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Background: In diabetes, cognitive impairment is linked with oxidative stress and neuroin-
flammation. As the only chimeric member of the galectin family, galectin-3 (Gal3) induces
neuroinflammation and cognitive impairment in models of Alzheimer’s disease (AD); how-
ever, its role in diabetes-associated cognitive impairment is not established.

Methodology: Here, we investigated the effects of Gal3 inhibition on cognitive impairment
and the possible underlying molecular events in diabetes. We investigated the effects of the
Gal3 inhibitor modified citrus pectin (MCP; 100 mg/kg/day oral for 6 weeks) in vivo in high-
fat diet (HFD)/streptozotocin (STZ)-induced diabetic rats. Additionally, the effects of MCP
on high glucose (HG)-stimulated BV-2 microglial cells were investigated in vitro.

Results: We found that MCP attenuated memory impairment in diabetic rats in the Morris
water maze test and reduced insulin resistance, oxidative stress, and neuroinflammation. In
HG-stimulated BV-2 microglial cells, MCP increased cell viability and decreased oxidative
stress and the production of proinflammatory cytokines.

Conclusion: The results of this study indicate that the inhibition of Gal3 by MCP amelio-
rates diabetes-associated cognitive impairment, oxidative stress, and neuroinflammation,
suggesting that Gal3 could be a potential new target for therapeutic intervention to prevent
cognitive impairment in diabetes.
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Introduction

Galectin-3 (Gal3), the only chimeric member of the galectin family, is expressed in
different cell types and found in both the intracellular and extracellular spaces." It
regulates several biological processes, such as cell adhesion, proliferation, apopto-
sis, tumor progression, oxidative stress, inflammation and innate and adaptative
immune system modulation. Furthermore, Gal3 has been shown to cause cogni-
tive impairment in rats.*> Thus, Gal3 may be a potential therapeutic target for brain
disorders.

Cognitive impairment and dementia have been shown to be common diabetic
complications.® In recent years, a new term-“diabetes-associated cognitive impair-
ment” was proposed to facilitate the researcher’s attention into this area and to
increase recognition of the disorder.” This term does not imply a particular patho-
genesis, but merely describes a state of mild to moderate cognitive impairment, in
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particular, psychomotor slowing and reduced mental flex-
ibility, not attributable to other causes.® An increased risk
of Alzheimer’s disease (AD) has been found in patients
diagnosed with type 2 diabetes mellitus (T2DM), and this
association is likely related to disease processes such
as AD.’ It is hypothesized that insulin resistance, oxidative
stress, and neuroinflammation are all the main mechanisms
of diabetes-associated cognitive impairment and AD.%’
Additionally, T2DM is one of the most important risk
factors for ischemic stroke, which causes vascular cogni-
tive impairment in patients with T2DM.” T2DM aggra-
vates brain injury induced by cerebral ischemia, it was
shown that hyperglycemic condition in diabetes leads to
the generation of reactive oxygen species (ROS), suppres-
sion of endothelial nitric oxide synthase (NOS) and causes
vascular endothelial damage.'® Further research is needed
to understand the potential underlying molecular mechan-
ism of diabetes-associated impairment and AD.

Gal3 has been increasingly associated with the mechan-
isms underlying the pathogenesis of diabetes and has been
identified as a potential serum marker of prediabetes and
a diabetes risk factor in humans.'""'> Mechanistically, Gal3
directly binds to the insulin receptor, antagonizing its down-
stream metabolic signaling pathways and leading to insulin
resistance and glucose intolerance.'>'* It is reported that
Gal3 can bind to the triggering receptor expressed on mye-
loid cells 2 (TREM2), activating microglia and inducing
neuroinflammation in an AD mouse model.* Moreover,
Gal3 can induce oxidative stress, resulting in neurodegenera-
tion in diabetic retinopathy and diabetic optic neuropathy.” In
our recent study, T2DM patients with mild cognitive impair-
ment (MCI) showed significantly higher levels of serum
Gal3 than normal subjects. Gal3 is a potential risk factor
for MCI development in patients with T2DM, suggesting
that Gal3 is considered as a novel biomarker in clinical
diagnosis and may be a new therapeutic target for combatting
diabetes-associated cognitive impairment.'> We also found
that Gal3 levels are significantly increased in the serum,
cerebral cortex and hippocampus in high-fat diet (HFD)/
streptozotocin (STZ)-induced T2DM rats.'* However, no
experimental studies have revealed the functional signifi-
cance of Gal3 in diabetes-associated cognitive impairment.
Modified citrus pectin (MCP) is a compound polysaccharide
extracted from the peel and pulp of citrus fruits.'® MCP binds
to Gal3 carbohydrate recognition domains (CRDs), decreas-
ing its expression and activity, and is known as a Gal3
inhibitor.'®'® Previous research has indicated that MCP

exerts neuroprotective effects by inhibiting the upregulation

of Gal3 and its downstream pathways following subarach-
noid hemorrhage.'” Our previous study showed that MCP
ameliorates cognitive impairment and decreases Gal3 levels
in the serum and brain in HFD/STZ-induced T2DM rats."
The aim of the current study was to further evaluate whether
MCP prevents diabetes-associated cognitive impairment by
inhibiting Gal3 and, if so, the possible mechanisms related to
oxidative stress and neuroinflammation.

Materials and Methods

Animals and Experimental Design
Six-week-old male Wistar rats purchased from the
Experimental Animal Center of Shandong University,
Jinan, China, were used as the experimental animals.
They were housed at 22+2°C under a 12-h light/dark
cycle in a standard laboratory of Shandong Provincial
Hospital and provided food and water ad libitum. The
animal experiments in this study were approved by the
Animal Care Committee of Shandong First Medical
University Council and conducted in accordance with the
Provisions and General Recommendation of Chinese
Experimental Animals Administration Legislation.

After a week of adaptation, the rats were randomly
divided into four groups. Group I was fed a normal diet
and i.p. injected with 0.1 mL of 0.1 M citrate buffer solu-
tion. Group II rats were fed an HFD for 4 weeks and then
intraperitoneally injected once with low-dose STZ (30 mg/
kg; dissolved in 0.1 M citrate buffer) according to previous
protocols.'>2° Rats with fasting blood glucose (FBG) levels
>16.7 mmol/L were considered T2DM models, and they
were continuously fed an HFD for an additional 6 weeks.
MCP is Gal3 activity inhibitor, obtained from Centrax
International Corporation, San Francisco, USA. Group III
comprised T2DM rats that were fed an HFD and adminis-
tered MCP (100 mg/kg/day), in drinking water for an addi-
tional 6 weeks.'”> MCP has good water solubility and is
readily accepted by rats, MCP solution was quantified
daily to make sure the dosage of MCP. Group IV rats
received MCP (100 mg/kg/day) only. Body weights were
recorded, and fasting blood plasma glucose concentrations
in abdominal aorta samples were measured using a glucose
monitor before and after MCP treatment. At the end of
dietary treatment, the learning ability and memory of the
rats in all groups were tested by the Morris water maze test.
Finally, the rats were decapitated under anesthesia after
blood samples were collected from the abdominal aorta,
and neurobehavioral experiments were carried out. We

submit your manuscript

534

Dove

Journal of Inflammation Research 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Yin et al

immediately removed the brains of each rat, then placed
them on dry ice to isolate the cerebral cortex and hippo-
campus. Afterwards, the homogenates of brain tissues were
prepared with 0.1 M phosphate buffer saline (PBS), centri-
fuged at 8000xg 4°C for 10 min, aliquoted and stored at
—80°C.

Rat Blood Assays

After the neurobehavioral test, 5 rats from each group
were fasted for 12 h, and 2 days before the rats were
sacrificed, 3 mL blood samples were collected from the
abdominal aorta, and then separated for serum and plasma
and stored at —80°C. The FBG levels were measured by
a glucose-oxidase biochemical analyzer, the fasting insulin
(FINS) levels were determined by an enzyme linked
immunosorbent assay (ELISA) kit (Cusabio, Wuhan,
China). Serum Gal3 levels were measured by human-
specific sensitive ELISA kits (R&D, Minneapolis, MN,
USA). Homeostasis model assessment of insulin resistance
(HOMA-IR) was calculated based on the formula FBG
(mmol/L)xFINS (mU/L)/22.5.

Cognitive Function Test

The Morris water maze (MWM) test consisted of 5-day
training (visible [days 1-2] and invisible [days 3-5] plat-
form training sessions)’' was adopted to evaluate the
spatial learning and retention of memory. Visible platform
training was carried out for baseline differences in vision
and motivation, and the escape latency of each rat during
the 2-day visible platform test was recorded. Invisible
platform training was carried out for spatial learning and
retention memory to find the platform, the escape latency
of each rat to reach the hidden platform during the 3-day
invisible platform test was recorded. For details, please
refer to our recent paper.'’

Cell Culture

The mouse microglial BV-2 cell line was purchased from
the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). The cells were cultured in Dulbecco’s
Modified Eagle’s medium (DMEM, Invitrogen; Carlsbad,
CA, USA) containing 10% fetal bovine serum (HyClone;
Thermo, USA), 100 TU/mL penicillin (Sigma, St Louis,
MO, USA) and 100 mg/mL streptomycin (Sigma) in a 37°
C humidified 5% CO, incubator. The cells were grown to
70-80% confluence in 60-mm dishes, and the medium was
replaced every fourth day.

Cell Viability
The  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to measure cell viability.
BV-2 cells were seeded at a density of 1x10° cells/mL in 96-
well plates. After culturing at 37°C for 24 h, the BV-2 cells
were treated with different concentrations of glucose (50,
100, or 200 mmol/L) and the Gal3 activity inhibitor MCP
(0.005%, 0.01%, or 0.02%). After the cells were cultured for
another 48 h, MTT (20 uL, 5 mg/mL; Sigma) was added to
each well and incubated at 37°C for 4 h. Then, the cultured
medium was removed, and 150 pL dimethylsulfoxide
(DMSO) was added to each well to dissolve the formazan
generated by cells. The absorbance was read at 540 nm by
a microplate reader (Bio-Rad, CA, USA). The cell viability
of each group was analyzed by the ratio of OD value as
a percentage of the control group.

Determination of Oxidative Stress and

the Antioxidant Defense System

Hippocampal and cerebral cortex tissues isolated from
Wistar rats and BV-2 cells were used for biochemical
analysis. The ROS levels in the brain tissues and cells
were quantified via the 20-70-dichlorofluorescein-
diacetate (DCFHDA) assay as previously described in
our studies.’'”? Protein carbonyl content (Jiancheng,
Nanjing, China) and malondialdehyde (MDA) content, as
well as activities of superoxide dismutase (SOD), catalase
(CAT),
assessed by spectrophotometry using commercially avail-

able kits (Beyotime, Shanghai, China).

and glutathione peroxidase (GSH-Px), were

Determination of Proinflammatory

Cytokine Levels

The levels of interleukin-1f (IL-1p), interleukin-6 (IL-6),
and tumor necrosis factor-alpha (TNF-a) in the superna-
tants of rat hippocampal and cerebral cortex homogenates
as well as BV-2 cells were examined using commercially
available ELISA kits. The experimental procedures were
conducted in accordance with the manufacturer’s instruc-
tions (Elabscience Biotech, Wuhan, China).

Statistical Analysis

All results are expressed as the mean + SEM. Except for the
data from the acquisition phase of the MWM test, which was
analysis of variance

analyzed by repeated-measures

(ANOVA), statistical significance was analyzed by one-way
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ANOVA followed by Tukey’s test for intergroup variation.
P < 0.05 was considered to indicate statistical significance.

Results
Gal3 Inhibition Improves Insulin Sensitivity
and Decreases Gal3 Levels in the Serum of

HFD/STZ-Induced T2DM Rats

As seen from Figure 1, the levels of FBG, FINS, HOMA-IR,
and serum Gal3 were significantly different between the
T2DM group rats and the control rats. The rats in the T2DM
+MCP group exhibited significantly lower levels of FBG,
HOMA-IR, and Gal3 than those in the T2DM group. T2DM
+MCP group rats showed increased levels of FBG, HOMA-
IR, and Gal3 than that in the control group. The rats in the
T2DM+MCP group exhibited significantly increased levels of
FINS than those in the T2DM group. T2DM-+MCP group rats
showed decreased levels of FINS than that in the control group.
No difference was found between control and MCP groups.

Gal3 Inhibition Ameliorates Memory
Dysfunction in HFD/STZ-Induced T2DM
Rats

As seen from Figure 2A, consistent with our previous
results,'” rats in each group exhibited a similar escape latency
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in a 2-day visible platform test, suggesting no differences in
vision or basal motivation. In the 3-day invisible platform
test, unlike the control group, rats in the T2DM group exhib-
ited spatial learning and retention memory impairment, MCP
administration improved spatial learning and retention mem-
ory function compared with the T2DM group (Figure 2B).

Gal3 Inhibition Improves Oxidant/
Antioxidant Status in HFD/STZ-Induced

T2DM Rats

As seen from Table 1, the T2DM group rats showed sig-
nificantly higher levels of ROS, contents of MDA and
protein carbonyl in both the hippocampus (P<0.05, P<0.01,
and P<0.05, respectively) and cerebral cortex compared with
the control rats (P<0.05, P<0.05, and P<0.05, respectively).
The T2DM+MCP group rats showed lower levels of ROS,
contents of MDA, and protein carbonyl in both the hippo-
campus (P<0.05, P<0.05, and P<0.05, respectively) and
cerebral cortex (P<0.01, P<0.05, and P<0.05, respectively)
compared with the T2DM group. Compared with the control
group, the T2DM+MCP group showed significant increases
in levels of ROS, contents of MDA, and protein carbonyl in
the hippocampus (P<0.05, P<0.05, and P<0.01, respectively)
and cerebral cortex (P<0.05, P<0.01, and P<0.05, respec-
tively). The T2DM group rats showed lower activities of
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Figure | Galectin-3 (Gal3) inhibitor modified citrus pectin (MCP) improves insulin sensitivity in T2DM rats.
Notes: Effects of MCP on the levels of FBG (A), FINS (B), HOMA-IR (C), and serum Gal3 (D) in T2DM rats. The data are from three independent experiments. *P<0.05,

5p<0.01 compared to the control rats; °P<0.05, 4p<0.01 compared to the T2DM rats.

Abbreviations: T2DM, type 2 diabetes mellitus; MCP, modified citrus pectin; FBG, fasting blood glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment of

insulin resistance.
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A —==Control ==T2DM —T2DM+MCP —MCP respectively) and cerebral cortex (P<0.01, P<0.05, and

60 - P<0.01, respectively) compared with T2DM group rats.
2 50 Compared with the control group, the T2DM+MCP group
E‘ 40 - showed significant decreases in activities of SOD, CAT and
£ 30 - GSH-Px in the hippocampus (P<0.05, P<0.05, and P<0.05,
E_ 20 - respectively) and cerebral cortex (P<0.05, P<0.01, and
E 10 - P<0.05, respectively).
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Figure 2 Galectin-3 (Gal3) inhibitor modified citrus pectin (MCP) improves cog-
nitive function in T2DM rats.

Notes: (A) No significant differences were found in escape latency during the
2-day visible platform test. (B) Changes in escape latency during the 3-day invisible
platform test. *P<0.05, 5p<0.01 compared to the control rats; “P<0.05, 9P<0.01
compared to the T2DM rats.

Abbreviations: T2DM, type 2 diabetes mellitus; MCP, modified citrus pectin.

SOD, CAT and GSH-Px in both the hippocampus (P<0.01,
P<0.01, and P<0.05, respectively) and cerebral cortex
(P<0.01, P<0.05, and P<0.05, respectively) compared with
control rats, and the T2DM+MCP group rats showed sig-
nificant increases in activities of SOD, CAT and GSH-Px in
both the hippocampus (P<0.05, P<0.05, and P<0.05,

Proinflammatory Cytokine Levels in
HFD/STZ-Induced T2DM Rats

As seen from in Figure 3, significant increases in levels of IL-
1B, IL-6 and TNF-o in both the hippocampus (P<0.01,
P<0.05, and P<0.05, respectively) and cerebral cortex
(P<0.01, P<0.01, and P<0.01, respectively) were observed
in the T2DM group compared with the control group rats.
The T2DM+MCP group rats showed decreases in levels of
IL-1B, IL-6 and TNF-a in both hippocampus (P<0.05,
P<0.05, P<0.01) and cerebral cortex (P<0.01, P<0.05,
P<0.01) compared with the T2DM group rats. Compared
with the control group, the T2DM+MCP rats were likely to
show significant increases in IL-1B, IL-6 and TNF-a in hip-
pocampus (P<0.05, P<0.05, and P<0.05, respectively) and
cerebral cortex (P<0.05, P<0.05, and P<0.01, respectively).

Gal3 Inhibition Alleviates High Glucose
(HG)-Induced Damage to BV-2 Cells

BV-2 cells were exposed to increasing concentrations of
glucose (50, 100, or 200 mmol/L) for 48 h to establish the
concentration of glucose that induced cell death, and

Table | Effects of Galectin-3 (Gal3) Inhibitor MCP on ROS Level, MDA and Protein Carbonyl Contents, and Antioxidant Enzymes
Catalase in Hippocampus and Cerebral Cortex of HFD/STZ-Induced T2DM Rats

Treatment | Brain Regions | ROS Level > | MDA Content® | Protein Carbonyl | Antioxidant Enzyme Activity

and Cells Content® 4 4 q

SOD CAT GSH-Px

Control Hippocampus 4752 £ 245 1.53 £ 0.18 5.75 + 0.45 325+ 035 55.11 £2.75 25.11 £2.15
group Cerebral cortex | 49.87 £ 3.13 1.57 £ 0.14 5.33 £ 0.69 5.19 £ 0.63 53.19 £ 2.63 23.19 + 1.83
T2DM Hippocampus 88.74 + 6.27° | 3.33 + 0.24 2748 £ 1.79° 149 + 025" | 2849 + 1.75" | 1249 + 1.75°
group Cerebral cortex | 90.51 + 5.25° | 3.21 + 0.27° 25.45 £ 0.19° 154+ 021" | 2654+ 1.11° | 1054 % |.61°
T2DM+ Hippocampus 74.65 + 421° | 227 + 0.19% 17.56 + 1.07% 274 +026% | 33.11 +£232°% | 17.23 + |.45%
MCP group | Cerebral cortex | 70.43 + 4.66°¢ | 2.65 + 0.18 20.34 +1.75°% 2.79 + 0.35°" | 30.24 + 1.95% | 19.17 + 0.95%"
MCP Hippocampus 4854 + 3.25 1.57 £ 0.15 5.65 + 0.33 3.67 +0.29 53.74 £ 332 26.14 + 1.55
group Cerebral cortex | 48.54 + 3.25 1.54 + 0.09 549 £ 047 4.95 + 0.56 56.32 + 2.52 25.55 + 1.79

Notes: *ROS level, relative DCF fluorescence intensity; MDA content, nmol/mg proteins; “Protein carbonyl content, nmol/mg proteins; dSOD, CAT and GSH-Px activities,
U/mg proteins; *P<0.05, ‘P<0.01 versus control group; #<0.05, "P<0.0lversus T2DM model group.
Abbreviations: T2DM, type 2 diabetes mellitus; MCP, modified citrus pectin; HFD, high-fat diet; STZ, streptozotocin; ROS, reactive oxygen species; MDA, malondialde-

hyde; SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione peroxidase.
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° L5 4 and P<0.05, respectively) were observed in HG+MCP
= group cells compared with HG-stimulated cells. The HG
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Figure 3 Galectin-3 (Gal3) inhibitor modified citrus pectin (MCP) attenuates B -
neuroinflammation in T2DM rats. 100 - a.d
Notes: MCP decreases the levels of IL-1B (A), IL-6 (B), and TNF-a (C) in the 3&
hippocampus and cerebral cortex in T2DM rats. *P<0.05, ®p<0.01 compared to the — 80 -
control rats; °P<0.05, %P<0.01 compared to the T2DM rats. :_S
Abbreviations: T2DM, type 2 diabetes mellitus; MCP, modified citrus pectin; IL- ,E 60 -
IB, interleukin-1; IL-6, interleukin-6; TNF-a, tumor necrosis factor-alpha. Z
T 40 -
@)
mannitol was used as the isotonic control. A modified 20 1
MTT assay was used to evaluate cell viability. As seen in 0 -
Figure 4A, HG decreased the viability of BV-2 cells in 0“\‘0\ O QX QX @ 0’0 . @ i
a dose-dependent manner. We chose 100 mmol/L glucose © © \" W Qq

treatment for subsequent experiments.

We administered gradient concentrations of MCP
(0.005%, 0.01%, or 0.02%) to investigate the effects of
MCP on HG-stimulated BV-2 cells. As seen in Figure 4B,
MCP protected BV-2 cells from HG-induced cell death.
However, the protective effects of MCP on BV-2 cells

Figure 4 Galectin-3 (Gal3) inhibitor modified citrus pectin (MCP) improves the
viability of BV-2 microglial cells.

Notes: (A) The effects of different concentrations of glucose and mannitol on BV-2
cells. (B) Effects of the Gal3 inhibitor MCP on HG-stimulated BV-2 cells. The MTT
assay was used to measure cell viability. The ratio of the OD value of each group to
that of the control group was calculated as the cell viability. *P<0.05, ®P<0.01 com-
pared to the control cells; P<0.05, 9P<0.01 compared to the HG-stimulated cells.
Abbreviations: MCP, modified citrus pectin; HG, high glucose.
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Table 2 Effects of Galectin-3 (Gal3) Inhibitor MCP on ROS Level, MDA and Protein Carbonyl Contents, and Antioxidant Enzymes

Catalase in High Glucose Exposed BV-2 Microglial Cells

Treatment ROS Level® MDA Content® Protein Carbonyl Antioxidant Enzyme Activity
Content® 4 d d
soD CAT GSH-Px
Control group 50.23 + 2.48 0.94 + 0.08 11.75 £ 0.75 22.56 + 0.87 130.58 + 3.78 4823 +2.78
HG group 9325 £ 6.11° 1.33 + 0.07 35.32 £ 0.39° 1441 + 0.65° 96.87 + 4.13 3141 £ 1.81°
HG+MCP group 6843 + 3.11" 1.09 + 0.08% 31.38 + 0.74°%¢ 19.03 + 1.05% 12321 + 5.32% 37.21 £ 0.75™
MCP group 51.78 + 3.03 0.98 + 0.09 12.98 + 0.45 21.35 + 0.87 132.32+ 3.85 46.87 + 0.98

Notes: *ROS level, relative DCF fluorescence intensity; MDA content, nmol/mg proteins; “Protein carbonyl content, pmol/mg proteins; dSOD, CAT and GSH-Px activities,
U/mg proteins; °P<0.05, 'P<0.01 versus control group; 8P<0.05, "P<0.01 versus T2DM model group.
Abbreviations: HG, high glucose; MCP, modified citrus pectin; ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GSH-Px,

glutathione peroxidase.

P<0.05, and P<0.05, respectively) compared with the con-
trol group. The activities of SOD, CAT and GPx (P<0.05,
P<0.01, and P<0.05, respectively) in HG-stimulated cells
were significantly lower than those in control cells. The
HG+MCP group cells showed significant increases in the
activities of SOD, CAT and GPx (P<0.01, P<0.01, and
P<0.05,
cells. Compared to control cells, HG+tMCP group cells

respectively) compared with HG-stimulated

showed significant decreases in the activities of SOD,
CAT and GPx (P<0.01, P<0.05, and P<0.01, respectively).

Gal3 Inhibition Attenuates Inflammation
Induced by HG in BV-2 Cells

As seen in Figure 5, compared with the control group, the
levels of inflammatory cytokines including IL-1f, IL-6 and
TNF-a (P<0.01, P<0.05, and P<0.0, respectively) in cell super-
natant were significantly increased in the HG-treated group.
Reduced levels of IL-1pB, IL-6 and TNF-a (P<0.01, P<0.05,
and P<0.01, respectively) were observed in the cell supernatant
of T2DM+MCP group compared with the T2DM group.

Discussion

Studies have recently demonstrated that MCP, a Gal3 inhi-
bitor, improves renal remodeling in hyperaldosteronism,**
is beneficial in acute kidney injury®* and protects against
hypertensive nephropathy.”” Moreover, MCP inhibits Gal3
function to reduce atherosclerotic lesions, which are com-
mon in T2DM patients.’® Several recent studies have
shown a similar positive correlation between Gal3 and

cognitive impairment, >’

while the underlying mechan-
isms have yet to be clarified. In addition, no studies have
shown an association between Gal3 and diabetes-
associated cognitive impairment. Here, we report for the
first time that Gal3 can modulate cognitive function in

diabetes, as an inhibitor of Gal3 activity, MCP attenuated

oxidative stress, neuroinflammation, and diabetes-
associated cognitive impairment in vivo and in vitro.

Consistent with our previous study,'® our results also
revealed that the Gal3 inhibitor MCP inhibited Gal3 upre-
gulation and attenuated hyperglycemia, insulin resistance,
and cognitive deficits in diabetic rats. Our present results
showed that in vitro, MCP increased the viability of HG-
stimulated BV-2 cells and participated in oxidative stress
and neuroinflammation in both HFD/STZ-induced diabetic
rats and HG-stimulated BV-2 cells. The hippocampus and
temporal cortex are well known to play important roles in
cognitive function.”” Our present study showed that MCP
administration indeed rescued memory impairment in dia-
betic rats, and this rescuing effect of MCP on cognitive
impairment was well correlated with its effect on oxidative
stress and neuroinflammation.

Oxidative stress has been reported to be one of the key
factors in the pathogenesis of diabetes-associated cognitive
impairment. SOD is a major antioxidant enzyme that converts
superoxide radicals to hydrogen peroxide, playing an essential
role in maintaining redox equilibrium.*® CAT and GSH-Px
can convert hydrogen peroxide to water, and both are primary
antioxidant enzymes.®’ When the antioxidant defense system
is damaged by HFD/STZ, ROS are not sufficiently scavenged
to regulate oxidative stress. Thus, lipid peroxidation is induced
by oxidative stress, and the activities of SOD, CAT and GSH-
Px are reduced. MDA, a marker of lipid peroxidation produc-
tion, indirectly indicates the intensity of neuronal apoptosis
induced by ROS, resulting in neurological behavior deficits.**
Gal3 has been reported as a new regulator of oxidative stress,
and the Gal3 inhibitor MCP has been used to suppress oxida-
tive stress.>> MCP can decrease ROS levels and increase
antioxidant capacity in cardiac fibroblasts and cardiac
lipotoxicity.'®** Our in vivo studies showed that the activities

of SOD, GSH-Px, and CAT were significantly decreased and
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A 120 - o are major proinflammatory cytokines that regulate the
100 - inflammatory response. A recent study showed that HG
= induces the production of proinflammatory cytokines,
‘\:0 80 1 including IL-1f and TNF-q, in BV-2 microglial cells.*
i 60 - Experimental studies in models of multiple sclerosis, trau-
~ 40 A matic brain injury, stroke, and AD have revealed that Gal3
= 20 -j plays a crucial role in promoting inflammatory activation of
0 l microglia in the injured brain.**"~? It has been shown that
control HG+MCP MCP the Gal3 inhibitor MCP can protect against hypertensive
B 1000 - renal damage by inhibiting inflammation.*® Our in vivo
study showed significant elevations of the levels of IL-18,
~ 800 - IL-6 and TNF-a in the hippocampus and cerebral cortex in
‘\EJ 600 - HFD/STZ-induced diabetic rats and revealed that MCP treat-
& ment reversed these effects. Our in vitro studies also indi-
; 400 - cated that MCP attenuated the inflammatory response
200 _j l induced by HG in BV-2 cells, suggesting that the Gal3
0 inhibitor MCP blocks hyperglycemia-induced
control HG+MCP  MCP neuroinflammation.
C 600 - Our in vivo study showed that the Gal3 inhibitor MCP
attenuated cognitive impairment, improved insulin resis-
E S00 1 tance, blocked Gal3, and reduced oxidative stress and
%‘) 400 - neuroinflammation. In vitro, Gal3 inhibition by MCP
E_" 300 1 increased the viability of HG-stimulated BV-2 cells and
\U-,/ 200 alleviated oxidative stress and the inflammatory response.
E 100 '_- l We conclude that inhibition of Gal3 by MCP ameliorates
e 0 - | ' HG+MCP NCD diabetes-associated cognitive impairment via inhibition of
contro /

Figure 5 Galectin-3 (Gal3) inhibitor modified citrus pectin (MCP) attenuates
inflammation in high glucose (HG)-stimulated BV-2 cells.

Notes: The BV-2 cells were pretreated with 0.01% MCP for 24 h before being
treated with 100 mM glucose for 24 h. The levels of IL-1B (A), IL-6 (B), and TNF-a
(C) in the cell supernatant were measured. *P<0.05, ®P<0.0l compared to the
control cells; “P<0.05, 9p<0.01 compared to the HG-stimulated cells.
Abbreviations: MCP, modified citrus pectin; IL-1p, interleukin-18; IL-6, interleu-
kin-6; TNF-0, tumor necrosis factor-alpha; HG, high glucose.

that the levels of ROS, MDA, and carbonyl protein were
significantly increased in the brains of HFD/STZ-induced
diabetic rats compared to control rats. However, treatment
with the Gal3 inhibitor MCP increased antioxidant enzyme
activities and decreased the levels of oxidative stress markers.
Our in vitro studies also indicated that MCP attenuated oxida-
tive stress induced by HG in BV-2 cells. These results sug-
gested that Gal-3 may be a new regulator of antioxidant
defense and that MCP exerts antioxidant effects against dia-
betes-associated cognitive impairment.

Hyperglycemia is thought to induce neuronal apoptosis
by activating microglial-mediated inflammatory responses
and is thus involved in the pathogenesis of diabetes-
associated cognitive impairment.***> IL-1p, IL-6 and TNF-

oxidative stress and neuroinflammation, suggesting that
Gal3 may be a novel key regulator of oxidative stress
and neuroinflammation in diabetes-associated cognitive
impairment. Our findings suggest that inhibition of Gal3
represents a new valuable approach for the management of
diabetes-associated cognitive impairment.

In the present study, we provide the first evidence that
Gal3 inhibitor MCP could improve insulin sensitivity,
attenuate memory impairment, and inhibit oxidative stress
and neuroinflammation in T2DM rats. However, the
by which Gal3 modulates diabetes-
associated cognitive impairment are far from completely

mechanisms

elucidated. We are continuing to investigate the down-
stream signaling pathways of Gal3 and the alterations
that occur in the brains of Gal3 ™" transgenic animals and
BV-2 cells transfected with shRNA-Gal3. Further studies

are warranted before Gal3 can be applied clinically.
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