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Abstract 
 
Microglia may contribute to injury but may also have neuroprotective properties. Galectin-3 has immuno-
modulatory properties that may affect microglia phenotype and subsequent development of injury. Galectin-3 
contributes to experimental hypoxic-ischemic (HI) injury in the neonatal brain, but it is unclear if galectin-3 has 
similar effects on infectious and sterile inflammation. Thus, we investigated the effect of galectin-3 on microglia in 
vitro under normal as well as infectious and sterile inflammatory conditions, and the effect of galectin-3 on 
neonatal brain injury following an infectious challenge in vivo. Conditions mimicking infectious or sterile 
inflammation were evaluated in primary microglia cell cultures from newborn mice, using LPS (10ng/mL) and TNF-
α (100ng/mL). The response to galectin-3 was tested alone or together with LPS or TNF-α. Supernatants were 
collected 24 h after treatment and analysed for 23 inflammatory mediators including pro- and anti-inflammatory 
cytokines and chemokines using multiplex protein analysis, as well as ELISA for MCP-1 and IGF-1. Phosphorylation 

of proteins (AKT, ERK1/2, IB-α, JNK and p38) was determined in microglia cells. Neonatal brain injury was 
induced by a combination of LPS and HI (LPS+HI) in postnatal day 9 transgenic mice lacking functional galectin-3 
and wild-type controls. 
LPS and TNF-α induced pro-inflammatory (9/11 vs 9/10) and anti-inflammatory (6/6 vs 2/6) cytokines, as well as 
chemokines (6/6 vs 4/6) in a similar manner, except generally lower amplitude of the TNF-α induced response. 
Galectin-3 alone had no effect on any of the proteins analyzed. Galectin-3 reduced the LPS- and TNF-α-induced 

microglia response for cytokines, chemokines and phosphorylation of IB-α. LPS decreased baseline IGF-1 levels 
and the levels were restored by galectin-3. Brain injury or microglia response after LPS+HI was not affected by 
galectin-3 deficiency.  
Galectin-3 has no independent effect on microglia, but modulates inflammatory activation in vitro. The effect was 
similar under infectious and sterile inflammatory conditions suggesting that galectin-3 regulates inflammation not 
just by binding to LPS or the TLR4 receptor. Galectin-3 restores IGF-1 levels reduced by LPS-induced inflammation 
suggesting a potential protective effect in infectious injury. However, galectin-3 deficiency did not affect microglia 
activation and was not beneficial in an injury model encompassing an infectious challenge. 
 



 

 

Introduction 
 
Inflammation has become increasingly recognized as an essential part of normal brain development, but can also 
be a critical factor in processes leading to perinatal brain injury[1]. Brain injury in the perinatal period, i.e. in 
utero, during, or after birth, can occur as a consequence of hypoxic or ischemic episodes as well as systemic 
infections. Non-infectious events, like hypoxia-ischemia (HI), as well as systemic infections induce inflammatory 
reactions in the neonatal brain[2, 3]. Clinical evidence shows that infectious inflammation may directly injure the 
developing brain[4] or render the infant more vulnerable to other insults[5]. Therefore, animal models of 
neonatal brain injury are often complemented by methods using the bacterial endotoxin LPS, alone or together 
with HI, to induce brain injury with associated inflammation[6]. Thus, to study inflammatory mechanisms involved 
in perinatal brain injury it is important to analyze alternative ways of inducing inflammation.  
Microglia are the main inflammatory cell type in the brain. Microglia proliferate and accumulate after injury 
induced by neonatal HI[7] as well as LPS[8] or LPS together with HI[9] and produce pro-inflammatory cytokines 
and chemokines that escalate inflammation. Microglia may also directly contribute to injury by the release of 
excitatory amino acids, oxygen free radicals and tissue-degrading proteases. For example, microglia-derived IL-
18[10], MMP-9[11] and IL-1β[12] contribute to injury in the perinatal setting. Studies have, however, also 
suggested that microglia have neuroprotective properties[13] and can be polarized into pro- or anti-inflammatory 
phenotypes[14]. In the immature brain, microglia depletion results in an enhanced inflammatory cytokine and 
chemokine response and aggravated injury after transient focal ischemia, suggesting that microglia cells are also 
part of the endogenous defense against brain injury[15]. 
Galectin-3 is an inflammatory mediator that is expressed by microglia after adult stroke[16] as well as neonatal 
HI[17]. Galectin-3 has pro-inflammatory characteristics and acts as a chemokine for monocytes[18] as well as 
neutrophils[19], and very low doses of galectin-3 induce TNF-α protein in primary microglia cultures from rat[20]. 
Other studies indicate, however, that galectin-3 is expressed in alternatively activated macrophages[21] and 
murine microglia[14] with an anti-inflammatory and potentially protective phenotype.  
Following neonatal HI, galectin-3 is mainly found in injured brain regions in a large population of non-polarized 
microglia lacking the surface antigens CD86 and CD206, classically associated with inflammatory or anti-
inflammatory macrophage phenotypes[22]. In the adult setting, a subpopulation of proliferating microglia that co-
express galectin-3 and IGF-1 has neuroprotective properties after stroke and ablation of these cells results in 
aggravated injury[23]. Contrary to these findings, transgenic mice, lacking functional galectin-3, are protected 
from neonatal HI injury with the protective effect most pronounced in male mice[17]. Neuroprotection was 
associated with reduced expression of MMP-9 together with an increased number of microglia cells in galectin-3 
deficient mice suggesting that galectin-3 may act by modulating microglia phenotype under these sterile 
conditions. Recent studies suggest that not only maturity of the brain, but also injury model may influence the 
effect of galectin-3. In a model of neonatal stroke, galectin-3 deficiency increased injury suggesting that there can 
be neuroprotective properties of galectin-3 also in the immature brain[24]. Thus, investigating the immuno-
modulatory effects of galectin-3 may increase our knowledge of the different mechanisms that regulate microglia 
phenotype and function under different inflammatory conditions.   
The aim of this study was to evaluate the immuno-modulatory effects of galectin-3 on murine primary microglia 
cells under normal and inflammatory conditions. To address the different inflammatory mechanisms important 
for perinatal brain injury we used in vitro models of both infectious and sterile challenges and investigated the 
effect of galectin-3 on cytokine production and expression of pro-survival factors (Akt, IGF-1), as well as 
proinflammatory MAP kinases (JNK, ERK1/2, p38) and NF-kB pathway. Further we examined microglia activation 
and the neuroprotective potential of galectin-3 ablation in a mouse model for infectious neonatal brain injury.   
 
Material and methods 
Mice: Mice were housed and bred under specific pathogen-free conditions at Experimental Biomedicine 
(University of Gothenburg, Sweden). Mice were housed with a 12h:12h light:dark cycle and with free access to 
water and standard laboratory rodent chow diet (B&K, Solna, Sweden). All animal procedures were carried out in 
accordance with Swedish Guidelines for the Care and Use of Laboratory Animals and were approved by the 
Animal Ethics Committee in Gothenburg (No.374-2009). 



 

 

Material: Cell culture materials (flasks, 24-well plates, tips) were obtained from Sarstedt Inc (Newton, NC, USA) 
while 70 µm cell strainer was bought from BD (USA). TNF-α, Dulbecco’s modified Eagle’s medium (DMEM), Hanks 
buffered salt solutions (HBSS), antibiotics (penicillin & streptomycin) and RIPA buffer were supplied by Sigma-
Aldrich (USA).  Heat inactivated and certified fetal bovine serum (FBS) was bought from Invitrogen-GIBCO (USA). 
LPS was obtained from List Biological Laboratories, INC. (#423, California, USA). Human recombinant galectin-3 
was provided by Prof Anna Karlsson-Bengtsson, University of Gothenburg.  The cytotoxicity detection kit (LDH) 
was bought from Roche Applied Science (USA) and BCA protein assay kit from Thermo Scientific Pierce (USA). 
Mouse IGF-1, and MCP-1 Elisa kits were obtained from R&D Systems (USA) while Bio-Plex ProTM Mouse cytokine 
Assay kit (M60-009 RDPD) and Bio-PlexTM200 system were provided by Bio-Rad Laboratories Inc. (USA). In 
addition, a SpectraMax® Plus 384 Spectrophotometer from MD (USA) was used. For staining histological sections, 
the following antibodies were used: mouse-anti- microtubule-associated protein-2 (MAP-2) (Sigma-Aldrich) and 
mouse-anti-myelin basic protein (MBP) (SMI-94R, BioSite). 
Microglia cell cultures: Primary microglia cultures were generated as previously described[25]. Whole brains 
were extracted from postnatal day 1-2 C57Bl/6 mice (Charles River, Germany). Cerebellum and meninges were 
removed and the remaining brain transferred to ice-cold HBSS supplemented with antibiotics (100U/ml penicillin 
and 100ug/ml streptomycin). The brain tissue was washed 3 times with cold HBSS/antibiotics and then 
transferred to DMEM with 20% FBS and supplemented with antibiotics. The brains were dissociated with gentle 
trituration (1ml pipette 20-30 times) to obtain a homogeneous cell suspension that was then filtrated through a 
70µm nylon cell strainer. The cell suspension was seeded at a density of 2 brains/75 cm3 flask and cultured at 
37oC and 5% CO2 for 7 d.  The medium was then replaced by new DMEM/10%FBS/antibiotics and cells were 
cultured for an additional 7 d. 
After 14 d of culture, the confluent microglial cells were selectively detached from the flasks on a rotary shaker at 
150rpm for 3 h at 36oC. The resulting cells were centrifuged and washed once with DMEM/2%FBS/antibiotics for 
10 min at 250g. The purified microglia cells were then re-suspended in DMEM/2%FBS/antibiotics and seeded into 
24-well plates at 1x105 cells per well and then incubated for another 24 h prior to experiments. We have 
previously established that the purity of the cells obtained by this protocol is >99%[26].  
In vitro stimulation: At the day of experiments the cell medium was replaced by pre-warmed 500 µL 
DMEM/antibiotics per well. Cells were stimulated with LPS (10ng/ml), TNF-α (1, 20, 100 ng/ml), IL-1β (1, 20, 100 
ng/ml), galectin-3 (5, 50 or 100 ug/mL), or the combinations of LPS (10 ng/ml) or TNF-α (100 ng/mL) with 
galectin3 (5 ug/ml or 100 ug/ml) for 24 h.  Cell culture media from each well was collected and stored at -80oC 
until analysis. Each experiment was repeated at three independent times using 6 animals/repeat. Vehicle and 
treatment wells were situated on the same plate and two samples for each treatment were analyzed for every 
repeat.  
To avoid that analyses were affected by varying cell counts, cells were collected in RIPA buffer for protein 
concentration test (BCA assay kit) and all results presented were corrected for protein content. Cytotoxicity of the 
different treatments was tested by assessing LDH release into the supernatant (Roche Lactate Dehydrogenase Kit) 
according to the manufacturer’s recommendation. 
Inflammatory mediator and IGF-1 assays: MCP-1 and IGF-1 were measured in cell culture medium by single 
antibody ELISA (R&D Systems, USA) according to the manufacturer’s instructions. Additional inflammatory 
mediators were measured in cell culture media by Bio-Plex ProTM Mouse cytokine Assay kit (M60-009 RDPD), 
allowing simultaneous detection of 23 cytokines. Cytokine results were corrected for cell protein content.  
Phospho-protein analysis: Microglia samples for phospho-protein analysis were treated with Bio-Plex Cell Lysis Kit 
(Bio-Rad) according to the protocol from the manufacturer. For detection of phosphorylation of proteins, Bio-Plex 
Phospho 5-Plex Panel (X7000001RD; Bio-Rad) was used according to the instructions of the manufacturer and 
analyzed on a Bio-Plex 200 system (Bio-Rad) with the Bio-Plex Manager software 6.0 (Bio-Rad) as previously 
shown[27]. The changes in phosphorylation were calculated using a ratio between mean fluorescence of 
phosphorylated protein and total protein. 
LPS-sensitized HI injury, in vivo 
Galectin-3 heterozygote (+/-) mice (87,5% C57Bl6, 12.5% SV129) were bred to obtain littermate wild type (WT) 
+/+ and knock-out (KO) -/- mice[17]. Neonatal LPS-sensitized hypoxic-ischemic (LPS/HI) damage was induced in 
male and female mice at postnatal day 9 (PND9) as previously described[28]. In this model, LPS (0.3 mg/kg, i.p.) is 



 

 

administered 14 hr prior to unilateral HI induced by carotid ligation followed by 40 min hypoxia in 10% oxygen. 
This model results in brain injury in the hemisphere ipsilateral to the ligated artery, while the uninjured 
contralateral hemisphere serves as control. On PND16, animals were perfused in situ with saline followed by 4% 
paraformaldehyde fix and processed for paraffin histology[11]. Coronal sections (thickness 8 um) were collected 
throughout the brain and stained for microtubule-associated protein-2 (MAP-2, 1:2000), a marker of neurons and 
dendrites, myelin basic protein (MBP, 1:10000) and ionized calcium-binding adapter molecule 1 (Iba1, 1:500) for 
microglia identification. To examine grey and white matter damage, every 50th brain section throughout the 
forebrain was analysed and tissue volume loss in grey and white matter respectively was calculated as previously 
described[17]. 
3D reconstruction and analysis of microglia 
 Three-D capturing of microglia images was performed in the ipsilateral cortex peri-infarct area (400 µm from 
border of brain infarct) on Iba1 stained sections at three brain levels with a systematic unbiased sampling 
principle and a section-sampling fraction of 1/50 using a light microscope modified for stereology with a digital 
camera (Leica DFC 295, Germany) and newCAST™ software (Visopharm, Hørsholm, Denmark). In animals without 
an infarct and in the un-damaged contralateral hemisphere a similar cortical region was sampled. A set of Z-stacks 
of images (step size 1µm and with middle of section as zero) was obtained using a 63× oil-immersed lens. The 
soma of microglia was sampled by the optical disector in the middle of section thickness. This method allowed 
image acquisition and capturing of more than one microglia at the same time[29]. The captured images were 
analysed to obtain cell volume and sphericity by using Imaris Surface module in the Imaris software (version 9.6, 
Bitplane A.G., Zurich, Switzerland) which automatically segment and measure individual microglia. The 
percentage change of cell volume and sphericity between ipsi- and contralateral sides were calculated at each 
level as follows: [(ipsilateral side - contralateral side)/contralateral side × 100%]. 3D-Ellipsoid-plots were 
generated by MATLAB (R2020b) according to: https://mathworld.wolfram.com. The Imaris ellipsoid function, 
which includes both centre and three axes’ values (a, b, c), were used to generate the corresponding plots. The 
mean of three axes’ values (a, b, c) per group was calculated while all centres were assumed as zero in subplots. 
 
Statistical data analysis 
Results are expressed as mean ± SEM. Statistical analysis was performed by SPSS (IBM Corp. Released 2013, 
Version 24.0. Armonk, NY, United States). Prior to statistical tests, normal distribution of data was checked by 
making a Q–Q plot of the data. The variance homogeneity of data was also examined by Levene’s test. One-way 
ANOVA, followed by Bonferroni’s or Dunnett’s post hoc corrections were used to analyze in vitro data. Two-way 
ANOVA was used for analysis of in vivo data with main effect of sex and genetic background and interaction 
between them. Graphs were created using Prism 8 (GraphPad Software Inc., USA).  A p-value < 0.05 was 
considered statistically significant. 
 
  



 

 

Results 
Induction of sterile inflammation in vitro 
In the first set of experiments, we compared the inflammatory response following TNF-α, IL-1β, and LPS in 
primary microglia cultures, thus establishing models for infectious and sterile inflammation in vitro. The 
inflammatory response was evaluated by comparing the LPS (10 ng/ml) response with different doses of TNF-α (1, 
20, 100 ng/mL) and IL-1β (1, 20, 100 ng/mL) using MCP-1 as readout as this chemokine is consistently released in 
response to LPS[14]. TNF-α, at a concentration of 100 ng/mL, resulted in a significant increase of MCP-1 (Fig 1) 
while IL-1β did not (data not shown). As the highest dose of TNF-α (100 ng/mL) consistently induced MCP-1 it was 
chosen to evaluate the response to sterile inflammation in the subsequent experiments.  
 
Galectin-3 effect on MCP-1 release  
To evaluate if galectin-3 had any effect on microglia response independently or under inflammatory conditions, 
we continued to investigate the effect on MCP-1 release from microglia exposed to different doses of galectin-3 
separately or together with LPS (10 ng/mL) or TNF-α (100 ng/mL). The choice of galectin-3 doses was based on 
previous results from neutrophil stimulation experiments[30] and as contradictory effects of galectin-3 have been 
reported and to exclude that such effects were dose-dependent, we performed experiments with three different 
doses of galectin-3 (100 µg/mL, 50 µg/mL, and 5 µg/mL). Since it has been suggested that galectin-3 regulates LPS 
responses by binding directly to the LPS molecule[31], a pilot study was performed where galectin-3 was added 1 
h before, at the same time, or 1 h after LPS. No differences were seen in MCP-1 response (data not shown) and in 
the following experiments LPS or TNF-α and galectin-3 were added together.  In summary, galectin-3 on its own 
did not induce MCP-1 at any concentration, but higher concentrations significantly reduced the MCP-1 response 
to TNF-α and there was a similar trend following LPS (Fig 1) suggesting that galectin-3 could modulate the 
inflammatory response under both sterile and infectious inflammatory conditions.   
 
Evaluation of cell toxicity 
To exclude that responses to galectin-3, LPS or TNF-α were affected by cell death, toxicity was evaluated by LDH 
release into the cell culture medium. No increased cell death was seen for any of the compounds used (Fig 2). 
Both LPS and TNF-α induce comprehensive inflammatory responses in microglia 
To evaluate the overall microglia response to infectious and sterile inflammation, LPS (10ng/mL) and TNF-α 
(100ng/mL) stimulation was compared by using a 23-plex cytokine assay. The assay included (i) mainly pro-
inflammatory cytokines (IL-1α, IL-1β, IL-2, IL-3, IL-6, IL-12p40, IL-12p70, IL-17, IFN-γ, TNF-α, GM-CSF); (ii) mainly 
anti-inflammatory cytokines (IL-4, IL-5, IL-9, IL-10, IL-13, G-CSF); and (iii) chemokines (eotaxin, KC, RANTES, MCP-1, 
MIP-1α, MIP-1β). LPS significantly up-regulated 9/11 pro-inflammatory cytokines (Fig 3A), 6/6 anti-inflammatory 
cytokines (Fig 3B) and 6/6 chemokines (Fig 3C). A similar response was observed after TNF-α, with up-regulation 
of 9/10 pro-inflammatory cytokines (TNF-α measurement not included, Fig 3A), 2/6 anti-inflammatory cytokines 
(Fig 3B) and 4/6 chemokines (Fig 3C). A similar non-specific inflammatory response including both pro- and anti-
inflammatory proteins was thus seen after sterile and infectious challenges respectively, but the response to TNF-
α was generally less pronounced than that to LPS at the given doses.  
 
Galectin-3 modulates the inflammatory response in microglia following both infectious and sterile stimuli in 
vitro 
To evaluate the immuno-modulatory effect of galectin-3, the effect of high (100 µg/mL) and low (5 µg/mL) 
concentrations of galectin-3 were investigated in microglia cultures stimulated by either LPS or TNF-α. The effect 
was evaluated by a 23-plex cytokine assay as described above. The high galectin-3 concentration significantly 
dampened the response to LPS for 4/11 pro-inflammatory cytokines (Fig 4A), 3/6 anti-inflammatory cytokines (Fig 
4B) and 2/6 chemokines (Fig 4C). The low concentration of galectin-3 reduced the induction of IL-12(p70), IL-10 
and MCP-1. In TNF-α stimulated cultures, the high concentration of galectin-3 reduced the response of 9/10 pro-
inflammatory cytokines (Fig 5A), 4/6 anti-inflammatory cytokines (Fig 5B) and 4/6 chemokines (Fig 5C). The low 
concentration of galectin-3 reduced the response to TNF-α for 3/10 pro-inflammatory cytokines (Fig 5A), 1/6 anti-
inflammatory cytokines (Fig 5B) and 2/6 chemokines (Fig 5C). Galectin-3 alone did not induce any of the proteins 
measured, irrespective of dose (data not shown). Thus, in spite of having no effect on its own, galectin-3 



 

 

modulated the microglia response to infectious as well as sterile stimuli resulting in an overall dampening of 
cytokine and chemokine release. 
 
Galectin-3 effect on IGF-1 production in vitro 
In adult models of brain ischemia, galectin-3 is co-expressed with IGF-1 in microglia suggesting that galectin-3 
effects on brain injury may be mediated also by growth factors with potentially protective properties[23]. The 
effects of galectin-3 on IGF-1 production, under normal and inflammatory conditions (LPS and TNF-α), were 
therefore evaluated. In contrast to findings for cytokines and chemokines, the galectin-3 immuno-modulatory 
effect on IGF-1 production differed between infectious and sterile inflammatory conditions. LPS significantly 
reduced the baseline production of IGF-1 and the reduction was reversed by the high concentration of galectin-3 
(Fig 6A). Baseline IGF-1 production was not affected by TNF-α (Fig 6B), neither did galectin-3 by itself or in 
combination with TNF-α affect IGF-1 levels (Fig 6B). 
 
Galectin-3 effect on MAP kinase production and NF-kB pathway in vitro 
To further investigate galectin-3 effects on down-stream inflammatory modulators, we analyzed the 
phosphorylation of ERK, JNK, and p38, the pro-survival serine/threonine-specific protein kinase AKT and the 
general inflammatory conductor nuclear factor B inhibitor (IkBa) (Fig.7). LPS did not by itself nor in combination 
with galectin-3 affect levels of phosphorylated AKT, ERK1/2 or JNK. On the other hand, LPS markedly induced 
expression of IkBa and p38. The addition of galectin-3 prevented the expression of LPS-induced p38 and 
significantly reduced the IkBa-phosphorylation (Fig 7A). A similar trend was observed in TNF-α stimulated 
microglia (Fig 7B). 
 
Galectin-3 deficiency does not affect microglia activation following LPS-sensitized HI in vivo 
As galectin-3 reduced inflammatory responses in microglia in vitro we also investigated microglia response in vivo 
in wild type and galectin-3 deficient mice in a model for neonatal brain injury encompassing an infectious 
challenge (LPS+HI). Two-way ANOVA analysis indicated no effect of sex and genetic background (galectin-3 
deficiency) on microglia volume and sphericity changes (F(37,1)=1.188, p=0.283,  F(37,1)=2.974, p=0.093), 
(F(37,1)=0.966, p=0.332, F(37,1)=0.117, p=0.734, Fig 8).  
 
Galectin-3 deficiency does not affect brain injury following LPS-sensitized HI in vivo 
Next, we evaluated the effect of galectin-3 deficiency on neonatal brain injury following LPS+HI. Contrary to our 
previous findings where galectin-3 contributed to injury after HI, no effects of galectin-3 deficiency or sex on grey 
matter injury (loss of MAP-2 staining (F(38,1)=0.731, p=0.398,  F(38,1)=0.177, p=0.677) or white matter injury (loss of 
MBP staining, data not shown) after HI injury together with an infectious challenge were observed (Fig 9).   
  
Discussion 
 
This study is the first to describe an immuno-modulatory effect of galectin-3 on both infectious and sterile 
inflammation in microglia in vitro. We show that while galectin-3, irrespective of dose, has no independent effect 
on microglia, it modulates inflammatory activation by reducing cytokine and chemokine responses and activation 
of NF-kB pathway and p38 under inflammatory conditions in vitro. The general pattern of a dampened 
inflammatory responses was similar under infectious and sterile inflammatory conditions, but galectin-3 restored 
depressed levels of the potentially neuroprotective growth factor IGF-1 only following LPS-induced inflammation. 
However, in contrast to our previous findings, galectin-3 deficiency did not affect microglia responses or brain 
injury following an animal model of combined infection and hypoxia-ischemia.  
 
Both clinical and experimental investigations give strong support to a link between inflammatory responses in the 
brain and perinatal brain injury. There is a marked cytokine response in the human brain after birth asphyxia, 
which is related to the degree of hypoxic-ischemic encephalopathy in the infant[32]. Infections that elicit a 
systemic inflammatory response in the infant may directly harm the immature white matter [33] or render the 
infant susceptible to additional insults[5, 34]. Similarly, in animal models LPS-induced inflammation is associated 



 

 

with brain injury in fetal sheep[35], rabbits[36] and rodents[37] and the combination of infectious insults and HI 
worsens outcome further[38]. Brain injury following sterile insults, such as HI, is also associated with a strong 
inflammatory response in the rodent brain[2, 39]. However, it has been highlighted that, depending on the timing 
of infection and its associated inflammatory response, decreased risk of injury in newborns can also been 
observed[40] and animal studies show that LPS under some circumstances can have a protective preconditioning 
effect on neonatal HI brain injury[41].  
 
The mechanisms and balance between injurious and beneficial inflammatory features may differ between sterile 
and infectious inflammation and any therapeutical intervention aimed at modulating the inflammatory response 
must take this into consideration. Thus, we compared the effects of microglia stimulation by LPS and TNF-α, as 
models for infectious and sterile inflammation respectively. LPS is a constituent of the outer cell wall of gram-
negative bacteria and has well-described pro-inflammatory effects on microglia mediated by toll like receptor-4 
(TLR-4) [14]. TNF-α is part of the inflammatory cascade in the brain after sterile insults, such as neonatal HI and 
may contribute to injury[42]. TNF-α elicits inflammatory responses through mechanisms independent of TLRs, 
thus representing an alternative sterile, inflammatory activation. It has previously been shown that non-infectious 
challenges in vitro, such as oxygen-glucose deprivation, results in cytokine response similar to that seen after LPS 
activation but with different intensity of response[43]. In our study, we found that TNF-α elicits an inflammatory 
response pattern in primary microglia that closely resembles that seen after LPS stimulation, but with a generally 
lower magnitude at the doses used. We cannot exclude that higher doses of TNF-α may provoke a stronger 
response, however, even a low dose of TNF-α (10 ng/ml) gives a robust response in murine bone marrow 
macrophages and promotes rapid NF-κB nuclear translocation[44] and very low doses (< 5 ng/ml) of TNF-α 
induces a solid IL-10 mRNA response in monocytes[45] and increased IL-10 protein, similar to LPS, in human 
microglial cells[46].  
 
Galectin-3 produced by microglia cells has emerged as a potentially important immuno-modulator with pro- as 
well as anti-inflammatory properties and was recently suggested to be a key molecule, via NF-kB mechanisms, in 
the switch between beneficial and detrimental effects of microglia[47]. In our in vitro study, we found no 
microglia response to stimulation with galectin-3 alone, irrespective of dose. This is in contrast to other findings of 
a cytokine-like stimulatory effect of galectin-3 in primary microglia cultures[20]. The authors report that galectin-3 
in doses corresponding to the lowest doses used in our study (5 μg/mL) stimulates the transcription of pro-
inflammatory, but not anti-inflammatory genes, in rat microglia cultures and that lower doses (2.5 μg/mL) 
induced up to 30-fold increases of pro-inflammatory cytokines TNF-α, IL-12 and IL-1β when analyzed by ELISA at 
18h. The different findings in our study are puzzling since we analyzed more than 10 pro-inflammatory cytokines 
with a similar method, at a similar time-point after stimulation, and with doses only slightly higher than those 
used by Jeon and colleagues[20]. There may, however, be species differences since we used mouse instead of rat 
cultures. The possibility of a dose dependent reversed effect is also intriguing based on the contradictory effects 
reported for galectin-3 in vivo. However, no such dose-dependent reversed effects were found in our study 
despite 20-fold differences in galectin-3 doses used. 
 
A main finding in this study was that galectin-3 modulated the microglia response to LPS as well as TNF-α with a 
significant reduction of pro- and anti-inflammatory cytokines as well as chemokines released under inflammatory 
conditions. In support, we also found a significant effect of galectin-3 on phosphorylation of IκB-a, while there 
were no major effects on MAP kinases, apart from p38. The phosphorylation of IκB-a leads to its degradation and 
subsequent nuclear translocation of NF-κB to allow cytokine gene transcription, which is likely to have 
contributed to the cytokine/chemokine responses[48]. The effect on cytokines and chemokines was most 
pronounced with the highest dose of galectin-3 suggesting a dose-dependent response. The dampening effect of 
galectin-3 was more pronounced for TNF-α-stimulated microglia, which may be explained by the generally lower 
inflammatory response elicited in this model for sterile inflammation. This is further supported by the dose-
related effects, suggesting that the inhibitory effect of galectin-3 may be enhanced by a relatively higher galectin-
3 concentration in relation to the original inflammatory response. An infection-specific inhibitory effect of 
galectin-3 on LPS-induced inflammation has previously been reported[49]. The authors showed that galectin-3 



 

 

deficient macrophages have an exaggerated production of pro-inflammatory cytokines IL-6, IL-12 and TNF-α 
following LPS stimulation. They showed that the effects were dependent on LPS interaction with TLR4 and 
downstream signaling. The effects could be reversed by pre-incubating LPS with galectin-3 and the authors 
suggested that the immuno-modulatory effect was mediated by galectin-3 directly binding to LPS. More recent 
data, however, suggest that galectin-3 instead binds to TLR4[50]. Our data directly contradicts these hypotheses 
since we demonstrate a similar immuno-modulatory effect in LPS and TNF-α-induced inflammation. The 
inflammatory effect of TNF-α is not mediated by TLRs and a direct binding of galectin-3 to TNF-α is less likely, 
suggesting other, possibly intracellular, mechanisms underlying the inhibitory effect of galectin-3.  
 
A main difference between LPS- and TNF-α-induced responses was seen for IGF-1 release, where only LPS-
induced inflammation reduced the endogenous IGF-1 production. IGF-1 is a growth factor expressed in the brain 
after HI in juvenile animals [51] and it is protective in neonatal[52], as well as adult [53] HI injury models. 
Interestingly, in adult animals, a subpopulation of proliferating microglia co-expressing galectin-3 and IGF-1 has 
protective properties after stroke[23]. Although our in vitro study fails to show a clear relation between galectin-3 
and IGF-1 under non-infectious conditions it still suggest that galectin-3 may help to regulate endogenous 
microglial IGF-1 production in infectious inflammation.  
 
In the present study we found that the overall effect of administration of galectin-3 on microglia inflammatory 
reaction in vitro was a general dampening of the response with suppression of pro-inflammatory, potentially 
neurotoxic, cytokines as well as anti-inflammatory, potentially neuroprotective, cytokines.  Restoration of 
suppressed IGF-1 levels, suggesting a more robust neuroprotective effect was found in the infectious setting only. 
These findings suggest multiple immune-modulatory effects of galectin-3, which is in accordance with varying, 
and partly contradictory effects, of galectin-3 in in vivo models of brain injury. In adult brain injury models 
galectin-3 expressing microglia are neuroprotective [23] and in neonatal stroke models galectin-3 deficiency is 
accompanied by increased injury and specific alterations in cytokine and chemokine response [24]. Our previous 
findings in models for neonatal HI injury suggest, however, that galectin-3 could also contribute to injury [17]. The 
protection seen after HI in newborn mice lacking galectin-3 was not accompanied by any changes in early pro-
inflammatory cytokine or IGF-1 expression. Reduced levels of MMP-9 together with an increased number of 
microglia cells in galectin-3 deficient animals suggest, however, that galectin-3 was able to modulate the microglia 
phenotype in vivo under these sterile inflammatory conditions. In contrast, we now show that microglia volume 
(hypertrophy) and shape  indicative of activation (sphericity), are not different between wild type and galectin-3 
deficient mice when HI was combined with LPS as an infectious challenge. Neither was injury in grey and white 
matter affected by genetic background. The disparate findings of protective or injurious properties confirm the 
complex role of galectin-3 in the brain. Age dependent effects may be related to the presence of different 
subpopulations of microglial cells with different characteristics in adult compared with immature brain following 
injury [54]. Further, differences in proliferating cells and contribution of peripheral cells to injury may explain 
diverse outcome in different models of neonatal brain damage [55]. The strong galectin-3 effect on reversing the 
LPS-mediated IGF-1 suppression in vitro, also suggests that galectin-3 may have specific effects in perinatal brain 
injury models that include infectious insults. A limitation of the current study is that we have not determined pro-
survival factors, such as IGF-1 and cytokine responses in vivo. Neither does the study investigate potential effects 
of galectin-3 deficiency on behavior following LPS+HI.  
Conclusion 
In summary, we show for the first time that administration of galectin-3 modulates the microglia phenotype 
following both infectious and sterile inflammation by reducing the cytokine and chemokine responses under 
these inflammatory conditions in vitro. The effect was similar under infectious and sterile inflammatory 
conditions suggesting that galectin-3 regulates inflammation not just by binding to LPS or its receptor TLR4. 
Galectin-3 also restores IGF-1 levels reduced by LPS-induced inflammation, while contrary to findings after 
neonatal HI, galectin-3 did not contribute to injury or affect microglia responses when an infectious challenge was 
included in the injury model. Our findings indicate that galectin-3 has complex immuno-modulatory properties 
and brain maturity as well as the inflammatory setting has to be taken into consideration. 
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FIGURE LEGENDS 
Figure 1. Galectin-3 effects on MCP-1 protein expression following TNF-α and LPS exposure 
Primary murine microglia cells were exposed to galectin- 3 (5, 50 or 100 ug/ml), TNF-α (100 ng/ml) or LPS (10 
ng/ml) for 24 h or galectin-3 in combination with TNF-α or LPS. MCP-1 release was measured by ELISA in the cell 
culture medium. Data represent the average of three independent repeats with two samples representing 6 
animals for each repeat. Results are presented as mean (+SEM) and analyzed by one-way ANOVA followed by 
Dunnet´s correction; §§§p<0.001 Veh vs LPS (10ng/ml).  ##p<0.01 Veh vs TNF-α 100 ng/ml; **p<0.01 TNF-α vs 
TNF-α + galectin-3;  
 
Figure 2. LDH release is not increased following LPS, TNF-α and galectin-3 exposure  
Primary murine microglia cells were exposed to galectin- 3 (5, 50 or 100 ug/ml), TNF-α (100 ng/ml) or LPS (10 
ng/ml) for 24 h. LDH release was measured in the cell culture medium. The figure presents the average of three 
independent repeats with two samples representing 6 animals for each repeat. Results are presented as mean 
(+SEM) and analyzed by one-way ANOVA followed by Dunnet´s correction for vehicle vs treatment.  
 
Figure 3. Inflammation is induced in microglia following both LPS and TNF-α stimulation 
Proteins were measured by 23-plex immunoassay, in cell culture medium from primary microglia cultures treated 
with LPS (10 ng/mL) or TNF-α (100ng/mL), for 24 h. The results are divided into mainly pro-inflammatory 
cytokines (A), mainly anti-inflammatory cytokines (B), and chemokines (C) and only proteins with significant 
alterations are shown. The results are presented as mean (+SEM) and analyzed by one-way ANOVA followed by 
Dunnet´s correction; *p<0.05; **p<0.01 vehicle vs treatment with LPS or TNF-α. The figure presents the average 
of three independent repeats with two samples representing 6 animals for each repeat.  
 
Figure 4. Galectin-3 reduces the microglial inflammatory response to LPS 
Proteins were measured by 23-plex immunoassay in cell culture medium from primary microglia cultures treated 
with LPS (10 ng/mL) alone or in combination with high dose (H= 100µg/mL) or low dose (L=5 µg/mL) of galectin-3. 
The results are divided into mainly pro-inflammatory cytokines (A), mainly anti-inflammatory cytokines (B), and 
chemokines (C) and only proteins with significant alterations are shown. Results are presented as mean (+SEM) 
and analyzed by one-way ANOVA followed by Dunnet´s correction; *p<0.05; **p<0.01 for LPS (10ng/mL) only vs 
treatment with low dose (L=5µg/mL) or high dose (H=100µg/mL) galectin-3. The figure presents the average of 
three independent repeats with two samples representing 6 animals for each repeat.  
 
Figure 5. Galectin-3 reduces microglial inflammatory response to TNF-α 
 Proteins were measured by 23-plex immunoassay in cell culture media from primary microglia cultures treated 
with TNF-α (100ng/mL) alone or in combination with high dose (H= 100µg/mL) or low dose (L=5 µg/mL) of 
galectin-3. The results are divided into mainly pro-inflammatory cytokines (A), mainly anti-inflammatory cytokines 
(B), and chemokines (C) and only proteins with significant alterations are shown. Results presented as mean 
(+SEM) and analyzed by one-way ANOVA followed by Dunnet´s correction; *p<0.05; **p<0.01 for TNF-α 
(100ng/mL) only vs treatment with low dose (L=5µg/mL) or high dose (H=100µg/mL) galectin-3. The figure 
presents the average of three independent repeats with two samples representing 6 animals for each repeat.  
 
Figure 6. Galectin-3 normalizes microglial IGF-1 production following LPS exposure 
IGF-1 production was analyzed by ELISA in cell culture medium from microglia treated with LPS (10 ng/mL) alone 
or LPS (10 ng/mL) in combination with galectin-3 low dose (L=5 µg/mL) or high dose (H=100 µg/mL) (A) or TNF-α 
(100 ng/mL) alone, or in combination with galectin-3 low dose (L=5 µg/mL) or high dose (H=100 µg/mL) (B). 
Results are presented as mean (+SEM) and analyzed by one-way ANOVA followed by Bonferroni´s correction; 
**p<0.01 for veh vs LPS and #p<0.05 for LPS vs LPS with high dose of galectin-3 (H=100µg/mL). The figure 
presents the average of three independent repeats with two samples representing 6 animals for each repeat.  
 

Figure 7. Galectin-3 reduces IB-α expression in microglia following LPS 



 

 

Microglia stimulated by LPS (A) or TNF-α (B), and in combination with galectin-3 (100 µg/mL) were analyzed using 

a phospho-protein panel consisting of ERK1/2, JNK, p38, IB-α and AKT. Results are presented as mean (+SEM) 
and analyzed by one-way ANOVA followed by Bonferroni´s correction; *p<0.05.  
 
Figure 8. Galectin-3 deficiency does not affect microglia response after neonatal LPS-sensitized HI injury 
Representative images of Iba1-positive microglia in contralateral (A) and ipsilateral (B) hemispheres 1 week 
following the combination of LPS and HI. Scale bar= 30 µm. Percentage change of microglia cell volume (C) and 
sphericity (D) in ipsilateral hemisphere compared to contralateral hemisphere. Three-D ellipsoid-plots of microglia 
ellipsoid shape in ipsilateral (ipsi) and contralateral (contra) hemispheres were generated for each group (E, F) 
WTM: wild type male, KOM: galectin-3 deficient male, WTF: wild type female, KOF: galectin-3 deficient female. 
Statistical analysis was performed using 2-way ANOVA, n=9-12/group. 
Figure 9. Galectin-3 deficiency does not affect grey matter injury after neonatal LPS-sensitized HI injury 
The combination of LPS and HI was used to induce brain injury in postnatal day 9 mice and extent of injury was 
investigated 1 week later at postnatal day 16. Representative images of brain sections stained with MAP-2 at the 
hippocampal level in male-wild type (A), male-galectin-3 deficient (B), female-wild type (C), female- galectin-3 
deficient (D) mice. Scale bar = 2.5 mm. The percentage of tissue volume loss in the ipsilateral injured hemisphere 
was calculated in MAP-2-stained brain sections (E). WTM: wild type male, KOM: galectin-3 deficient male, WTF: 
wild type female, KOF: galectin-3 deficient female. Statistical analysis was performed using 2-way ANOVA, n=9-
12/group. 
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