4.0% 0.63[-0.23,1.49] T
Stancic 2011, Gal-3 5.31 126 17 3.07 1.5 8  4.0% 0.58 [[0.27,1.458] T
Stancic 2011, Gal-8 1.39 0.49 17 1.1 0.3 8  4.0% 0.64 [[0.23, 1.50] T
Stancic 2011, Gal-9 12.08 3.45 17 7.7 33 g  3.9% 1.24 [0.32, 2.16] m—
Subtotal (95% CI) 162 57 20.5% 0.86 [0.54, 1.18] *
Heterogeneity: Tau®= 0.00; Chi*=1.80, df=4 (P=077); F=0%
Test for averall effect: 2= 5.33 (P = 0.00001)
1.3.4 ALS
Ashraf 2018, Gal-3 (ALS) 10.45 348 19 8.76 3.03 50 4.5% 0.53 [-0.01,1.07] —
Yan 2016, Gal-3 25414 197.52 51  201.64 379.28 60 4.6% 017 [-0.21, 0.54] T
Zhou 2010, Gal-3 217 1.56 27 1.59 0.33 14 43% 0.44 [-0.21,1.09] T
Subtotal (95% CI) 97 124 13.4% 0.31[0.04, 0.59] L 2
Heterogeneity: Tau®= 0.00; Chi*=1.35 df= 2 {(F=051); F=0%
Test for overall effect 2= 2.22 (P=0.03)
1.3.5HD
Siew 2019, Gal-3 (brain) 1732 47 6 g 90 47 6 5  3.0% 1.58[0.05, 310
Siew 2019, Gal-3 {(serum) 3.34 076 26 2.8 0.6 16 4.3% 0.74[0.09,1.38] —
Subtotal (95% CI) 31 21 7.3% 0.87 [0.27, 1.46] <
Heterogeneity: Tau®=0.00; Chi*= 083, df=1(F=032), F=0%
Test for overall effect 2= 2.86 (P =0.004)
1.3.6 Epylepsia
Tian 2016, Gal-3 667 034 38 5.4 0.34 6 41% 3.69[2.86, 4.57] —
Subtotal (95% CI) 38 26 4.1% 3.69 [2.86, 4.52] -
Heterogeneity: Mot applicahle
Test for averall effect Z=8.74 (P = 0.00001)
Total (95% Cl) 924 720 100.0% 0.70[0.28, 1.13] &
Heterogeneity: Tau®= 0.97; Chi*= 329.49, df= 24 (P < 0.00001); F=93% 54 52 b é ji
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Figure 3. Forest plot of heterogeneity analyses. (a) Subgroup analysis by type of neurodegenerative
disease, (b) subgroup analysis by type of galectin.

Since different types of galectin were evaluated in the studies of patients with AD, PD,
and SM, we performed a subgroup analysis considering only one specific type of galectin.
In AD we considered the expression of Gal-3, in SM that of Gal-9, and in PD the expression
of Gal-1 or Gal-3, since there were more than two studies for these galectins. We found that
patients with AD and PD expressed more galectin-3 (MDS = 0.64, 95% CI 0.45-0.83 and
MDS = 0.58, 95% CI 0.28-0.88, respectively) and patients with MS expressed more galectin-9
(MDS =1.03, 95% CI 0.62-1.44) compared to healthy individuals (Table 2).

In the subgroup analysis by region, higher galectin expression was observed in patients
with neurodegenerative diseases for the Western Asia and European group (MDS = 0.60,
95% CI 0.40-0.79 and MDS = 0.76, 95% CI 0.10-1.14, respectively). As for the detection
method, higher galectin expression was found in patients with neurodegenerative diseases
in the Western blot subgroup (SMD = 0.87, 95% CI 0.47-1.27, p < 0.0001). In the subgroup
analysis by type of sample detected, it was found that studies analyzing brain samples
report higher galectin expression in patients with neurodegenerative diseases (SMD = 0.93,
95% CI 0.57-1.30, p < 0.00001) (Table 2).
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Table 2. Subgroup analysis of galectin expression levels in neurodegenerative diseases.
Subgroup Studies Test for Association Test for Heterogeneity Analytical Model
SMD 95% CI P I2 P
Neurodegenerative disease and galectin type
AD and Gal-3 6 0.64 [0.45, 0.83] <0.00001 44% p=0.11 FEM
PD and Gal-1 3 0.30 [—1.16,1.77] 0.68 80% 0.006 REM
PD and Gal-3 2 0.58 [0.28, 0.88] 0.0001 0% 0.45 FEM
SM and Gal-9 2 1.03 [0.62, 1.44] <0.00001 0% 0.61 FEM
Region
Western Asia 3 0.60 [0.40, 0.79] <0.00001 0% 0.98 FEM
East Asia 6 0.70 [—0.46, 1.86] 0.24 98% <0.00001 REM
Europe 6 0.76 [0.10, 1.41] 0.02 82% <0.00001 REM
American 1 0.44 [—0.21, 1.09] 0.19 NA NA NA
Detection method
ELISA 13 0.50 [—0.03, 1.03] 0.06 95% <0.00001 REM
Western blot 3 0.87 [0.47,1.27] <0.0001 32% 0.18 FEM
MAi_gI]j:TEglC:l-MS 2 1.03 [—0.01,2.07] 0.05 0% 0.66 FEM
sample analyzed

Serum and plasma 10 0.58 [—0.04, 1.19] 0.07 96% <0.00001 REM
Brain 6 0.93 [0.57,1.30] <0.00001 9% 0.36 FEM
CSF 0.20 [—0.94, 1.35] 0.73 93% <0.00001 REM

REM: random-effects model; FEM: fixed-effects model; SMD: standardized mean difference; CI: confidence
interval; CSF: cerebrospinal fluid; AD: Alzheimer’s disease; PD: Parkinson’s disease; SM: multiple sclerosis; 2-DE:
two-dimensional gel electrophoresis; NA: not applicable.

3.4. Sensitivity Analyses and Publication Bias

A sensitivity analysis was performed by removing one study at a time to assess the
individual impact on the overall MDS estimate. Our results indicate that only the study by
Tian et al. (2016) deviates somewhat from the data of the other studies, but since its weight
in the meta-analysis is only 4.4% (Figure 2), it does not significantly influence SMD, nor
does its 95% CI (Figure 4a).

Publication bias was explored using funnel plots and Egger’s and Begg'’s tests. The
funnel plot shows an asymmetric distribution of the data (Figure 4b), indicating a pos-
sible publication bias. This agrees with what was found when applying Egger’s test
(t value =2.59, p = 0.016). Begg’s test did not show significant publication bias (Tau = 0.183,
p =0.199). We applied the Trim and Fill method [20] to assess the effect of possible publica-
tion bias of studies with small. The adjusted values with the Trim and fill method do not
vary significantly from those reported previously [SMD = 0.76, 95% CI 0.33-1.19]; moreover,
the method does not suggest introducing additional studies for effect correction. This
suggests that the asymmetry observed in the funnel plot may be due to the heterogeneity of
the studies rather than to the effect of bias. The heterogeneity of the studies is related to the
type of galectin, the type of neurodegenerative disease, and the type of sample analyzed,
as shown in the subgroup analysis.
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Figure 4. Sensitivity analysis and publication bias. (a) Sensitivity plot showing standardized mean
difference and 95% confidence interval when excluding one study at a time from meta-analysis.
(b) Funnel plot for analysis of galectin levels in neurodegenerative diseases.

4. Discussion

Galectins have been linked to microglia activation, phagocytosis of neurons, formation
of beta-amyloid or Tau protein aggregates, and induction of cytokines in the nervous
system [35,39]. Several studies have shown alterations in galectin levels in models of neu-
rodegenerative diseases [11,14,40,41]; furthermore, studies in patients indicate changes in
galectin concentration in both the brain and peripheral blood [8-10]. Thus, our study aimed
to clarify whether there are difference in galectin expression levels between patients with
neurodegenerative diseases and healthy individuals and to detect sources of heterogeneity.

Our analysis shows that patients with neurodegenerative diseases express higher
levels of galectin than healthy individuals. In the subgroup analysis by galectin type, we
only found significant differences between patients and healthy individuals for galectin 3.
In the subgroup analysis by type of neurodegenerative diseases and galectin, it was shown
that patients with AD, PD, and ALS have higher levels of galectin-3 expression, and in the
case of patients with MS, higher expression of gal 9 was found.

Only one human study was found that evaluated galectin levels in HD. This study
showed an increase in galectin-3 in the brain and plasma of HD patients, in addition to
which a positive correlation of galectin-3 expression with clinical manifestations of the
disease and a negative correlation with the Mini-Mental State Exam (MMSE) score were
observed [14]. In this meta-analysis, we included a study performed on intractable epilepsy,
although the question of whether there is neurodegeneration in epilepsy is still open, there
are currently data in temporal lobe epilepsy in humans and in murine models that support
the existence of a neurodegenerative process in epilepsy [42,43]. The study by Tian et al.
(2016) [31] found increased serum galectin-3 levels in intractable epilepsy compared to
healthy individuals.

As can be seen, most studies point to an increase in the expression of galectins in
neurodegenerative diseases, and most of these have focused on evaluating galectin-3 since
it is the one for which the most function has been described in the nervous system. This
increased expression of galectins in patients suggests their involvement in disease etiology.
In the following, we discuss the main functions that have been described for galectins in
neurodegenerative diseases.

Galectin-3 is expressed by astrocytes, microglia, macrophages, dendritic cells, and
activated T and B cells. Inflammatory mediators such as IL-1 increase its expression [44].
In primary cultures of microglia and astrocytes, treatment with galectin-3 increases the
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expression of inflammatory cytokines such as TNF-«, IL-13, IL-6, and IFN-y, but not of
anti-inflammatory cytokines such as TGF-§ and IL-10 [45]. Galectin-3 promotes oligo-
dendrocyte differentiation and contributes to remyelination by modulating microglia and
matrix metalloprotease activity [46]. Galectin-3 is secreted by active microglia to stim-
ulate other microglial cells through Toll-like receptor 4 (TLR4) and Triggering receptor
expressed on myeloid cells 2 (TREM2) as part of a positive feedback mechanism [39];
furthermore, galectin-3 can opsonize neurons with low sialic acid content and mediate
their phagocytosis [13]. In murine AD molds, galectin-3 is overexpressed and promotes
beta-amyloid aggregation and its toxicity [11,35]. Suppression of galectin-3 in 5xFAD mice,
a murine model of AD, improves cognitive performance, reduces expression in microglia
of inflammatory genes, and reduces amyloid plaques [11].

In models of other neurodegenerative diseases, galectin-3 has also been linked to
damage and neuroinflammation. For example, in R6/2 mice; a murine model of HD ex-
pressing exon-1 of the human huntingtin gene, galectin-3 is overexpressed in microglia and
contributes to inflammation through NF-«B (Nuclear factor kB) and NLRP3 inflammasome-
dependent pathways. Suppression of galectin-3 reduces inflammation and huntingtin
aggregation, improves motor dysfunction, and increases survival in HD mice [14]. In
the case of mice with experimental autoimmune encephalomyelitis (EAE), a model of
multiple sclerosis, a reduction in disease severity is presented when galectin-3 expression
is suppressed [47]. Therefore, it has been suggested that galectin-3 may be an indicator of
prognosis, mortality, or remission in neurodegenerative diseases [12].

As for galectin-1, it has been shown to reduce the inflammatory response in LPS-
activated neuroblastoma cells. In mice treated with MPTP (1-methyl-4-phenyl-1, 2, 3, 6-
tetrahydropyridine), a PD model, it was reported that galectin-1 inhibited microglia activation,
decreased secretion of interleukin (IL)-1, Tumor Necrosis Factor alpha (TNF-«), inducible nitric
oxide synthase (iINOS) and cyclooxygenase-2 (COX-2) [48]. Furthermore, galectin-1 attenuates
cognitive dysfunction and reduces surgery-induced hippocampal neuronal death in aged
mice through decreasing microglial activation and expression of IL-1f3, IL-6, and TNF-c. It has
been proposed that galectin-1 reduces microglial activation by decreasing the translocation
of NF-«B p65 and c-Jun [49]. Another mechanism through which galectin-1 suppresses the
production of iNOS, TNF-«, and CCL2 in microglia is by binding to CD45, which favors their
retention on the cell membrane [50]. Suppression of galectin-1 in an EAE model resulted in
increased neurodegeneration, and the transfer of galectin-1-expressing astrocytes suppressed
the development of EAE [50].

Another study showed that galectin-1 interacts with the Neuropilin-1/PlexinA4 re-
ceptor complex in damaged neurons to contribute to axonal regeneration and locomotor
recovery after spinal cord injury [51]. In a rat model of ischemia, galectin-1 increases brain-
derived neurotrophic factor (BDNF) expression in astrocytes. BDNF is a factor involved
in neuronal survival and is essential for learning and memory [52]. Finally, galectin-1 pro-
motes the proliferation of neurolanular progenitors in the hippocampus [41]. In the case of
galectin-8, it has been reported to protect against the formation of tau aggregates by pro-
moting autophagy in cells that have suffered damage to their endomembrane systems [53].
In cultured hippocampal neurons, galectin-8 protects neurons from glutamate-induced ex-
citotoxicity, oxidative stress, and beta-amyloid oligomers [54]. In EAE, galectin-8 eliminates
Th17 cells and ameliorates clinical manifestations [55].

Galectin-9 is expressed in several brain regions such as the cortex, olfactory bulb, hip-
pocampus, thalamus, hypothalamus, amygdala, and cerebellum [56]. This galectin is not
constitutively expressed in astrocytes, but its expression is induced by TNFe, IL-1§3, or inter-
feron vy (IFN) [57]. Galectin-9 expression is increased in microglia after stimulation with poly
(I:C) [58]. Among the functions of galectin-9 related to neuroinflammation, we have found
that it increases apoptosis in encephalitogenic T-cells [57] and increases the production of
TNFo and IL-6 in microglia [58]. In inactive multiple sclerosis lesions, galectin-9 is localized
in the cytoplasmic region, but in active lesions it is present in both the cytoplasm and the
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nucleus [9]. The functional relevance of the change in galectin-9 localization is not known, but
there are reports that some galectins interact with nuclear factors [4].

In a model of intracerebral hemorrhage, a correlation was found between galectin-
9 expression and the number of type 2 microglia, as well as an anti-inflammatory cytokine
profile. Increased galectin-9 also correlates with improved motor, sensory and memory
abilities, and decreased cell death [59]. Thus, there is ample evidence to support the
functional role of galectins in neurodegenerative processes.

Some limitations of our study are the following: (1) publication bias, as there is a
tendency to report positive results; (2) most studies have focused on galectin-3 and there
are few studies on the other galectins; (3) different detection techniques for galectins were
used in the included studies, which implies different sensitivity and specificity of the tests;
(4) the type of sample evaluated; (5) the quality of the studies is variable and many had
small samples.

Despite the limitations, our study shows alterations in galectin concentration in neu-
rodegenerative diseases, which is supported by observations in murine models. Future
studies need to evaluate other types of galectins and determine their cellular localization.
It has already been suggested that the potential prognostic value of galectins depends on
cellular localization [6,60,61].

5. Conclusions

Our study indicates that there is an increase in galectin expression in neurodegen-
erative diseases, pointing to involvement in neuronal damage and neuroinflammatory
processes. An increase in galectin-3 was observed in AD, PD, and ALS. An increase in Gal-
9 expression was observed in SM. Further studies are required, especially of galectins other
than Gal-3, to determine whether there are alterations in their expression and implications
in neurodegenerative diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/biom12081062/s1, Table S1: Newcastle-Ottawa quality assessments scale.

Author Contributions: Conceptualization, E.R.-M., LR.-M. and M.C.; methodology, J.V., ].C.R.-M.,,
S.I.P-C. and 1.S.-B.; software, E.R.-M., ].V,, ].C.R.-M. and S.I.P.-C.; validation, R.S., E. K.P.A.-A., M.C.
and L.S.-B.; formal analysis, LR.-M., ].C.R.-M. and E.K.P.A.-A ; investigation, E.R.-M., LR.-M., J.V. and
S.I.P-C,; resources, M.C.; data curation, LR.-M., ].C.R.-M,, R.S. and E.K.P.A.-A_; writing—original
draft preparation, E.R.-M. and M.C.; writing—review and editing, ].C.R.-M., L.S.-B., ].V. and R.S,;
visualization, E.R.-M. and M.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Edgar Ramos-Martinez and Ivan Ramos-Martinez receive a postdoctoral fellow-
ship from the Direccion General de Asuntos del Personal Académico (DGAPA), UNAM, México and
are grateful for the funding.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Xu, M.-M.; Zhou, M.-T; Li, S.-W.; Zhen, X.-C.; Yang, S. Glycoproteins as Diagnostic and Prognostic Biomarkers for Neurodegener-
ative Diseases: A Glycoproteomic Approach. J. Neurosci. Res. 2021, 99, 1308-1324. [CrossRef] [PubMed]

2. Liu, P-P; Xie, Y.; Meng, X.-Y.; Kang, ].-S. History and Progress of Hypotheses and Clinical Trials for Alzheimer’s Disease. Signal
Transduct. Target. Ther. 2019, 4, 29. [CrossRef] [PubMed]

@

Delacour, D.; Koch, A.; Jacob, R. The Role of Galectins in Protein Trafficking. Traffic 2009, 10, 1405-1413. [CrossRef] [PubMed]

4. Funasaka, T.; Raz, A.; Nangia-Makker, P. Nuclear Transport of Galectin-3 and Its Therapeutic Implications. Semin. Cancer Biol.
2014, 27, 30-38. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/biom12081062/s1
https://www.mdpi.com/article/10.3390/biom12081062/s1
http://doi.org/10.1002/jnr.24805
http://www.ncbi.nlm.nih.gov/pubmed/33634546
http://doi.org/10.1038/s41392-019-0063-8
http://www.ncbi.nlm.nih.gov/pubmed/31637009
http://doi.org/10.1111/j.1600-0854.2009.00960.x
http://www.ncbi.nlm.nih.gov/pubmed/19650851
http://doi.org/10.1016/j.semcancer.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24657939

Biomolecules 2022, 12, 1062 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Nio-Kobayashi, J. Tissue- and Cell-Specific Localization of Galectins, 3-Galactose-Binding Animal Lectins, and Their Potential
Functions in Health and Disease. Anat. Sci. Int. 2017, 92, 25-36. [CrossRef]

Ramos-Martinez, J.C.; Altamirano-Gomez, G.; Ramos-Martinez, I.; Valencia, J.; Hernandez-Zimbroén, L.; Hernandez-Juarez, J.;
Echeverria-Vasquez, P.; Hernandez-Gonzélez, L.L.; Pérez-Campos, E.; Pérez-Campos Mayoral, L.; et al. Prognostic Value of
Galectin Expression in Patients with Breast Cancer: Systematic Review and Meta-Analysis. Clin. Breast Cancer 2021. [CrossRef]
Verkerke, H.; Dias-Baruffi, M.; Cummings, R.D.; Arthur, C.M.; Stowell, S.R. Galectins: An Ancient Family of Carbohydrate
Binding Proteins with Modern Functions. In Galectins; Methods in Molecular Biology; Humana Press: New York, NY, USA, 2022;
Volume 2442, pp. 1-40. [CrossRef]

Cengiz, T.; Turkboylari, S.; Gencler, O.S.; Anlar, O. The Roles of Galectin-3 and Galectin-4 in the Idiopatic Parkinson Disease and
Its Progression. Clin. Neurol. Neurosurg. 2019, 184, 105373. [CrossRef]

Stancic, M.; van Horssen, J.; Thijssen, V.L.; Gabius, H.-].; van der Valk, P.; Hoekstra, D.; Baron, W. Increased Expression of Distinct
Galectins in Multiple Sclerosis Lesions. Neuropathol. Appl. Neurobiol. 2011, 37, 654-671. [CrossRef]

Zubiri, I.; Lombardi, V.; Bremang, M.; Mitra, V.; Nardo, G.; Adiutori, R.; Lu, C.-H.; Leoni, E.; Yip, P; Yildiz, O.; et al. Tissue-
Enhanced Plasma Proteomic Analysis for Disease Stratification in Amyotrophic Lateral Sclerosis. Mol. Neurodegener. 2018, 13, 60.
[CrossRef]

Boza-Serrano, A.; Ruiz, R.; Sanchez-Varo, R.; Garcia-Revilla, J.; Yang, Y.; Jimenez-Ferrer, I.; Paulus, A.; Wennstroem, M.;
Vilalta, A.; Allendorf, D.; et al. Galectin-3, a Novel Endogenous TREM2 Ligand, Detrimentally Regulates Inflammatory Response
in Alzheimer’s Disease. ACTA Neuropathol. 2019, 138, 251-273. [CrossRef]

Hara, A.; Niwa, M.; Noguchi, K.; Kanayama, T.; Niwa, A.; Matsuo, M.; Hatano, Y.; Tomita, H. Galectin-3 as a Next-Generation
Biomarker for Detecting Early Stage of Various Diseases. Biomolecules 2020, 10, 389. [CrossRef] [PubMed]

Puigdellivol, M.; Allendorf, D.H.; Brown, G.C. Sialylation and Galectin-3 in Microglia-Mediated Neuroinflammation and
Neurodegeneration. Front. Cell. Neurosci. 2020, 14, 162. [CrossRef] [PubMed]

Siew, ].J.; Chen, H.-M.; Chen, H.-Y.; Chen, H.-L.; Chen, C.-M.; Soong, B.-W.; Wu, Y.-R.; Chang, C.-P; Chan, Y.-C.; Lin, C.-H.; et al.
Galectin-3 Is Required for the Microglia-Mediated Brain Inflammation in a Model of Huntington’s Disease. Nat. Commun. 2019,
10, 3473. [CrossRef]

Moher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The
PRISMA Statement. BMJ 2009, 339, b2535. [CrossRef] [PubMed]

Hozo, S.P.,; Djulbegovic, B.; Hozo, I. Estimating the Mean and Variance from the Median, Range, and the Size of a Sample. BMIC
Med. Res. Methodol. 2005, 5, 13. [CrossRef] [PubMed]

Rohatgi, A. Web Plot Digitizer (Version No. 4.5). Windows. California. 2021. Available online: https:/ /automeris.io/WebPlotDigitizer
(accessed on 13 June 2022).

DerSimonian, R.; Laird, N. Meta-Analysis in Clinical Trials. Control. Clin. Trials 1986, 7, 177-188. [CrossRef]

Mantel, N.; Haenszel, W. Statistical Aspects of the Analysis of Data from Retrospective Studies of Disease. J. Natl. Cancer Inst.
1959, 22, 719-748.

Duval, S.; Tweedie, R. A Nonparametric “Trim and Fill” Method of Accounting for Publication Bias in Meta-Analysis. J. Am. Stat.
Assoc. 2000, 95, 89-98. [CrossRef]

Kato, T.; Kurita, K.; Seino, T.; Kadoya, T.; Horie, H.; Wada, M.; Kawanami, T.; Daimon, M.; Hirano, A. Galectin-1 Is a Component
of Neurofilamentous Lesions in Sporadic and Familial Amyotrophic Lateral Sclerosis. Biochem. Biophys. Res. Commun. 2001, 282,
166-172. [CrossRef]

De Jong, C.G.H.M,; Stancic, M.; Pinxterhuis, T.H.; van Horssen, J.; van Dam, A.-M.; Gabius, H.-J.; Baron, W. Galectin-4, a Negative
Regulator of Oligodendrocyte Differentiation, Is Persistently Present in Axons and Microglia/Macrophages in Multiple Sclerosis
Lesions. J. Neuropathol. Exp. Neurol. 2018, 77, 1024-1038. [CrossRef]

Guo, Y.-J,; Shi, Q.; Yang, X.-D.; Li, J.-L.; Ma, Y.; Xiao, K.; Chen, C.; Han, J.; Dong, X.-P. Increases of Galectin-1 and Its S-Nitrosylated
Form in the Brain Tissues of Scrapie-Infected Rodent Models and Human Prion Diseases. Mol. Neurobiol. 2017, 54, 3707-3716.
[CrossRef] [PubMed]

Yazar, T.; Olgun Yazar, H.; Cihan, M. Evaluation of Serum Galectin-3 Levels at Alzheimer Patients by Stages: A Preliminary
Report. Acta Neurol. Belg. 2021, 121, 949-954. [CrossRef] [PubMed]

Marques, T.M.; van Rumund, A.; Bruinsma, I.B.; Wessels, H.].C.T.; Gloerich, J.; Esselink, R.A.].; Bloem, B.R.; Kuiperij, H.B,;
Verbeek, M.M. Cerebrospinal Fluid Galectin-1 Levels Discriminate Patients with Parkinsonism from Controls. Mol. Neurobiol.
2019, 56, 5067-5074. [CrossRef] [PubMed]

Wang, X.; Niu, Y.; Yue, C.-X,; Fu, S.; Wang, R.-T. Increased Ileal Bile Acid Binding Protein and Galectin-9 Are Associated with
Mild Cognitive Impairment and Alzheimer’s Disease. . Psychiatr. Res. 2019, 119, 102-106. [CrossRef]

Yan, J.; Xu, Y.; Zhang, L.; Zhao, H.; Jin, L.; Liu, W.-G.; Weng, L.-H.; Li, Z.-H.; Chen, L. Increased Expressions of Plasma Galectin-3 in
Patients with Amyotrophic Lateral Sclerosis. Chin. Med. |. 2016, 129, 2797-2803. [CrossRef]

Zhou, J.-Y.; Afjehi-Sadat, L.; Asress, S.; Duong, D.M.; Cudkowicz, M.; Glass, ].D.; Peng, J. Galectin-3 Is a Candidate Biomarker for
Amyotrophic Lateral Sclerosis: Discovery by a Proteomics Approach. J. Proteome Res. 2010, 9, 5133-5141. [CrossRef]

Wang, X.; Zhang, S.; Lin, E; Chu, W.; Yue, S. Elevated Galectin-3 Levels in the Serum of Patients With Alzheimer’s Disease. Am. ].
Alzheimers Dis. Other Dement. 2015, 30, 729-732. [CrossRef]


http://doi.org/10.1007/s12565-016-0366-6
http://doi.org/10.1016/j.clbc.2021.12.011
http://doi.org/10.1007/978-1-0716-2055-7_1
http://doi.org/10.1016/j.clineuro.2019.105373
http://doi.org/10.1111/j.1365-2990.2011.01184.x
http://doi.org/10.1186/s13024-018-0292-2
http://doi.org/10.1007/s00401-019-02013-z
http://doi.org/10.3390/biom10030389
http://www.ncbi.nlm.nih.gov/pubmed/32138174
http://doi.org/10.3389/fncel.2020.00162
http://www.ncbi.nlm.nih.gov/pubmed/32581723
http://doi.org/10.1038/s41467-019-11441-0
http://doi.org/10.1136/bmj.b2535
http://www.ncbi.nlm.nih.gov/pubmed/19622551
http://doi.org/10.1186/1471-2288-5-13
http://www.ncbi.nlm.nih.gov/pubmed/15840177
https://automeris.io/WebPlotDigitizer
http://doi.org/10.1016/0197-2456(86)90046-2
http://doi.org/10.1080/01621459.2000.10473905
http://doi.org/10.1006/bbrc.2001.4556
http://doi.org/10.1093/jnen/nly081
http://doi.org/10.1007/s12035-016-9923-1
http://www.ncbi.nlm.nih.gov/pubmed/27211330
http://doi.org/10.1007/s13760-020-01477-1
http://www.ncbi.nlm.nih.gov/pubmed/32852752
http://doi.org/10.1007/s12035-018-1426-9
http://www.ncbi.nlm.nih.gov/pubmed/30465235
http://doi.org/10.1016/j.jpsychires.2019.10.002
http://doi.org/10.4103/0366-6999.194656
http://doi.org/10.1021/pr100409r
http://doi.org/10.1177/1533317513495107

Biomolecules 2022, 12, 1062 14 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ashraf, G.M.; Baeesa, S.S. Investigation of Gal-3 Expression Pattern in Serum and Cerebrospinal Fluid of Patients Suffering From
Neurodegenerative Disorders. Front. Neurosci. 2018, 12, 430. [CrossRef]

Tian, P-C.; Wang, H.-L.; Chen, G.-H; Li, ].-H.; Zheng, C.; Wang, Y.; Tian, P.-C.; Wang, H.-L.; Chen, G.-H.; Li, ].-H.; et al. Elevated
Interictal Serum Galectin-3 Levels in Intractable Epilepsy. Neurol. India 2016, 64, 233-236. [CrossRef]

Burman, J.; Svenningsson, A. Cerebrospinal Fluid Concentration of Galectin-9 Is Increased in Secondary Progressive Multiple
Sclerosis. J. Neuroimmunol. 2016, 292, 40-44. [CrossRef]

Basso, M.; Giraudo, S.; Corpillo, D.; Bergamasco, B.; Lopiano, L.; Fasano, M. Proteome Analysis of Human Substantia Nigra in
Parkinson’s Disease. Proteomics 2004, 4, 3943-3952. [CrossRef] [PubMed]

Werner, C.J.; Haussen, R.H.; Mall, G.; Wolf, S. Proteome Analysis of Human Substantia Nigra in Parkinson’s Disease. Proteome Sci.
2008, 6, 8. [CrossRef] [PubMed]

Tao, C.-C.; Cheng, K.-M.; Ma, Y.-L.; Hsu, W.-L.; Chen, Y.-C.; Fuh, ].-L.; Lee, W.-].; Chao, C.-C.; Lee, E.H.Y. Galectin-3 Promotes
A Beta Oligomerization and A Beta Toxicity in a Mouse Model of Alzheimer’s Disease. Cell Death Differ. 2020, 27, 192-209.
[CrossRef] [PubMed]

Wu, H.-C.; Chang, K.-H.; Chiang, M.-C.; Chen, C.-M. Alterations of Plasma Galectin-3 and C3 Levels in Patients with Parkinson’s
Disease. Brain Sci. 2021, 11, 1515. [CrossRef]

Wada, M.; Ono, S.; Kadoya, T.; Kawanami, T.; Kurita, K.; Kato, T. Decreased Galectin-1 Immunoreactivity of the Skin in
Amyotrophic Lateral Sclerosis. J. Neurol. Sci. 2003, 208, 67-70. [CrossRef]

Higgins, ].P.T.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.].; Welch, V.A. Collecting Data. In Cochrane Handbook for
Systematic Reviews of Interventions, 2nd ed.; John Wiley & Sons: Chichester, UK, 2019.

Burguillos, M.A.; Svensson, M.; Schulte, T.; Boza-Serrano, A.; Garcia-Quintanilla, A.; Kavanagh, E.; Santiago, M.; Viceconte, N.;
Oliva-Martin, M.J.; Osman, A.M.; et al. Microglia-Secreted Galectin-3 Acts as a Toll-like Receptor 4 Ligand and Contributes to
Microglial Activation. Cell Rep. 2015, 10, 1626-1638. [CrossRef]

Itabashi, T.; Arima, Y.; Kamimura, D.; Higuchi, K.; Bando, Y.; Takahashi-lwanaga, H.; Murakami, M., Watanabe, M.;
Iwanaga, T.; Nio-Kobayashi, J. Cell- and Stage-Specific Localization of Galectin-3, a 3-Galactoside-Binding Lectin, in a Mouse
Model of Experimental Autoimmune Encephalomyelitis. Neurochem. Int. 2018, 118, 176-184. [CrossRef]

Kajitani, K.; Nomaru, H.; Ifuku, M.; Yutsudo, N.; Dan, Y.; Miura, T.; Tsuchimoto, D.; Sakumi, K.; Kadoya, T.; Horie, H.; et al.
Galectin-1 Promotes Basal and Kainate-Induced Proliferation of Neural Progenitors in the Dentate Gyrus of Adult Mouse
Hippocampus. Cell Death Differ. 2009, 16, 417-427. [CrossRef]

Tai, X.Y.; Bernhardt, B.; Thom, M.; Thompson, P; Baxendale, S.; Koepp, M.; Bernasconi, N. Review: Neurodegenerative Processes
in Temporal Lobe Epilepsy with Hippocampal Sclerosis: Clinical, Pathological and Neuroimaging Evidence. Neuropathol. Appl.
Neurobiol. 2018, 44, 70-90. [CrossRef]

Wolinski, P.; Ksiazek-Winiarek, D.; Glabinski, A. Cytokines and Neurodegeneration in Epileptogenesis. Brain Sci. 2022, 12, 380.
[CrossRef] [PubMed]

Ramirez Hernandez, E.; Sanchez-Maldonado, C.; Mayoral Chavez, M.A.; Hernandez-Zimbron, L.F,; Patricio Martinez, A.;
Zenteno, E.; Limon Pérez de Ledn, 1.D. The therapeutic potential of galectin-1 and galectin-3 in the treatment of neurodegenerative
diseases. Expert Rev. Neurother. 2022, 20, 439-448. [CrossRef] [PubMed]

Jeon, S.B.; Yoon, H.J.; Chang, C.Y.; Koh, H.S.; Jeon, S.H.; Park, E.]. Galectin-3 exerts cytokine-like regulatory actions through the
JAK-STAT pathway. J. Immunol. 2010, 185, 7037-7046. [CrossRef] [PubMed]

Hoyos, H.C.; Marder, M.; Ulrich, R.; Gudi, V.; Stangel, M.; Rabinovich, G.A.; Pasquini, L.A.; Pasquini, ]. M. The Role of Galectin-3:
From Oligodendroglial Differentiation and Myelination to Demyelination and Remyelination Processes in a Cuprizone-Induced
Demyelination Model. Adv. Exp. Med. Biol. 2016, 949, 311-332. [CrossRef] [PubMed]

Jiang, H.-R.; Al Rasebi, Z.; Mensah-Brown, E.; Shahin, A.; Xu, D.; Goodyear, C.S.; Fukada, S.Y.; Liu, E-T.; Liew, FY.; Lukic, M.L.
Galectin-3 Deficiency Reduces the Severity of Experimental Autoimmune Encephalomyelitis. J. Immunol. 2009, 182, 1167-1173.
[CrossRef]

Li, Y,; Chen, N.; Wu, C.; Lu, Y.; Gao, G.; Duan, C; Yang, H.; Lu, L. Galectin-1 Attenuates Neurodegeneration in Parkinson’s
Disease Model by Modulating Microglial MAPK/IkB/NFkB Axis through Its Carbohydrate-Recognition Domain. Brain Behav.
Immun. 2020, 83, 214-225. [CrossRef]

Shen, Z.; Xu, H.; Song, W.; Hu, C.; Guo, M.; Li, J.; Li, J. Galectin-1 ameliorates perioperative neurocognitive disorders in aged
mice. CNS Neurosci. Ther. 2021, 27, 842-856. [CrossRef]

Starossom, S.C.; Mascanfroni, I.D.; Imitola, J.; Cao, L.; Raddassi, K.; Hernandez, S.F.; Bassil, R.; Croci, D.O.; Cerliani, J.P,;
Delacour, D.; et al. Galectin-1 deactivates classically activated microglia and protects from inflammation-induced neurodegenera-
tion. Immunity 2012, 37, 249-263. [CrossRef]

Quintd, H.R.; Pasquini, ].M.; Rabinovich, G.A.; Pasquini, L.A. Glycan-dependent binding of galectin-1 to neuropilin-1 promotes
axonal regeneration after spinal cord injury. Cell Death Differ. 2014, 21, 941-955. [CrossRef]

Qu, W.S.; Wang, Y.H.; Wang, ].P.; Tang, Y.X.; Zhang, Q.; Tian, D.S.; Yu, Z.Y.; Xie, M.].; Wang, W. Galectin-1 enhances astrocytic
BDNF production and improves functional outcome in rats following ischemia. Neurochem. Res. 2010, 35, 1716-1724. [CrossRef]
Falcon, B.; Noad, J.; McMahon, H.; Randow, E.; Goedert, M. Galectin-8-Mediated Selective Autophagy Protects against Seeded
Tau Aggregation. . Biol. Chem. 2018, 293, 2438-2451. [CrossRef] [PubMed]


http://doi.org/10.3389/fnins.2018.00430
http://doi.org/10.4103/0028-3886.177618
http://doi.org/10.1016/j.jneuroim.2016.01.008
http://doi.org/10.1002/pmic.200400848
http://www.ncbi.nlm.nih.gov/pubmed/15526345
http://doi.org/10.1186/1477-5956-6-8
http://www.ncbi.nlm.nih.gov/pubmed/18275612
http://doi.org/10.1038/s41418-019-0348-z
http://www.ncbi.nlm.nih.gov/pubmed/31127200
http://doi.org/10.3390/brainsci11111515
http://doi.org/10.1016/S0022-510X(02)00424-0
http://doi.org/10.1016/j.celrep.2015.02.012
http://doi.org/10.1016/j.neuint.2018.06.007
http://doi.org/10.1038/cdd.2008.162
http://doi.org/10.1111/nan.12458
http://doi.org/10.3390/brainsci12030380
http://www.ncbi.nlm.nih.gov/pubmed/35326336
http://doi.org/10.1080/14737175.2020.1750955
http://www.ncbi.nlm.nih.gov/pubmed/32303136
http://doi.org/10.4049/jimmunol.1000154
http://www.ncbi.nlm.nih.gov/pubmed/20980634
http://doi.org/10.1007/978-3-319-40764-7_15
http://www.ncbi.nlm.nih.gov/pubmed/27714696
http://doi.org/10.4049/jimmunol.182.2.1167
http://doi.org/10.1016/j.bbi.2019.10.015
http://doi.org/10.1111/cns.13645
http://doi.org/10.1016/j.immuni.2012.05.023
http://doi.org/10.1038/cdd.2014.14
http://doi.org/10.1007/s11064-010-0234-z
http://doi.org/10.1074/jbc.M117.809293
http://www.ncbi.nlm.nih.gov/pubmed/29282296

Biomolecules 2022, 12, 1062 15 of 15

54.

55.

56.

57.

58.
59.

60.

61.

Pardo, E.; Barake, F; Godoy, J.A.; Oyanadel, C.; Espinoza, S.; Metz, C.; Retamal, C.; Massardo, L.; Tapia-Rojas, C,;
Inestrosa, N.C.; et al. GALECTIN-8 Is a Neuroprotective Factor in the Brain That Can Be Neutralized by Human Autoantibodies.
Mol. Neurobiol. 2019, 56, 7774-7788. [CrossRef] [PubMed]

Pardo, E.; Carcamo, C.; Uribe-San Martin, R.; Ciampi, E.; Segovia-Miranda, F.; Curkovic-Pefia, C.; Montecino, F.; Holmes, C.;
Tichauer, ].E.; Acuna, E.; et al. Galectin-8 as an Immunosuppressor in Experimental Autoimmune Encephalomyelitis and a Target
of Human Early Prognostic Antibodies in Multiple Sclerosis. PLoS ONE 2017, 12, e0177472. [CrossRef] [PubMed]
Nio-Kobayashi, J.; Itabashi, T. Galectins and Their Ligand Glycoconjugates in the Central Nervous System Under Physiological
and Pathological Conditions. Front. Neuroanat. 2021, 15, 767330. [CrossRef] [PubMed]

Steelman, A.J.; Smith, R., 3rd; Welsh, C.J.; Li, ]. Galectin-9 protein is up-regulated in astrocytes by tumor necrosis factor and
promotes encephalitogenic T-cell apoptosis. J. Biol. Chem. 2013, 288, 23776-23787. [CrossRef]

Steelman, A.J.; Li, J. Astrocyte galectin-9 potentiates microglial TNF secretion. J. Neuroinflamm. 2014, 11, 144. [CrossRef]

Liang, T.; Ma, C.; Wang, T,; Deng, R; Ding, J.; Wang, W.; Xu, Z.; Li, X.; Li, H,; Sun, Q.; et al. Galectin-9 Promotes Neuronal
Restoration via Binding TLR-4 in a Rat Intracerebral Hemorrhage Model. Neuromol. Med. 2021, 23, 267-284. [CrossRef]

Cioca, A.; Muntean, D.; Bungardean, C.; Raica, M.; Cimpean, A.M. Expression and Distribution of Galectin-3 in Chromophobe
and Papillary Carcinomas. Anticancer Res. 2018, 38, 259-263. [CrossRef]

Van den Brile, FA.; Waltregny, D.; Liu, ET.; Castronovo, V. Alteration of the Cytoplasmic/Nuclear Expression Pattern of
Galectin-3 Correlates with Prostate Carcinoma Progression. Int. J. Cancer 2000, 89, 361-367. [CrossRef]


http://doi.org/10.1007/s12035-019-1621-3
http://www.ncbi.nlm.nih.gov/pubmed/31119556
http://doi.org/10.1371/journal.pone.0177472
http://www.ncbi.nlm.nih.gov/pubmed/28650992
http://doi.org/10.3389/fnana.2021.767330
http://www.ncbi.nlm.nih.gov/pubmed/34720894
http://doi.org/10.1074/jbc.M113.451658
http://doi.org/10.1186/s12974-014-0144-0
http://doi.org/10.1007/s12017-020-08611-5
http://doi.org/10.21873/anticanres.12216
http://doi.org/10.1002/1097-0215(20000720)89:4&lt;361::AID-IJC8&gt;3.0.CO;2-U

	Introduction 
	Materials and Methods 
	Identification of Relevant Literature 
	Inclusion and Exclusion Criteria 
	Quality Evaluation for Studies 
	Data Extraction 
	Statistical Analysis 

	Results 
	Characteristics of the Selected Studies and Qualitative Analysis 
	Galectin Expression Levels in Neurodegenerative Diseases 
	Heterogeneity Analysis 
	Sensitivity Analyses and Publication Bias 

	Discussion 
	Conclusions 
	References

