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Abstract

Background
Proinflammatory microglia rely predominantly on glycolysis to maintain cytokine production during an
inflammatory response. However, during ischemia, where glucose supply is low, inducible nitric oxide
synthase (iNOS) production remains high accompanied by an increase in monocarboxylate transporter 1
(MCT1) expression. In this study, we explored whether there is a link between iNOS and MCT1
expressions, and whether pyruvate can act as an energy source to sustain the M1 phenotype.

Methods
Using a mouse model with laser-induced brain ischemia and cell culture with low-glucose treatment, we
examined responses from microglia.

Results
The expressions of iNOS and MCT1, as well as arginase-1 (ARG1), were increased in the brain of the
ischemic mouse model. In the BV2 microglial cell line and primary microglia treated under low glucose
condition, iNOS and MCT1 also increased, while ARG1 decreased. The addition of pyruvate under low-
glucose or lipopolysaccharide (LPS) treatment enhanced iNOS and MCT1 expressions compared with
groups without pyruvate. MCT1 knockdown resulted in decreased iNOS while MCT1 overexpression
increased iNOS. Furthermore, inhibitor of nuclear factor-kappaB (NF-κB) reduced both iNOS and MCT1.

Conclusion
Our data suggested that after proinflammatory microglial polarization, MCT1 is upregulated through the
NF-κB signaling pathway, which leads to iNOS production. We speculate that microglia may continuously
pick up monocarboxylates such as pyruvate through MCT1 to sustain the M1 phenotype.

Introduction
Microglia, resident immune cells in the central nervous system (CNS), originate from the yolk sac
progenitors. They survey the microenvironment and respond quickly to events from microbial invasion[1],
trauma[2], chronic neurodegenerative diseases[3–6] to a variety of signaling[7]. A multitude of functions
have been assigned to microglia[8], including secretion of pro-inflammatory cytokines, phagocytosis of
cellular debris[9, 10], support of neuronal growth[11–13] and re-myelination[14–16]. M1 microglia initiate
the inflammatory response in early stages of injury[17, 18] and express marker proteins like inducible
nitric oxide synthase (iNOS), CD16/32 and CD14; whereas, the M2 microglia express arginase-1 (ARG1),
CD206 and Y1 and carry out tissue repair during the later stage of injury[19–21]. The availability of
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energy substrates is vital to quiescent and activated microglia[22, 23]. Oxygen-glucose deprivation boosts
microglial phagocytosis and the release of inflammatory cytokines[24]. Shortage of glucose promotes
pro-inflammatory cytokine release through a mechanism related to the NADH:NAD+ ratio in the
cytoplasm[25]. In spite of the variation in microglial phenotypes, they all need an orchestrated pathway to
regulate ATP production[26]. It is well established that anaerobic glycolysis, which produces pyruvate, is
the predominant way for adenosine triphosphate (ATP) production in the M1 phenotype, while the M2
phenotype rely more on the tricarboxylic acid cycle[27, 28]. However, the post-injury niche is one with low
glucose and high lactate, which could not sustain the glycolytic metabolism during M1 microglial
polarization. We know through experimental evidence that microglia indeed polarize to and stay in the M1
phenotype in vivo after injuries[21, 29–31] and a large amount of pyruvate produced by glycolysis within
the cell is converted to lactate, both of which are monocarboxylates.

Monocarboxylate transporter 1(MCT1) is an enzyme that catalyzes the transfer of lactate, pyruvate and
other monocarboxylates across the cellular membrane and inner mitochondrial membrane[32, 33]. MCT1
expression was found to be upregulated in microglia after CNS injury [34]and after M1 polarization [35–
40]. MCT1 was also shown to drive tumor angiogenesis through the nuclear factor-kappaB (NF-κB)
pathway[28, 41]. NF-κB is a well-established master transcription factor of pro-inflammatory markers in
microglia, including the upregulation of iNOS, IL-1, IL-6 and TNF-α[42]. In particular, high level of iNOS is
crucial for phagocytosis in microglia[43, 44]. In this study, we hypothesized that within ischemic
surroundings, microglia continuously fuel the mitochondria through picking up pyruvate to sustain the
M1 phenotype and that pyruvate may be taken up by MCT1 and utilized to sustain M1 polarization in
microglia. We utilized in vivo and in vitro methods to test whether M1 microglial polarization affected
MCT1 expression and whether iNOS expression is changed during MCT1 over-expression and
knockdown. Furthermore, we asked whether pyruvate can act as an alternative energy substrate to
sustain the M1 phenotype.

Materials And Methods
Animals

All animals used in this experiment were in compliance with guidelines from Animal Experiment Ethical
Inspection of Laboratory Animal Centre at Wenzhou Medical University. Eight-week-old male and female
mice were housed in standard cages with 12h dark/light cycle at 23±1℃ and 50±5% humidity and
supplied with food and water ad libitum.

Laser-induced ischemia model in the brain and TTC staining

The laser-induced ischemia model in mice was described in detail from a previous publication [39].
Briefly, C57BL/6 mice were first injected with rose bengal stain intraperitoneally. Then, mouse head was
fixed on a three-dimensional brain locator and opened at the sagittal line after general anesthesia
(50mg/kg) by intraperitoneal injection of 1% Pentobarbital sodium. A hole was created in the calvarium
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(2.0 mm left of the sagittal line and 1.0 mm in front of the coronal line), and an optic fiber was inserted to
a depth of 3.0 mm where the brain was irradiated with the 473nm blue laser for 15min. Mice were then
sutured up and monitored on a heating plate. After 24 hours, the mice were sacrificed and the brains were
stripped off the cerebellum, olfactory bulb and lower brainstem, and placed in 4℃ PBS solution. Then,
the brain was left frozen at -20℃ for 30 min, and cut into slices with a thickness of 1 mm. The slices
were immersed in 2% 2,3,5-triphenyl tetrazolium chloride (TTC) solution in a 37℃ water bath shaker for
30 min. Afterwards, the slices were washed in PBS solution for 5 min and photographed.

Primary cell culture and treatments

Microglia were isolated from 1-day-old postnatal mouse based on established protocol[45]. Briefly,
cortical cells were acquired from the pups sacrificed by cervical dislocation. Cells were cultured in
DMEM/F12 supplemented with 10% fetal bovine serum and 0.5 ng/ml of granulocyte-macrophage
colony-stimulating factor (GM-CSF). At the end of 10 days, microglia were sub-cultured into 6-well or 24-
well plates at a density of 5×104 cells/cm2 for experiments. Low glucose condition describes cells
cultured in medium with 5mM glucose. Pyrollidine dithiocarbamate, an NF-κB inhibitor, was used to
inhibit NF-kB signaling at various concentrations.

Immunofluorescence

BV2 microglia were fixed with 4% paraformaldehyde at room temperature, permeabilized for 5min with
0.1% Triton-X (Sigma) and blocked with 1% BSA in PBST for 1h. Then, cells were incubated with primary
antibodies in 1% BSA overnight at 4°C, 1h the next day with secondary antibodies (Jackeson, 1:1000) and
then with DAPI for 30 min at room temperature. The primary antibodies included mouse anti-MCT1 (
ab10582, abcom, 1:250)，rabbit anti-argnase-1(sc-166902, Santa Cruz, 1:200)，goat anti-Iba1(MABN92,
Novus, 1:2000), rabbit anti-iNOS (#13120,CST, 1:1000). Cells were evaluated under 40× magnification
using a Vision microscope (Olympus, Japan). All imaging conditions, including exposure times and
image acquisition, were identical.

Brain tissue samples were harvested and 10 μm-thick cryosections were generated using a microtome
(Leica CM1950). Sections were incubated in citrate buffer for antigen recovery, then in 0.3% hydrogen
peroxide for 20 min, and blocked with blocking buffer for 1 h. Similarly, sections were incubated with
primary and secondary antibodies as described above and processed using the fluorescence microscope
(Olympus, Japan).

Western blotting

20 ng of protein lysates were loaded on 10% SDS polyacrylamide gel for protein separation and
transferred to a polyvinylidene difluoride membrane. After blocking with 5% nonfat milk for 1 h,
membranes were incubated with primary antibodies at 4℃ overnight and rinsed with tris buffered saline
tween (TBST) buffer before incubation with secondary antibodies for 1hour. Membranes were imaged
using Tanon-4500 after addition of peroxidase reagents.
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MCT1 knockdown

All small interfering RNAs were purchased from MICRO-G BIOTECK company (Shanghai, China).
According to the manufacture’s protocol, BV2 microglia were seeded at 105 cells/well. 20 μM of siRNA
was added to serum-free DMEM and then mixed with 5 μl of Lipo3000 transfection reagent. After
incubation at room temperature for 15 min, the mixture was added to cells and cultured for 48 h. The
sequences of siRNAs were as follows (5’-3’): forward UUCUCCGAACGUGUCACGUTT, reverse
ACGUGACACGUUCGGAGAATT for siRNA-control; forward CCAAAUCCAUCACUGUCUUTT, reverse
AAGACAGUGAUGGAUUUGG for siRNA-MCT1.

MCT1-containing plasmid transfection

The GV230 eukaryotic plasmids were purchased from TSINGKE BIOTECK (Tianjin, China). First,
XhoI/KpnI double enzyme digestion was performed on plasmids for MCT1 gene insertion. For
transfection, microglia were grown in Dulbecco’s Modified Eagle’s Medium(Gibco), supplemented with
10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco) in a 5% CO2 incubator at 37℃. Appropriate
plasmids (5μg per well) were transfected into the cells using Lipofectamine™ 3000 Transfection Reagent
(L3000-015, Invitrogen) according to the manufacturer’s instructions.

Transmission electron microscopy

BV2 microglia were harvested with cell scrapper and fixed with 2.5% glutaric dialdehyde for 2h at 4℃,
rinsed with 0.1 M of phosphoric acid, and fixed again with osmic acid for 3 h. Cells were further incubated
in 1% uranyl acetate for 2 h. After dehydration in acetone, cells were dried at 65℃ for 48 h. Cells were
analyzed with transmission electron microscope (h7500, HITACHI).

Statistical analysis

For western blotting, triplicates were performed for three independent experiments. For
immunofluorescence imaging, 3 random views of each group were selected and at least 100 cells were
counted. All data were analyzed by one-way ANOVA and Tukey post hoc test. p<0.05 was viewed as
statistically significant.

Results
Activated microglia express iNOS, ARG1 and MCT1 in laser-induced ischemic mouse brains

The infarct areas were confirmed with TTC staining in laser-induced ischemic mouse brains. (Figure 1A).
Compared to the control group, iNOS and ARG1 protein expressions were both increased in the ischemic
brains (Figure 1B). Immunofluorescence staining showed that the expressions of Iba1, MCT, iNOS and
ARG1 increased after cerebral ischemia (Figure1C, D). Immunofluorescence double labeling showed that
Iba1 and iNOS immunopositive co-localization was significantly more than Iba1 and ARG1 co-
localization, and MCT1 was mainly expressed in iNOS positive microglia (Figure 1E).
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Increased expression of MCT1 in BV2 cells and primary microglia under low glucose condition

BV2 microglia were placed in low glucose medium, and iNOS expression increased while ARG1
expression decreased over a 2-hour period. The expression of MCT1 was found upregulated and mainly
localized with iNOS+ and less with ARG1+ BV2 microglia (Figure 2A). The same was observed in primary
microglia cultured in low-glucose medium, where expressions of iNOS and MCT1 rose drastically, while
ARG1 declined. In addition, CD16/32 also increased, suggesting M1 polarization was successful after 2
hours of low glucose treatment (Figure 3A). Upregulation of MCT1 and iNOS and downregulation of
ARG1 were further confirmed by western blot in both BV2 and primary microglia (Figure 2B, Figure 3B).
These data demonstrated that microglia polarize to the M1 phenotype accompanied by increase of MCT1
under low glucose condition.

Pyruvate sustains the M1 phenotype in primary microglia

Pyruvate, a monocarboxylate, is the end-product of glycolysis and may be utilized by microglia when
glucose supply is low. To test this, we first cultured primary microglia with either LPS or low-glucose
medium. Polarization of microglia was confirmed by increased expression of iNOS and decreased
expression of ARG1. Then, we supplemented the medium with sodium pyruvate (SP), the amplitudes of
change further increased with a statistics significance for both iNOS and ARG1 (Figure 4A). Since
pyruvate is metabolized in the mitochondria, we utilized transmission electron microscopy and found that
in low-glucose group, the number of mitochondria and the variation in mitochondrial diameter were
changed, but not obviously than those in control group. After the addition of sodium pyruvate, these
changes were significantly more pronounced (Figure 4B). In the LPS-treated group, there is a large
variance in mitochondrial diameter similar to that observed in the low glycose group with sodium
pyruvate, but it did not affect mitochondrial number.

NF-κB regulates expressions of MCT1 and iNOS

We have demonstrated that pyruvate can sustain iNOS production in microglia. Next, we investigated
whether MCT1 can regulate iNOS production. Overexpression and knockdown of MCT1 were confirmed
by western blot (Figure 5). The expression of iNOS positively correlated with MCT1, in which iNOS
increased upon MCT1 overexpression and decreased after MCT1 knockdown (Figure 5). The addition of
NF-κB inhibitor, Pyrollidine dithiocarbamate (Pdb), was found to reduce the expression of both MCT1 and
iNOS (Figure 6). ARG1 expression, on the other hand, was not affected by MCT1 manipulation (Figure 5)
nor by NF-κB inhibitor (Figure 6). These data have shown that MCT1 can influence iNOS production and
is regulated by the NF-κB signaling pathway in low glucose-activated M1 microglia.

Discussion
Microglia adopt different activated states and perform multiple functions to confine and reduce tissue
damage and restore CNS function. A switch from oxidative phosphorylation in the mitochondria to
anaerobic glycolysis in the cytoplasm has been repeatedly demonstrated in M1 macrophages[27].
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Although glucose is the preferred energy substrate by microglia for ATP production, its availability is
significantly reduced during cerebral ischemia. Ischemic brain region is characterized by hypoxia and
high levels of lactate and H+ [46]. Under such environment, alternative energy sources have not been
carefully evaluated. Here, we used the laser-induced ischemic mouse model to examine the underlying
reasons behind sustained expressions of iNOS and MCT1 in damaged rodent brains. Previously, increase
in MCT1 expression was reported after ischemia in mice[47, 48]. We demonstrated that microglia
produced greater iNOS+ and MCT1 under low glucose condition. We suspect that within ischemic area,
microglia require more MCT1 to sustain iNOS production. It is conceivable that more monocarboxylates
are transported into the mitochondria through MCT1. ARG1+ microglia have also been detected but less
of them co-localize with MCT1.

We also detected increased iNOS and MCT1 in the BV2 cell line and primary microglia after low glucose
treatment, which are consistent with our in vivo data. One notable difference was decreased ARG1
expression under low glucose treatment, which may be attributed to the variable quiescent states of
cultured cells. Regular culture medium contains 25 mM/L of glucose, as compared to a five-fold
reduction to 5 mM/L in the low glucose medium used in this study. Low glucose condition would result in
a shift in NADH:NAD+ ratio towards NADH within the cytoplasm and promote pro-inflammatory gene
expression through the NF-κB pathway [26].

In primary microglia, addition of pyruvate after low glucose treatment enhanced iNOS expression, which
was also observed in the LPS-treated group. Changes in mitochondrial number and morphology under
low-glucose condition supplemented with pyruvate suggested that mitochondria were involved in the M1
microglial phenotype [49, 50]. Although mitochondrial diameters also varied considerably under LPS
stimulation, the presence of autophagosomes implied that mitochondria may have undergone fission as
LPS is a stronger stimulus than reduced glucose. These data demonstrated that exogenous pyruvate can
be used to generate ATP and continue to maintain the M1 phenotype. Therefore, under ischemia, it is
possible that lactate, another monocarboxylate, is taken up by the highly expressed MCT1 and converted
to pyruvate for use in the mitochondria.

NF-κB is vital in low glucose-induced microglial activation [51] and for iNOS [52, 53] and MCT1[54]
expressions. But, the relationship between MCT1 and iNOS has not been explored. Here, MCT1
knockdown significantly reduced expression of iNOS. The opposite was seen under overexpression of
MCT1, where iNOS was increased. The addition of NF-κB inhibitor led to reduced MCT1 and iNOS in a
concentration-dependent manner. These results suggested that MCT1 is upstream of iNOS, and both can
be regulated by the NF-κB signaling pathway.

Conclusions
Our study on mouse model with laser-induced brain ischemia and cell culture with low-glucose treatment
demonstrated that glucose shortage induces proinflammatory microglia activation and promotes the
expression of MCT1 and iNOS through NF-κB regulation. MCT1 allows the uptake of pyruvate, which may
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be utilized by the mitochondria to generate ATP and sustain iNOS production under the inflammatory
response.

Abbreviations
iNOS: Inducible nitric oxide synthase; MCT1: Monocarboxylate transporter 1; ARG1: Arginase-1; LPS:
Lipopolysaccharide; NF-κB: Nuclear factor-kappaB; CNS: Central nervous system; TTC: 2,3,5-triphenyl
tetrazolium chloride; GM-CSF: Granulocyte-macrophage colony-stimulating factor; TBST: Tris buffered
saline tween
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5

Overexpression and knockdown of MCT1 were confirmed by western blot.

Figure 6

The addition of NF-κB inhibitor, Pyrollidine dithiocarbamate (Pdb), was found to reduce the expression of
both MCT1 and iNOS.


