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A B S T R A C T

Growing evidence suggests that galectin-3 (Gal-3) is instrumental in orchestrating innate immune response and
microglia activation following different brain pathologies. However, its role remains controversial. We recently
showed that a readily available natural product glucosamine may act as a strong modulator of Gal-3. Glucosamine
is a naturally occurring sugar and a precursor in the synthesis of glycosylated proteins. It is often used as a
supplement to treat symptoms of various inflammatory conditions. Our recent work suggests that by increasing
the synthesis and availability of Gal-3 ligands and/or by regulating its expression levels, glucosamine may
significantly modulate Gal-3 signaling. Because evidence suggests that Gal-3 might be differentially regulated
after ischemic injury in the brains of female mice, here we examined and compared the immunomodulatory
potential of glucosamine in male and female stroke. The mice were subjected to transient middle cerebral artery
occlusion (MCAO), followed by different reperfusion periods. The short-term 5 days treatment with glucosamine
(150 mg/kg i.p.) was initiated 2 hrs after stroke. To visualize the effects of glucosamine treatment on post-stroke
inflammation, we took advantage of a transgenic mouse model bearing the dual reporter system luciferase/GFP
under transcriptional control of a murine TLR2 promoter (TLR2-luc-GFP) allowing in vivo bioluminescence im-
aging of innate immune response and microglial activation. We report that after stroke, both, male and female
mice strongly up-regulate the TLR2 bioluminescence signals from activated microglia, however, the observed in
vivo immunomodulatory effects of glucosamine after stroke were sex-dependent. Analysis of cytokine profiles at
protein level, in glucosamine-treated male mice 72hsr after stroke, revealed down regulation of pro-inflammatory
cytokines, an increase in levels of anti-inflammatory cytokines including IL-4, IL13 and colony stimulating factors
MCFC and GM-CSF and a significant decrease in the size of ischemic lesion in male mice. Conversely, in female
mice glucosamine markedly increases the pro-inflammatory signaling and exacerbates ischemic injury. Analysis of
the downstream signaling target of glucosamine/Gal-3 revealed that glucosamine administration restored PPAR-γ
activity in male but not in female mice 3 days following MCAO. Together, our results suggest that glucosamine
acts as a fine tuner of post-ischemic inflammation in a sex dependent-manner and may have therapeutic potential
after stroke in males. Based on our results propose that targeting immune system after stroke may require adapted
sex-specific therapeutic approaches.
1. Introduction

Stroke is a leading cause of death and a major cause of a long-term
disability worldwide (Dirnagl et al., 1999; Lo et al., 2003). However, in
spite of intensive research efforts, effective therapies remain elusive.
Evidence suggests that inflammation represents a key element of the
pathobiology of stroke (Iadecola and Anrather, 2011; Kamel and Iade-
cola, 2012). Indeed, experimentally and clinically, stroke is followed by
euroscience, Faculty of Medicine,
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acute and prolonged inflammatory response characterized by activation
of peripheral and resident immune cells such as microglia, production of
pro- and anti-inflammatory cytokines and leukocyte infiltration in the
brain, events that may contribute to ischemic brain injury (d’Avila et al.,
2012; Kawabori et al., 2015; Kriz and Lalancette-Hebert, 2009; Rahimian
et al., 2018; Rahimian et al., 2019a). Microglia are the principal immune
cells of the brain and its activation is a hallmark of the brain response to
ischemic injury in male as well as in female brains. Growing evidence
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however, suggests a marked sexual dimorphism in the processes associ-
ated with microglial activation after stroke (Rahimian et al., 2019b).

We recently demonstrated that a delayed treatment with immuno-
modulatory molecule galectin-3 (Gal-3) shifts microglial activation to-
wards alternative phenotypes and confers neuroprotection after stroke
(Rahimian et al., 2019b). Gal-3 is a glycoprotein involved in fine-tuning
of inflammatory responses at periphery and in the brain (Lalancette--
Hebert et al., 2007, 2012). Undetectable under physiological conditions,
Gal-3 expression is robustly increased in the brain, in particular in
ischemic-injury activated microglia (Lalancette-Hebert et al., 2007,
2012). Interestingly, comparative analysis of Gal-3 expression patterns
after stroke revealed significantly higher expression levels of Gal-3 in
female ischemic brains (Rahimian et al., 2019b). A current view is that
microglial cells after stroke in female brains acquire more protective
phenotypes (Acaz-Fonseca et al., 2015; Bodhankar et al., 2015; Caplan
et al., 2017). Indeed, recent work by Villa and colleagues revealed a
marked neuroprotective potential of female microglia once transplanted
after stroke into the ischemic brains of male mice (Villa et al., 2018).
Based on our previous work and recent findings, we hypothesized that
pharmacological modulation of Gal-3 by either increasing its expression
levels and/or potentiating its downstream signaling may therapeutically
modulate immune response and/or microglial activation profiles after
stroke.

Glucosamine is a naturally occurring sugar and an essential compo-
nent of glycoproteins and proteoglycans. Evidence suggests that glucos-
amine may act as a pharmacological Gal-3 modulator by enhancing both,
the availability of Gal-3 ligands and Gal-3 expression. Therefore we hy-
pothesized that administration of glucosamine after stroke may thera-
peutically modulate microglia polarization and immune responses after
stroke (Fluri et al., 2015; He et al., 2017; Hwang et al., 2010; Rahimian
et al., 2019b). Here, we examined the immune-modulatory effects of
glucosamine in female and male stroke. We show that glucosamine
modulates microglia activation, morphology and secretory profile in a
sex-dependent manner, revealing a therapeutic potential in male but not
in female mice. As expected, the glucosamine increases Gal-3 levels and
confers neuroprotection after stroke in male mice. Conversely, the Gal-3
levels were decreased in glucosamine treated female mice which was
further associated with an increase in pro-inflammatory signaling and
larger infarctions. Next, we show that the downstream signaling cascade
including peroxisome proliferator-activated receptor gamma
(PPARγ)-p65 pathway might underlie the sex specific effects of glucos-
amine following middle cerebral artery occlusion (MCAO).

2. Methods

2.1. Experimental animals

Experimental procedures were performed on Toll-like receptor 2
(TLR2)-luc-GFP transgenic mice, Gal-3 KO mice and WT littermates as
previously described (Lalancette-Hebert et al., 2009). In this mouse
model, luciferase and GFP reporters are driven under the transcriptional
control of the murine Toll-like receptor 2 gene promoter. Transgenic
animals were identified by polymerase chain reaction (PCR) detection of
the luciferase transgene with the following primers:
50-CAG-CAG-GAT-GCT-CTC-CAG-TTC-30 AND 50-GGC-GCA-GTA-GG-
C-AAG-GTG-GT-3’. Genotyping was performed as previously described
(Lalancette-Hebert et al., 2009). All experimental animals used in this
study were provided with water and healthy diet and monitored during
the entire experimental protocol. The animals were held in the pathogen
free animal facility of the CERVO Brain Research Institute (Universit�e
Laval), 3–5mice per cage in the controlled environment having the 12hrs
day and night cycles. Male and female mice (age 2–3 months) were used
for experiments. All experimental procedures were approved (protocol
no. 017–133) by the Universit�e Laval Animal Care Ethics Committee and
are in accordance with The Guide to the Care and Use of Experimental
Animals of the Canadian Council on Animal Care.
2

2.2. Surgical procedures: transient middle cerebral artery occlusion
(MCAO)

As previously described, unilateral transient focal cerebral ischemia
was induced by MCAO during 1 h followed by different reperfusion time
(Lalancette-Hebert et al., 2007, 2009, 2011, 2012; Weng and Kriz, 2007).
Transient focal cerebral ischemia was induced by intraluminal filament
occlusion of the left middle cerebral artery (MCA) with a 6-0 silicone
coatedmonofilament suture for 1 h followed by different perfusion times.
The MCAO was performed on 2–3-month-old male and female mice
(20–25 g). Briefly, the animals were anesthetized with 2% isoflurane in
100% oxygen at a flow rate of 1.8 L/min. To avoid cooling, the body
temperature was monitored and maintained at 37 �C with a heating pad.
The common carotid artery (CCA) was isolated and carefully separated
from the adjacent tissue and a 12-mm-long 6–0 silicon-coated mono-
filament suture was inserted via the proximal external carotid artery
(ECA) into the ICA and then into the circle of Willis to occlude the MCA.
During the surgery, the correct placement of the filament was confirmed
by Laser Doppler measurements PF5001, Perimed Sweden). As previ-
ously described, 24 hrs after initial surgery the animals were examined
for early neurological deficits (Cordeau et al., 2008; Weng and Kriz,
2007). After surgery, all animals were allowed ad libitum access to water
and food before and after surgery.

2.3. Treatment protocol

D-(þ)-Glucosamine hydrochloride (�99%, Sigma-Aldrich) was first
administered (150 mg/kg/day, i.p. in saline 0.9%) starting 2 h after
stroke. The animals received treatment 1x day for 5 consecutive days.
Saline 0.9% has been administered as vehicle for the control group. Four
experimental groups were considered: 1) male mice following MCAO
treated with glucosamine (150 mg/kg/day, i.p.) 2) female, cycled-match
mice following MCAO treated with glucosamine (150 mg/kg/day, i.p. in
saline 0.9%) 3) male mice underwent MCAO and received saline 0.9%
(i.p. for 5 days), 4) female cycle-match mice underwent MCAO and
received Saline 0.9% (i.p. for 5 days) as vehicle for the control group.

2.4. Vaginal smears and hormone detection

As previously described, to avoid the effects of physiological fluctu-
ation of estrogen levels on immune response, the vaginal epithelial cells
were obtained from mice by a vaginal wash with saline 0.9% and
smeared onto cleaned slides (Cordeau et al., 2008). Slides were then
evaluated for the presence of white blood cells and the morphology of
epithelial cells to determine the stage of the estrus cycle. The female
control group underwent MCAO at the beginning of the pro-estrus period
(Cordeau et al., 2008; Cordeau et al., 2016).

2.5. Tissue collection

The animals were anesthetized via an intraperitoneal injection of
ketamine (10 mg/ml)/xylazine (1 mg/ml) and transcardially perfused
with cold PBS 1X, followed by PBS-buffered 4% paraformaldehyde (PFA)
at pH 7.4. Tissue samples were then fixed overnight in 4% PFA and
equilibrated in phosphate-buffered 20% sucrose for 48 hrs. Brains were
embedded into Tissue-Tek (O.C.T. compound; Sakura), frozen at �80 �C
overnight, and cut into coronal sections (35 μm thick) with a Cryostat and
stored at �20 �C. In order to prepare samples for Western blot and
cytokine array analysis, animals were anesthetized with ketamine/xyla-
zine and transcardially perfused with ice-cold 0.9%. The brain samples
were surgically removed and immediately frozen in liquid nitrogen and
then transferred to �80 �C freezer (Bohacek et al., 2012).

2.6. Histological evaluation of the size of infarction

The size of infraction was evaluated in different time points after
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glucosamine treatment in both female and male mice. Tissue sections
were stained with cresyl-violet and were digitized. The area of infarction,
direct stroke area, was quantified with ImageJ program (NIH), and
infarct area was calculated as percentage of control, non-stroke area in
the contralateral hemisphere with appropriate corrections for brain
edema as previously described (Bohacek et al., 2012; Lalancette-Hebert
et al., 2011, 2012).

2.7. In vivo bioluminescence imaging

As previously described (Cordeau et al., 2008; Gravel et al., 2011;
Lalancette-Hebert et al., 2009), bioluminescence/biophotonic images
were captured using IVIS Spectrum Imaging System (PerkinElmer,
Hopkinton MA). Prior to imaging session, mice received intraperitoneal
(i.p.) injection of D-luciferine, a luciferase substrate (150 mg/kg, Perki-
nElmer, Hopkinton MA) dissolved in 0.9% saline. Bioluminescence
emission was normalized and displayed in physical units of surface
radiance, photons per second per centimeter squared per steradian
(photons/sec/cm2/sr). The light output has been quantified by deter-
mining the total number of photons emitted per second using the Living
Image 4.1 acquisition and imaging software (PerkinElmer, USA).

2.8. Immunofluorescence analysis

To validate in vivo imaging data mice from each experimental group
were euthanized by overdose of anesthetic. For the double-
immunofluorescence analysis, mice were perfused with PBS (pH 7.5)
followed by 40 mg/ml paraformaldehyde and incubated overnight in
200 mg/ml phosphate-buffered sucrose. The sections were blocked in
10% goat serum and then incubated overnight at room temperature using
primary antibodies diluted in 5% goat serum/PBS1xþ0.25% Triton X-
100 (1:500 rabbit polyclonal anti-Iba1 (Wako), 1:500 anti-Gal-3 (ATCC),
1:250 rabbit anti IL-4 receptor (Santa Cruz), 1:500 rabbit anti CD11b
(Serotech), 1:500 rabbit polyclonal anti-Ym1 (Stem Cell technologies)
and 1:500 rabbit anti actin (Invitrogen). After washes in PBS, the sections
were then incubated in corresponding fluorescent goat secondary anti-
serum for 2 h (1:500, Invitrogen), washed and mounted with Flour-
omount G (Thermofisher) (Rahimian et al., 2019b). Alexa Fluor® 488
phalloidin (Thermo Fisher Scientific) was used to study microglia
morphology (Leica CTR 500 microscope).

2.9. Cytokine array analyses

As described (Lalancette-Hebert et al., 2012), a mouse antibody array
(Raybio®Mouse Inflammation Antibody Array 1.1, Ray Biotech) was
used to identify change in pro-and anti-inflammatory cytokine levels.
Protein lysate was obtained by homogenization of mouse brains in 1X
Cell Lysis Buffer (included in the Ray Biotech kit) with Protease and
phosphatase inhibitor cocktail (Sigma). The protein concentration was
determined for each sample. Samples for each group (3–4 mice/group)
were pooled and incubated with the array membrane (total concentra-
tion of 500 μg for each membrane) overnight at 4 �C. The samples were
run as biological duplicates. After washes, the membranes were incu-
bated with the biotin-conjugated antibodies overnight at 4 �C. The
membranes were then processed according to Raybiotech protocol.
Membrane were exposed to x-ray film (Kodak film Biomax MR1,
#8701302) and analyzed by ImageJ software.

2.10. Peroxisome proliferator-activated receptor (PPAR)-γ transcription
factor activity

Three days after stroke induction PPAR-γ transcription factor activity
was measured in ipsilateral stroked brain nuclear extract of glucosamine
treated and non-treated male and female mice using an ELISA kit
(Abcam). Nuclear extracts were incubated in a multi-well plate coated
with specific peroxisome proliferator response element (PPRE) probes,
3

and PPAR-γ bound to the PPRE was detected using a specific antibody
against the γ isoform. Following addition of HRP-conjugated secondary
antibody, binding was measured by reading the absorbance at 450 nm
(Fakhfouri et al., 2012; Rahimian et al., 2016).

2.11. Western blotting

Total protein extracts were obtained from the ipsilateral hemisphere
of the brain 3 day after cerebral ischemia by homogenization in a 1X Cell
Lysis Buffer (included in the Ray Biotech kit) with Protease inhibitor
cocktail (Sigma). Non-specific binding was blocked by pre-incubation of
the nitrocellulose membrane in PBS containing 0.1% tween 20 (PBS-T)
and 5% skimmed milk for 1 h. The nitrocellulose was then incubated
overnight at 4 �C with antibodies against the targeted proteins as follows:
1:500 rabbit anti Iba1 (Wako), 1:500 rat anti Gal- 3 (Cell Signaling),
1:500 rabbit anti Ym1 (Stem Cell technologies), 1:250 rabbit anti IL-4
receptor (Santa Cruz), 1:500 mouse anti phospho-p65 (Cell Signaling)
and 1:20 000 rabbit anti actin (Santa Cruz). Primary antibody was
detected with HRP-conjugated anti-rabbit or anti-mouse antibody
(1:2000–1:5000) and blots were developed using an enhanced chem-
iluminescence detection system (ECL kit; Thermo Fisher Scientific). The
density of the specific bands was quantified with Image J software and
normalized to β-actin as a housekeeping protein (Lalancette-Hebert et al.,
2011).

2.12. Primary adult microglia culture

As previously described (Lalancette-Hebert et al., 2012; Rahimian
et al., 2019b), the primary cell culture was performed on the brains of the
adult, 8–9 weeks old C57BL/6 wild-type mice. The mice were anes-
thetized by isoflurane 2% and transcardially perfused with ice-cold saline
(Hospira) supplemented with 2 units/ml heparine (Sigma-Aldrich). The
brains were collected and placed in ice-cold Hibernate medium [Hiber-
nate A medium (BrainBits LLC) supplemented with B-27 (1X) and 0.5
mM GLUTAMAX-I, L-alanyl-L-glutamine (Gibco, Invitrogen)]. After me-
chanical dissociation, 5–6 brains were incubated in a 0.25%
Trypsin-EDTA solution (Sigma) containing 250 K U/ml of DNase I
(Sigma). After mechanical dissociation, 5–6 brains were incubated in
0.25% Trypsin-EDTA solution (Sigma) containing 250 K U/ml of DNase I
(Sigma). After centrifugation, the pellet was resuspended in 2 ml of 37%
Percoll that was overlaid 2 ml of 70% Percoll in a 5-ml centrifuge tube
and centrifuged at 600�g for 40 min at room temperature with slow
acceleration and no stop-brake. Cells were collected from the interphase,
washed with dPBS and kept in culture medium. Cells were plated on
culture-treated glass slides (Becton Dickinson) as 1,250,000 cell/ml and
incubated at 37 �C in 95% air/5% CO2 (Lalancette-Hebert et al., 2012;
Rahimian et al., 2019b).

2.13. Statistical analysis

All data are presented as mean � SEM. Statistical analysis was per-
formed by one-way ANOVA followed by post hoc comparison test
(Tukey-Kramer test) or unpaired t-test. ***p � 0.001 **p � 0.01 and *p
� 0.05. Statistical analyses were performed using the GraphPad Prism 6
software (GraphPad, La Jolla, CA). N for each experiment has been
indicated under the respective section.

3. Results

3.1. Glucosamine alters morphology and phenotype of primary microglia
via Gal-3/IL-4 dependent mechanism

Evidence suggests that Gal-3 plays an important role in regulation of
microglia morphology and its activation profiles (Lalancette et al., 2012;
Rahimian et al., 2019b). We recently showed that expression levels
and/or activity of the endogenous Gal-3 can be additionally modulated
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by glucosamine. Namely, glucosamine increases availability of the Gal-3
ligand which, in turn, may increase bioavailability of endogenous Gal-3
and thus potentiate its downstream effects including previously reported
changes in microglia morphology (Rahimian et al., 2019b). To assess
whether glucosamine acts as Gal-3 modulator and increases Gal-3
expression and/or downstream signaling, we first investigated its ef-
fects using our well established adult primary microglia culture
model-system. Mimicking the Gal-3/IL4 effects on microglia
morphology, glucosamine significantly increases the number and length
of filopodia (visualized by actin expression) in Gal-3 positive cells
(Fig. 1A). Interestingly, administration of CD124 (an IL-4 receptor
blocker) reduced microglia arborization, suggesting the involvement of
IL-4 receptor signaling on microglia morphology after glucosamine
treatment (Fig. 1A, n ¼ 6, ***P < 0.001; **P < 0.01). Next, as shown in
Fig. 1B and C, immunofluorescence and Western blot analysis revealed a
significantly higher expression levels of Gal-3 and IL-4 receptor in
glucosamine treated primary microglia cultures as compared to controls
(n ¼ 4, ***P < 0.001; *P < 0.05). Importnatly, effects of glucosamine on
microglia morphology and/or IL4R expression levels have been abol-
ished in the context of Gal-3 deficiency in vitro and in vivo following
ischemic injury (Fig. 1D and E), further suggesting that glucosamine
exerts its effects by potentiating Gal-3/IL4 downstream effects and/or
signaling in microglia cells (Rahimian et al., 2019b). Next, to assess
glucosamine immune-modulatory potential in vivo, we examined its
therapeutic following brain ischemic injury in male and female mice.

3.2. In vivo imaging reveals a significant temporal shift in TLR2 activation
patterns after glucosamine treatment

Evidence suggests that inflammatory response may have differential
role in acute and more chronic phases of brain ischemia (Bohacek et al.,
2012; Kim et al., 2014b). Indeed, our recent work suggests that
enhancing a delayed inflammatory response, by delivery of recombinant
Gal-3 confers neuroprotection (Rahimian et al., 2019b). Because our
initial results suggest that glucosamine may act as Gal-3 modulator by
increasing its expression in vivo, we tested its therapeutic potential in the
context of ischemic injury. We designed a short-term post-stroke immu-
nomodulatory protocol. Treatment with glucosamine was initiated 2 hrs
after stroke for 5 consecutive days (1 x day, 150 mg/kg i.p.). To assess
innate immune response and microglial activation in vivo we took
advantage of the TLR2 reporter mouse, a mouse model previously
generated in our laboratory (Lalancette-Hebert et al., 2009, 2011). In this
in vivo model-system, the TLR2 induction (luciferase expression detect-
able as bioluminescence photon emission) can be visualized longitudi-
nally from the brain of the living mice using
bioluminescence/biophotonic imaging and a high sensitivity/high reso-
lution CCD camera (Lalancette-Hebert et al., 2009). Our previous ana-
lyses revealed that after MCAO, over 90% of the TLR2 signal arises from
the Iba1 positive microglial cell (Lalancette-Hebert et al., 2009, 2011). As
shown in Fig. 2A the mice were imaged over the period of 3 weeks
following MCAO. As expected, at the baseline conditions the low in-
tensity bioluminescence signal was restricted to olfactory bub area. After
stroke, a robust signal arising from the ischemic part of the brain was
detected in all animals. The signal peaked 24 hrs after stroke and started
to decline between 72 h and 5 days following ischemic injury. The
quantitative analysis of total photon emission arising from the ischemic
brains revealed a significant difference in the TLR2 signal induction
patterns in glucosamine treated animals when compared to controls
(Fig. 2A, n ¼ 6–11, *P < 0.05). Treatment with glucosamine initiated
2hrs after stroke significantly decreases induction of the TLR2 signal at
24 h after MCAO (Fig. 2A). However, as further revealed in Fig. 2A, the
TLR2 signal, in the glucosamine treated group, increases over time to
become significantly higher than the vehicle treated group at 5 and 7
days after stroke (respectively, 1.7 and 1.66 fold that of vehicle group).
This suggests that glucosamine may exert a dual immunomodulatory
action by decreasing an early phase innate immune response and
4

stimulation the later phase of the post -stroke inflammatory response.
Our previous work (Lalancette-Hebert et al., 2007, 2011) demonstrated
that Gal-3 upregulation in ischemic-injury activated microglia normally
peaks 24–72 h after stroke. Because glucosamine has been shown to act
as Gal-3 modulator by increasing its expression levels in vitro, we next
investigated whether treatment with glucosamine increases Gal-3
expression levels after stroke in vivo. Double immunofluorescence anal-
ysis revealed a marked difference in microglia activation patterns be-
tween 2 groups revealing an increase in the expression levels of
Gal-3/Iba1 positive cells in glucosamine treated animals (72 h). The in-
crease in Gal-3 levels in glucosamine treated mice were further
confirmed byWestern blot analysis (Fig. 2B, n¼ 6, **P< 0.01). As shown
in Fig. 2C, this effect was accompanied by an increase in expression level
of Ym1, an alternative microglia/macrophage’s marker.

3.3. Glucosamine treatment reverses pro-and anti-inflammatory cytokine
response after stroke and confers neuroprotection in male mice

To further assess the effects of glucosamine on post-ischemic
inflammation, as previously described, we performed a comprehensive
analysis of several pro- and anti-inflammatory mediators (Lalancette
et al., 2012; Doll et al., 2014; Rahimian et al., 2019b). The multiplex
cytokine array analysis (at protein levels) was performed 72 h following
glucosamine administration, the time point associated with a significant
increase in Gal-3 levels in glucosamine treated animals. As shown in
Fig. 3A, a marked shift in the expression levels of pro- and
anti-inflammatory cytokine and colony stimulating factors was observed
in glucosamine treated animals after stroke. The expression levels of
pro-inflammatory cytokines (TNF-α, IL-1β, INF-γ and IL-17; n ¼ 6, ***P
< 0.001; **P < 0.01) were significantly decreased, while the levels of
anti-inflammatory cytokines (IL-4 and IL-13; n ¼ 6) were significantly
increased in glucosamine treated animals when compared to control
(Fig. 3A). In addition, treatment with glucosamine significantly increased
the expression levels of monocyte/macrophages colony stimulating fac-
tors M-CSF and GM-SCF known to be associated with protective effects
after stroke (Lalancette-Hebert et al., 2007). Next, we examined to what
extent the observed shift in cytokine expression patterns affect the evo-
lution of ischemic injury after MCAO. As previously described (Bohacek
et al., 2012), we measured stroke area at 1, 3 and 7 days after MCAO.
Quantitative analysis of the stroke area revealed a significant decrease in
the size of the ischemic lesion in glucosamine-treated mice at 3 and 7
days post MCAO when compared to controls (Fig. 3B and C, n ¼ 9, **P <

0.01). Together, our data suggests that in males, treatment with glucos-
amine, initiated after stroke, modulates endogenous Gal-3 levels, shift
microglia activation towards more alternative phenotypes and confers
neuroprotection.

3.4. Glucosamine increases inflammatory signaling and exacerbates
ischemic injury in female mice

Next, we asked whether treatment with glucosamine exerts immune-
modulatory effects after stroke in female mice. Namely, Gal-3 is more
robustly upregulated in female stroke (Rahimian et al., 2019a) and evi-
dence suggests that after MCAO, microglial cells from female mice
develop less inflammatory phenotype compared to males (Bodhankar
et al., 2015) (Acaz-Fonseca et al., 2015; Caplan et al., 2017). Therefore,
we hypothesized that treatment with glucosamine may further increase
Gal-3 levels in female stroke and confer additional protection. To avoid
physiological fluctuations in estrogen levels that occur during estrus
cycle, as previously described, all female mice underwent MCAO surgery
at the beginning of the pro-estrus period (Cordeau et al., 2008, 2016). As
shown in Fig. 4A and B, brain response to ischemic injury was associated
with a robust increase in the TLR2 bioluminescence signals in both
experimental groups. To our surprise, (and unlike the results obtained
after glucosamine treatment in male mice) treatment with glucosamine
did not significantly affect temporal dynamics and induction patterns of



Fig. 1. Glucosamine changes morphology and phenotype of primary cultured microglia. A, Primary microglia cell cultures, when treated for 24 h with
glucosamine (1 mM), revealed more ramification. Glucosamine treatment increased both the number and the length of filopodia. Administration of IL-4 receptor
blocker CD124 (50μg/ml) starting 2 h prior to glucosamine addition, diminished the effect of Glucosamine on microglia morphology (n ¼ 6, ***P < 0.001; **P <

0.01). Significance was determined by one-way ANOVA and Tukey’s post hoc test. B and C, Immunofluorescence and Western blot experiments indicated that
Glucosamine treatment induces IL-4 receptor and Gal-3 expression in primary microglia (n ¼ 4, ***P < 0.001; *P < 0.05). Significance was determined by unpaired t-
test. D, we examined the effects of glucosamine (1 mM) treatment on morphology of primary microglia obtained from Gal-3 knockout mice. In the presence of
glucosamine (1 mM), microglia morphology did not change indicating the importance of Gal-3 for glucosamine-induced microglia ramification (n ¼ 6, P>0.05).
Significance was determined by unpaired t-test. E, Glucosamine (1 mM) treatment did not change the expression of IL-4 receptor in microglia obtained from Gal-3
knockout mice. Moreover, Western blot analysis of Gal-3 knockout mice brain lysates showed glucosamine treatment did not exert any significant effects on the
protein levels of IL-4 receptor 72 h after MCAO (n ¼ 4, P>0.05) indicating the crucial role of Gal-3 for glucosamine-induced anti-inflammatory phenotype in vivo.
Significance was determined by unpaired t-test.
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Fig. 2. Glucosamine enhances microglia activation/TLR2 responses following MCAO in male mice. A, Real-time imaging of the TLR2 response following MCAO
in TLR2-luc-GFP mice revealed higher expression of TLR2 5 and 7 days after glucosamine treatment. Images were longitudinally recorded from the same experimental
animal revealing the dynamics of microglial activation/TLR2 response at 1–21 days after MCAO. The scales on the right are the color maps for photon counts.
Luciferase signals were quantified using Living Image software (CaliperLS, Alameda, CA, USA) (n ¼ 6–11, *P < 0.05). B, three days after MCAO higher levels of Gal-3
and iba-1 co-localization was detected in Glucosamine treated animals, indicative of microglial activation. Western blot analysis showed 72 h after MCAO Glucosamine
treatment increases the protein level of Gal-3 (n ¼ 6, **P < 0.01). C, Glucosamine treatment was found to increase the co-localization Gal-3 and ym1 three days after
stroke induction. Western blot analysis showed 72 h after MCAO glucosamine treatment increases the protein level of Gal-3 and Ym1 (n ¼ 6, *P < 0.05). Significance
was determined by unpaired t-test for all experiments. All graphs are mean � SEM. Scale bar represent 100 μm. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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the TLR2 signal after stroke in female mice (Fig. 4A). Next, at the cellular
level, double immunofluorescence analysis did not reveal a measurable
difference in the Gal-3/Iba1þ cell population in the ischemic brains of
female mice treated with glucosamine as compared to controls (Fig. 4B).
However, Western blot analysis performed 3 days after stroke revealed a
significant decrease in Gal-3 expression levels after glucosamine treat-
ment in female stroke when compared to controls (Fig. 4C, n ¼ 6, *P <

0.05). To further assess the effects of glucosamine in female stroke, we
performed a comprehensive analysis of pro- and anti-inflammatory cy-
tokines after stroke. As shown in Fig. 5 A, (and contrary to the results
obtained in male stroke), treatment with glucosamine significantly
increased expression levels of pro-inflammatory cytokines such as TNF-α,
IL-1β and IL-6 (n ¼ 3, ***P < 0.001; **P < 0.01; *P < 0.05) while the
level of the anti-inflammatory cytokine IL-4 remained unchanged in fe-
male mice when compared to controls (72 h). The levels of IL-10 and
GM-CSF were slightly but significantly increased in glucosamine treated
females (Fig. 5A). Next, we examined the effects of glucosamine on the
size of ischemic lesion following MCAO in female mice. The stroke area
was measured at 3 and 7 days after MCAO. As shown in Figs. 5B and 3
days following MCAO, administration of glucosamine did not have sig-
nificant effect on size of ischemic lesion in female mice. Importantly, 7
days after MCAO, quantitative analysis of the stroke area revealed a
significant increase in the size of infarction in glucosamine treated female
6

mice as compared to controls (Fig. 5B, n¼ 9, *P< 0.05). Hence, contrary
to neuroprotection observed in male stroke, treatment with glucosamine
exacerbated ischemic injury in females.

To search for potential sex-dependent mechanisms in response to
glucosamine treatment, we first compared the expression levels of Gal-3
and IL-4 in the ischemic brains of glucosamine-treated male and female
mice. As shown in Figs. 2 and 3 Gal-3/IL4 expression levels were
significantly increased after stroke (72 h) in glucosamine-treated male
mice. On the other side, the expression levels of Gal-3 were significantly
decreased and IL-4 not affected (see Figs. 4 and 5) in the ischemic brains
of glucosamine -treated females. Next, as a downstream target of the Gal-
3/IL4 receptor signaling we analyzed transcriptional activity of PPAR-γ.
It has been shown that IL4 receptor-mediated PPAR-γ activation elicits
anti-inflammatory properties in different cell types by interfering with
transcriptional regulation of inflammatory responses such as nuclear
factor kappa-light-chain-enhancer (NF-κB) (Remels et al., 2009; Victor
et al., 2006). Evidence suggests that increase in PPAR-γ activity may
induce anti-inflammatory and neuroprotective phenotype in microglia
after stroke (Xia et al., 2015). As shown in Figs. 5C and 3 days following
MCAO the PPAR-γ activity was impaired in ischemic, ipsilateral hemi-
sphere of the brains in both male and female mice. Importantly, treat-
ment with glucosamine after stroke increased/restored transcriptional
activity of this protein in male but not in female mice (Fig. 5C, n ¼ 4,



Fig. 3. Glucosamine treatment decreases expression levels of pro-inflammatory cytokines and ischemic size after MCAO in male mice. A, Three days after
MCAO Glucosamine decreased the content of pro-inflammatory cytokines (such as TNF-α, IL-1β, IL-17, INF-gamma), increased anti-inflammatory cytokine IL-4, IL-13
and also M-CSF and GM-CSF in ipsilateral brain. Furthermore, glucosamine administration did not affect the levels of pro-inflammatory cytokine Il-6 anti-inflam-
matory cytokines including IL-10 (n ¼ 3, ***P < 0.001; **P < 0.01). B and C, Stroke area was measured 1, 3 and 7 days after MCAO. The size of ischemic lesions
decreased after glucosamine treatment when compared to the control 3 days and 7 days but not after 1 day (n ¼ 9, **P < 0.01). Significance was determined by
unpaired t-test for all experiments. All graphs are mean � SEM.

R. Rahimian et al. Brain, Behavior, & Immunity - Health 3 (2020) 100041
***P < 0.001). In keeping with a role of PPAR-γ as a regulator of NF-κB
(Scirpo et al., 2015) we analyzed p-p65 levels in glucosamine treated
male and female mice and controls. As further shown in Fig. 5C,
glucosamine treatment is associated with decreased phospho-p65
expression levels in males and increased phospho-p65 in female mice
(Fig. 5D, n ¼ 6, ***P < 0.001; **P < 0.01), suggesting a sex-dependent
and diverging effects of glucosamine on Gal-3/IL4 downstream
signaling targets. Taken together, our results suggest that diverging
Gal-3/IL4 receptor/PPAR-γ/NF-kB immune signaling after stroke may
underlie sexual dimorphism in response to glucosamine treatment after
stroke.

4. Discussion

Here, we provide in vivo evidence of the divergent effects of
7

glucosamine on the post-stroke inflammation in male and female mice.
We show that glucosamine increases Gal-3 expression levels, induces
alternative inflammation and exerts marked neuroprotection in male
stroke. Conversely, in female mice, glucosamine treatment after stroke
decreases Gal-3 expression, enhances post-ischemic inflammation and
exacerbates ischemic injury. Furthermore, we showed that glucosamine
differentially regulate PPAR-γ/NF-kB immune signaling in female and
male stroke. Taken together, our results suggest that diverging Gal-3/IL4
receptor/PPAR-γ/NF-kB immune signaling after stroke may underlie
sexual dimorphism in response to glucosamine treatment after stroke.

Glucosamine is a naturally occurring sugar commonly used for
treatment of osteoarthritis; however, its anti-inflammatory and/or
immunomodulatory potential has been also demonstrated in different
disease models including hypoxia, ischemia, and in sepsis condition
(Fluri et al., 2015; Hwang et al., 2010, 2019; Largo et al., 2003; Lee et al.,



Fig. 4. Glucosamine did affect the TLR2 responses after MCAO in female mice. A, Real-time imaging of the TLR2 response following stroke in TLR2-luc-GFP mice
showed no significant difference between glucosamine treated and non-treated female subjects. Images were longitudinally recorded from the same experimental
animal revealing the dynamics of microglial activation/TLR2 response at 1–7 days after stroke (n ¼ 7, P>0.05). B, Three days after stroke the levels of Gal-3 and iba-1
co-localization was almost the same in glucosamine treated and non-treated female mice. C, Western blot analysis showed 72 h after MCAO glucosamine diminished
the protein level of Gal-3 (n ¼ 6, *P < 0.05). Significance was determined by unpaired t-test for all experiments. All graphs are mean � SEM. Scale bar represent
100 μm.
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2018). As revealed in our study, in male mice, glucosamine increases the
endogenous Gal-3 levels and regulates the TLR2 signaling in early and
sub-chronic post-stroke inflammatory response. Importantly, we and
others have shown that, enhancing delayed immune responses and/or
shifting the immune balance towards alternative inflammation may
represent an important strategy to promote repair after stroke (Hwang
et al., 2010; Bohacek et al., 2012; Kim et al., 2014a; Rahimian et al.,
2018). The therapeutic potential of glucosamine has been also investi-
gated in animal model of multiple sclerosis (EAE). Different route of
glucosamine administration significantly attenuated EAE symptoms, CNS
inflammation and demyelination, further supporting its
immune-modulatory potential (Zhang et al., 2005). In addition, glucos-
amine have been shown to possess immunosuppressive properties and
was effective in prolonging graft survival in mice (Ma et al., 2002). As a
mechanism, it has been shown that O-Linked β-N-acetylglucosamine
products of glucosamine are potent post-translational regulator of genes
involved in the general inflammation process. NF-κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) and nuclear factor of
activated T-cells (NFAT) are two important inflammatory transcriptional
factors that their activation is negatively affected by O-glycosylation (Ma
et al., 2002). At present, however, sexual dimorphism in response to
glucosamine treatment has not been reported and/or investigated.

Over the past years, the observed differences between male and fe-
male immune responses have been a growing topic of interest. In fact, the
intrinsic dissimilarities have been demonstrated in normal condition
(Guneykaya et al., 2018) and following brain injuries including MCAO
(Villa et al., 2018). In addition, several in vitro studies also suggested
male/female differences in response to acute inflammatory challenge.
For example, in vitro, male neonatal microglia show higher
pro-inflammatory response to LPS, and, intriguingly estrogen has an
anti-inflammatory impact on male neonatal microglial cultures but
pro-inflammatory effect on female cells (Caplan et al., 2017; Gunther
et al., 2015; Loram et al., 2012). Sex dimorphism has been also revelaed
in TLR-mediated pro-inflammatory response in microglia (Loram et al.,
2012; Cordeau et al., 2016) thus suggesting that sex -dependent
8

microglia activation patterns after stroke may have significant impact on
the evolution of the ischemic brain injury and potential treatments
(Manwani and McCullough, 2011; Rahimian et al., 2019a).

Our recent work revealed marked sex differences in the expression
patterns of the microglial protein Gal-3 after stroke (Rahimian et al.,
2019a). To our surprise, and as demonstrated in the current study,
glucosamine differentially regulated Gal-3 expression in the ischemic
brains of male and female mice after MCAO. Contrary to robust increase
Gal-3 levels in males, Gal-3 levels were significantly decreased after
stroke in the brains of female mice. The observed decrease in Gal-3 levels
may, in part, explain a shift towards pro-inflammatory phenotypes in
female microglia following brain ischemia. Namely, evidence suggests
that Gal-3 may directly induce activation of PPAR-γ (Baek et al., 2015).
This transcriptional factor has important role in polarizing microglia and
inhibiting of inflammatory signaling pathways by decreasing nuclear
translocation of the NF-kB subunit p65 in neuron-glia cells in neurode-
generative conditions (Baek et al., 2015; Dehmer et al., 2004; Yenari
et al., 2010). It has been shown that the expression and activity of this
transcriptional factor is sex dependent (Kadowaki et al., 2007; Rahimian
et al., 2019a) and its reduction was more prominent in male mice
following brain ischemia (Victor et al., 2006). Interestingly, glucosamine
treatment restored PPAR-γ activity in male but not in female mice.

In conclusion, our results revealed that glucosamine regulates innate
immune response after stroke (including inflammatory canonical path-
ways such as NF-κB in macrophage/microglia) in a sex specific manner.
In male mice, it potentiates Gal-3-mediated microglia/macrophages
alternative activation and confers neuroprotection. On the other side, in
female stroke, glucosamine increases pro-inflammatory signaling and
exacerbates ischemic injury. Together, our results strongly suggest that
targeting immune system after stroke may require adapted sex-specific
therapeutic strategies. At present, however, our understanding of the
molecular mechanisms involved in sexual dimorphism in post-stroke
microglial activation and responsiveness to therapy remains inade-
quate. Therefore, an important question that arises here is to what extent
and/or whether glucosamine therapeutic effects are sexually dimorphic



Fig. 5. Glucosamine treatment enhances pro-inflammatory cytokine levels and exacerbate ischemic injury after MCAO in female mice. A, Three days after
MCAO glucosamine increased the content of pro-inflammatory cytokines (such as TNF-α, IL-1β and IL-6) in stroked female mice. The levels of anti-inflammatory
cytokine IL-10 and the growth factor GM-CSF were also augmented in ipsilateral brain following Glucosamine treatment. Furthermore, glucosamine administra-
tion did not affect the levels of anti-inflammatory cytokine IL-4. Significance was determined by unpaired t-test. Values indicate as mean � SEM (n ¼ 3, ***P < 0.001;
**P < 0.01; *P < 0.05). B, Stroke area was measured 3 and 7 days after MCAO in female subjects. The size of ischemic lesions after glucosamine treatment was
increased significantly 7 days after MCAO when compared to the control non-treated group (n ¼ 9, *P < 0.05). Significance was determined by unpaired t-test. C, the
PPAR- γ activity was decreased in ipsilateral brains of both male and female stroked mice (72 h), however, treatment with glucosamine after stroke restored tran-
scriptional activity of this protein only in male mice. Significance was determined by one-way ANOVA and Tukey’s post hoc test. Values indicate as mean � SEM (n ¼
4, ***P < 0.001). D, three days following MCAO, glucosamine treatment upregulated the levels of phospho-p65 in female subjects and downregulates the expression of
phospho-p65 in male mice (n ¼ 6, ***P < 0.001; **P < 0.01). Significance was determined by unpaired t-test. All graphs are mean � SEM.
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in humans as well? Glucosamine is readily available drug, and as a di-
etary supplement, is commonly used in the treatment of osteoarthritis
and other inflammatory conditions. It is noteworthy that although
glucosamine seems to be well-tolerated and appear to be safe for use in
humans, the number of long-term studies to confirm its long-term safety
and effectiveness is rather limited (Zhu et al., 2018). Initially prescribed
as a cartilage preserving drug, growing evidence suggests that glucos-
amine may exert (additional) marked immune-modulatory properties.
Importantly, beyond the mechanistically interesting biological sex dif-
ferences observed in our pre-clinical studies, our data suggest that
glucosamine may exacerbate inflammation and post-ischemic injury in
females. Therefore, further studies may be needed to examine its effec-
tiveness and/or investigate the potential sexual dimorphism in respon-
siveness to glucosamine treatment of human disease.
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