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Erika Castillo2, Ebony Mocanul:2, Gskhan Urukl:2, Raymond A. Swanson?2
1Department of Neurology, University of California San Francisco, San Francisco, California, USA

2Neurology Service, San Francisco Veterans Affairs Health Care System, San Francisco,
California, USA

Abstract

Metabolic intermediates influence inflammation not only through signaling effects, but also by
fueling the production of pro-inflammatory molecules. Microglial production of nitric oxide (NO)
requires the consumption of NADPH. NADPH consumed in this process is regenerated from
NADP* primarily through the hexose monophosphate shunt, which can utilize only glucose

as a substrate. These factors predict that glucose availability can be rate-limiting for glial

NO production. To test this prediction, cultured astrocytes and microglia were incubated with
lipopolysaccharide and interferon-y to promote expression of inducible nitric oxide synthase,
and the rate of NO production was assessed at defined glucose concentrations. Increased NO
production was detected only in cultures containing microglia. The NO production was markedly
slowed at glucose concentrations below 0.5 mM, and comparably reduced by inhibition of

the hexose monophosphate shunt with 6-aminonicotinamide. Reduced NO production caused

by glucose deprivation was partly reversed by malate, which fuels NADPH production by

malate dehydrogenase, and by NADPH itself. These findings highlight the role of the hexose
monophosphate shunt in fueling NO synthesis and suggest that microglial NO production

in the brain may be limited at sites of low glucose availability, such as abscesses or other
compartmentalized infections.
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1| INTRODUCTION

There is growing interest in the interactions between metabolic factors and innate

immune responses, and several such interactions have been identified. In most cases,

these interactions involve signaling properties of metabolites that, directly or indirectly,
influence inflammatory cascades (Bernier et al., 2020; Lauro & Limatola, 2020). However,
metabolites may also affect immune responses by fueling the production of inflammatory
signaling molecules. Glucose, in addition to being the primary metabolic substrate for the
brain, also fuels the hexose monophosphate shunt, which serves to regenerate NADPH from
NADP*. NADPH is required for both thioredoxin activity and glutathione recycling, and
the importance of the hexose monophosphate shunt for these antioxidant functions is well
recognized (Bolanos, 2016; Cherkas et al., 2020). Less well recognized is the role of the
hexose monophosphate shunt in producing the oxidant signaling molecule, nitric oxide.

Nitric oxide (NO) is a membrane-permeant pro-inflammatory signaling molecule (Guzik
et al., 2003; Nagy et al., 2007) which, in addition, forms the potently antimicrobial and
cytotoxic compound peroxynitrite when produced in concert with superoxide (Brown &
Neher, 2010; Pacher et al., 2007; Zhu et al., 1992). Nitric oxide production is thus an
important aspect of brain responses to microbial infection. The nitric oxide produced by
microglia is generated almost exclusively by inducible nitric oxide synthase (iNOS), which
is so-named because its expression is induced by pro-inflammatory factors.

iNOS catalyzes the consumption of L-arginine and NADPH to generate citrulline, NADP*,
and NO. NADPH consumed in this process is regenerated from NADP* primarily through
the hexose monophosphate shunt (Figure 1). Lesser amounts of NADPH are also produced
by cytosolic malic enzyme (Frenkel, 1975). The hexose monophosphate shunt utilizes only
glucose as its substrate, and this predicts that glucose availability should limit the rate glial
NO production. Here we tested this prediction using cultured mouse glia (astrocytes and
microglia) in which iINOS expression was induced by co-incubation with lipopolysaccharide
(LPS) and interferon-y (IFN-y). LPS/IFN-y treatment induced NO production only in
cultures containing microglia and the rate of NO production was limited by low glucose
concentrations and by inhibition of the hexose monophosphate shunt.

2| METHODS

2.1| Glial cultures

Procedures were approved by the San Francisco Veterans Affairs Medical Center
Institutional Animal Care and Use Committee (protocol Cat. # 20-009). This study was
not pre-registered with any study database. Mixed glial cultures containing astrocytes and
microglia were prepared from postnatal day 0 or day 1 C57BL/6 wild-type mice of both
sexes as described (Lian et al., 2016). The mouse colony was originally obtained from
Jackson Labs (Cat. # 000664) and was maintained in an AAALAC—accredited facility.
The mice were housed 3-4 per cage with access to food and water ad libitum. The

mouse pups were killed for brain harvest by decapitation under isoflurane anesthesia.
The brain cortices and hippocampi were removed, dissociated with papain, triturated,
and suspended in Dulbecco’s minimal essential medium (DMEM; ThermoFisher, Cat.
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# A1443001) supplemented with 10% fetal bovine serum (FBS; ThermoFisher, Cat. #
10438026), 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, 5 mM glucose,
and 1 mM sodium pyruvate. Cells from multiple pups were pooled for each dissection. The
dissociated cells were plated in this culture medium into flasks coated with poly-p-lysine
(PDL; ThermoFisher, Cat. # A3800401) and maintained in a 5% CO, 37°C incubator.

The culture medium was exchanged on the following day to remove cell debris, and the
cultures were maintained until confluency (8-12 days). At confluency, the cells were lifted
by trypsinization and re-plated into PDL-coated 24-well culture plates at a density of 2 x 10°
cells/ml.

Astrocyte monocultures (devoid of microglia) were prepared as described (Hamby et

al., 2006). At confluency, the cultures were treated with 5 pM cytosine arabinoside
(MilliporeSigma, Cat. # C6645) with medium exchanges each day for 5 days. On the
following day, cultures were treated with 50 mM L-leucyl methyl ester MilliporeSigma

Cat. # L1002) for 90 min. Twenty-four hours later the cells were lifted by trypsinization

and re-plated into PDL-coated 24-well culture plates at a density of 2 x 10° cells/ml.
Experiments were performed 3 days after re-plating. The total number of mice used for these
studies was approximately 65, excluding breeders.

Experimental procedures

Experiments were initiated by replacing the culture medium with FBS-free culture medium,
with or without 500 ng/ml lipopolysaccharide (LPS; MiliporeSigma, Cat. # L2880) and

50 ng/ml interferon gamma (IFNy; BioLegend, Cat. # 575306) to induce expression of
iNOS (Chao et al., 1992; Saha & Pahan, 2006), and incubated for 18 h. The cultures

were then placed in glucose-free DMEM (ThermoFisher, Cat. # A14430) (supplemented
with 1 mM pyruvate and 2 mM glutamine) for 15 min to deplete intracellular glucose and
glycogen stores, and subsequently incubated with the DMEM containing defined glucose
concentrations ranging from 0 to 15 mM for an additional 90 min before assessment

of NO production or cellular adenosine triphosphate (ATP) levels, or for longer periods

to assess cell viability. (Note DMEM contains arginine, which along with NADPH is
required for iINOS production of NO). Some cultures were additionally treated with the
6-phosphogluconate dehydrogenase inhibitor 6-aminonicotinamide (MilliporeSigma, Cat. #
A68203), added at the beginning of LPS/INF+y treatment; or with 1400W dihydrochloride
(R&D Systems, Cat. # 1415), L-malic acid (MilliporeSigma, Cat. # 02288, NADPH
(MilliporeSigma, Cat. # N1630), NADP* (MilliporeSigma, Cat. # 481972), or sodium azide
(MilliporeSigma, Cat. # 71289). Culture wells were assigned to treatment conditions in an
alternating manner, such that the pattern on the plate varied from experiment to experiment.

Immunofluorescence

Cells were fixed in a 4% paraformaldehyde solution, permeabilized with 0.3% Triton-X

for 10 min, and incubated for 1 h with blocking buffer. Cells were incubated overnight at
4°C with primary antibodies diluted in blocking buffer: mouse anti-GFAP (MilliporeSigma,
Cat. # MAB360; 1:1000) and goat anti-Ibal (Abcam, Cat. # ab107159; 1:500). After
washing, the cells were incubated 1 h with Alexa Fluor-conjugated secondary antibodies.
4’ 6-diamidino-2-phenylindole (DAPI) was included in the coverslip mounting medium
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(ThermoFisher, Cat. # P36962) for nuclear counterstaining. Images were acquired using a
fluorescence microscope. Three images were obtained from each culture well by an observer
who was blinded to the experimental conditions. Where assessed, the relative number of
microglia and astrocytes in the cultures were calculated from 3 photomicrographs taken
from each of three culture wells of each treatment condition from each of three independent
experiments.

2.4| Griess assay

NO production was assessed by measuring the accumulated nitrate and nitrite in the culture
medium (Bryan & Grisham, 2007) with a commercial Griess assay kit that (Cayman, Cat.

# 780001). Nitrate was enzymatically reduced to nitrite, and the NO concentration in each
sample was determined using a standard curve of nitrite standards. Absorbance at 540 nm
was measured with a plate reader. NO values in the medium of each well were normalized to
protein content of the culture wells as determined by the bicinchoninic acid method.

25| ATP assay

ATP levels were measured using a luminescence detection kit (Abcam, Cat. # ab113849).
The ATP content in each sample was determined using a standard curve of ATP standards.
Luminescence was measured with a plate reader. Values from each well were normalized to
those of control wells from the same experiment.

2.6| Cell viability

Propidium iodide (2 ug/ml) (ThermoFisher, Cat. # P1304MP) and Hoechst 33342 (5

UM) (ThermoFisher, Cat. # H3570) were added at the designated time intervals after
glucose deprivation and incubated for an additional 10 min before photomicrographs were
taken. Cells which were unable to exclude propidium iodide were considered non-viable.
Hoechst staining was used to identify cell nuclei. Quantified data were obtained using three
photomicrographs from each well taken in a triangular pattern around the well center by

an observer blinded to the treatment conditions. Percent non-viable cells were calculated as
Pl-(positive nuclei/total nuclei) x 100.

2.7| Statistics

The “n” for each study was defined as the number of experiments, each performed with
independent culture preparations. Data were analyzed with GraphPad Prism 8 and expressed
as mean = standard error of the mean (SEM). Statistical comparisons were performed using
analysis of variance (ANOVA) and the Brown—Forsyth test of equal variances, followed by
either Sidak’s multiple comparison test or Dunnett’s test for multiple comparisons against a
common group. Data were considered statistically significant when p < 0.05. Sample sizes
were based on a prior study using similar culture preparations and endpoints (Ghosh et

al., 2018). No inclusion/exclusion criteria were set, and no data points were excluded as
“outliers”.
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3| RESULTS

The experimental design for these studies of NO production is illustrated in Figure 2a.
Cultures were treated overnight with 500 ng/ml LPS plus 50 ng/ml IFNvy to induce
up-regulation and activation of iNOS (Chao et al., 1992). The culture medium was then
replaced with glucose-free DMEM for 15 min to deplete intracellular glucose and glycogen,
and then replaced again with a medium containing 0-15 mM glucose for 90 min. The
amount of nitrite and nitrate that accumulated in the medium during the 90 min interval was
measured as assay of nitric oxide production (Bryan & Grisham, 2007). Immunostaining
for the astrocyte marker GFAP and the microglial marker Ibal showed that both cell

types were present in the mixed glial cultures and that both types remained present under
the treatment conditions (Figure 2b). Microglia in these cultures exhibited the typical
hypertrophy associated with LPS exposure. There was no significant decrement in ATP
content at the 90-min time point (Figure S1a), as would be expected given that glucose-free
DMEM contained other substrates for energy metabolism including 1 mM pyruvate, 2 mM
glutamine, and lower concentrations of other amino acids. Cell viability, as assessed by PI
staining showed less than 0.5% cell death over the 90-min interval used for measures of

NO production (n7= 4; Figure S1b). However, a significant (>10%) loss of cell viability

was observed in the LPS/IFNy treated cultures when the glucose deprivation interval was
extended to 4 h (Figure S1b).

Cultures that had been treated with LPS/IFN-y showed a large increase in nitric oxide
production over the 90-min observation period (Figure 3a). This increase was completely
prevented by the iNOS inhibitor 1400W (Garvey et al., 1997), thus confirming the
specificity of the Griess assay for NO under these conditions and also confirming iNOS

as the source of NO production (Figure 3a). Most notably, cultures in medium containing

no glucose during the assay period also showed reduced NO production. This reduction

was also observed in cultures provided with 5 mM glucose but treated with the hexose
monophosphate shunt inhibitor 6-aminonicotinamide (Bender & Van Epps, 1985), consistent
with a requirement for glucose flux specifically through the hexose monophosphate shunt
for NO production.

To further test whether glucose-fueled NADPH production is required for NO production,
we evaluated the effects of adding malate and NADPH to the medium of the glucose-
deprived cultures. Malate is a substrate for cytosolic malic enzyme, which generates
NADPH and can thereby provide this metabolite in the absence of hexose monophosphate
shunt activity (Figure 1). Malate (500 uM) was found to partially reversed the effect of
glucose deprivation (Figure 3b). The addition of 100 UM NADPH to the culture medium
also partially reversed the effect of glucose deprivation, whereas NADP* did not (Figure 3b).

We next evaluated the concentration-response relationship between glucose and NO
production. This showed a reduction in NO production at all glucose concentrations of 0.1
mM or less, and no effect over the range of 0.5-15 mM (Figure 4a). We also evaluated the
time course of NO production in the 5 and 0 mM glucose conditions (Figure 4b). There was
a time-dependent increase in NO production over the entire 90-min interval in the presence
of glucose, but a plateau in NO production after 30 min in the no glucose condition (Figure
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4b). This result suggests that NO production observed in the absence of glucose may have
been fueled by residual carbohydrate reserves, despite 15-min glucose-free pre-incubation
period, and that the true capacity of glia to generate NO in the true absence of glucose may
be closer to zero.

A limitation of the mixed glial culture system is that the contributions of astrocytes

versus microglia to NO production cannot be assessed. To circumvent this limitation,

we initially attempted studies using monocultures of microglial cells; however, in the
absence of astrocytes the glucose-deprived microglia quickly rounded up and detached
from the plating surface. As an alternative approach, we compared results obtained in
mixed astrocyte-microglial cultures and pure astrocyte cultures in which microglia had been
eliminated with leucine methyl ester (Figure 5a). Cultures treated with leucine methyl ester
contained 0.11 + 0.05 percent microglia, as compared to 51.9 + 2.0% microglia in the
untreated cultures (7= 3). No significant differences were observed in these ratios after

90 min of treatment with LPS/IFN-y, with or without concomitant glucose deprivation. A
comparison of mixed and microglia-depleted cultures showed that LPS/IFNy induced NO
production only in the microglia-containing cultures, and glucose deprivation suppressed
this NO production (Figure 5b). The observation that NO was produced only in the cultures
containing microglia permitted an estimate of the absolute microglial NO production rate.
Assuming that microglia account for roughly 50% of the protein in the mixed cultures,

and that astrocyte NO production is unaffected by the presence of microglia, the rate of

NO production from the LPS/IFN-y—stimulated microglia can be estimated as 3.2 £ 0.2
nmol/mg protein/min in the presence of glucose, and 0.3 = 0.2 nmol/mg protein/min in the
absence of glucose.

4| DISCUSSION

The results provide evidence that glucose flux through the hexose monophosphate shunt

is required for microglial production of NO. The NO production induced by LPS/IFNy
was markedly reduced in medium lacking glucose (but containing other energy substrates),
and likewise reduced by the hexose monophosphate shunt inhibitor 6-aminonicotinamide.
In addition, the reduction in NO production caused by glucose deprivation was partially
reversed in cultures provided with malate or exogenous NADPH. Microglia were identified
as the primary source of NO production by the lack of NO produced in cultures in which
microglia had been eliminated.

Given the central role of glucose metabolism in many cell functions, glucose deprivation
could, in principle, influence NO production by indirect mechanisms unrelated to its

role as a substrate for the hexose monophosphate shunt. However, the observation that 6-
phosphogluconate dehydrogenase inhibitor 6-aminonicotinamide reduced the NO production
suggests that it is glucose flux specifically through the hexose monophosphate shunt that

is required for NO production. Likewise, the observations that malate and NADPH both
partially reversed the effect of glucose deprivation also argue against an indirect effect.
While malate dehydrogenase is normally a relatively minor source of NADPH production,
this can be increased by incubation with supra-physiological concentrations of malate as
performed here. Malate is taken up into mammalian cells by a ubiquitously expressed family
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of sodium-dependent dicarboxylic acid transporters (Pajor, 1999). The route of NADPH
uptake is less defined (Watkins & Moore, 1977), though NADH is known to be taken by
astrocytes via a P2X7 receptor channel mechanism (Lu et al., 2007).

We observed no decrement in NO production at medium glucose concentrations at 0.5 mM
or higher, but significant decrements at 0.1 mM glucose and below. These observations are
in agreement with established kinetics of cellular glucose utilization. The rate-limiting step
for glucose utilization is, under most conditions, the hexokinase reaction, whereby glucose
is phosphorylated to glucose-6-phosphate. In mammalian cells, this enzyme has a glucose
Km of approximately 0.3 mM (Wilson, 2003). Glucose concentrations well in excess of this
value are saturating and would not be expected to increase glucose metabolism. Conversely,
glucose concentrations near or below the Km become rate limiting for glucose metabolism.
In principle, it is also possible that glucose flux through the hexose monophosphate shunt
could be limited by regulation at the steps of glucose uptake or glucose phosphorylation.

A limitation of the mixed glial culture preparation is that it is difficult to define the relative
contribution of astrocytes and microglia to NO production. Microglia cultured in the absence
of astrocytes may respond in exaggerated or non-physiological ways to signaling and
glucose deprivation. Our finding that mixed cultures depleted of microglia did not increase
NO production in response to LPS/IFNy, suggests that the NO measurements obtained with
the mixed cultures reflect exclusively microglial metabolism. Of note, there is disagreement
in the literature as to whether astrocytes are a significant source of NO production. Some
authors have reported a robust response of astrocytes to LPS/IFNy (e.g. Hamby et al., 2010;
Hua et al., 2002), whereas others report no response (Possel et al., 2000; Sheng et al., 2011;
Zhang et al., 2020), as observed here. The reasons for these differences are not clear but
could stem from contaminating microglia in putatively pure astrocyte cultures or to differing
culture conditions.

The present observations linking glucose availability to nitric oxide production are parallel
to previous reports pertaining to superoxide production by NADPH oxidase. NADPH
oxidase uses NADPH as an electron donor for the production of the superoxide radical in the
same manner that iINOS uses NADPH to generate the nitric oxide radical, and superoxide
production was similarly shown to be limited by glucose availability and by inhibition of
the hexose monophosphate shunt (Brennan et al., 2009; Decoursey & Ligeti, 2005; Ghosh
et al., 2018). The dependence of both nitric oxide and superoxide production on the hexose
monophosphate shunt stands in contrast to the more widely recognized role of this pathway
in supporting cell antioxidant functions (Bolanos, 2016; Cherkas et al., 2020). Given that
endothelial nitric oxide synthase and neuronal nitric oxide synthase are also require NADPH
as a substrate, it is likely that the current findings pertain to production of nitric oxide by
those isoforms of NOS as well.

With the exception of insulin-induced hypoglycemia, blood glucose concentrations do
not fall to range found here to be rate limiting for NO production. However, infections
where blood delivery of substrates is impaired, such as joint capsules, pleural fluid, and
ascites fluid often lead to large reductions in glucose levels (Chavalittamrong et al., 1979;
Heidari et al., 2013; Kinugasa et al., 2020; Sahn et al., 1979). The limited data available
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from central nervous system infections suggests that glucose levels may approach zero in
brain abscesses (Dahlberg et al., 2016). In these settings, glucose availability may become
a critical factor in supporting bactericidal nitric oxide (and superoxide) production. An
additional consideration in extrapolating these findings to brain /n vivois that low glucose
availability in conjunction with pro-inflammatory signaling promotes pyroclastic microglial
and macrophage demise, in which neighboring cells are also killed (Bergsbaken et al.,
2009; Sanman et al., 2016). In these respects, it is possible that the hyperglycemic response
that typically accompanies severe infection serves to maintain capacity to produce these
responses in areas of restricted blood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ANOVA analysis of variance

ATP adenosine triphosphate

DAPI 4’ 6-diamidino-2-phenylindole

DMEM Dulbecco’s Modified Eagle Medium

FBS fetal bovine serum

GFAP glial fibrillary acidic protein

Ibal ionized calcium-binding adapter molecule 1
IFNy interferon gamma

iNOS inducible nitric oxide synthase

LPS lipopolysaccharide

NADP* nicotinamide adenine dinucleotide phosphate

J Neurochem. Author manuscript; available in PMC 2022 May 02.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Castillo et al. Page 9

NADPH reduced form of nicotinamide adenine dinucleotide phosphate
NO nitric oxide
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FIGURE 1.
Metabolic relationship between glucose metabolism and NO production. Nitric oxide

production by iNOS consumes NADPH. The regeneration of NADPH from NADP*
occurs primarily through the hexose monophosphate shunt, which requires glucose as
a substrate. NADPH can also be produced by malic enzyme (malate dehydrogenase).

6-aminonicotinamide blocks flux through the hexose monophosphate shunt. 1400W (A-(3-

(aminomethyl)benzyl)acetamidine) is an inhibitor of iINOS
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FIGURE 2.

LPS/INFy treatments and glucose deprivation. (a) Timeline of experimental procedures. (b)
Cultures immunostained for the microglial marker Ibal (red) and the astrocyte marker GFAP
(green). Nuclei are labeled with DAPI (blue). Scale bar = 50 pm
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FIGURE 3.
Effects of glucose deprivation on NO production. (a) NO production was increased in

cultures treated with LPS/INFv, and this increase was suppressed by the iNOS inhibitor
1400W (25 puM); by glucose deprivation; and by the hexose monophosphate shunt inhibitor
6-aminonicotinamide (6-AN, 10 uM). Data from each experiment are normalized to the
control condition (5 mM glucose, not stimulated by LPS/INFy) and expressed as means +
SEM. n = 3-5 experiments, each performed with independent culture preparations. *p < 0.05
by ANOVA and Dunnett’s test [R7, 22) = 46.01, p< 0.0001, 2 = 0.936; Browne—Forsythe F
=1.862, p=0.125]. (b) The effect of glucose-deprivation was partially reversed by addition
of 500 uM malate or 100 pM NADPH to the medium, but not by equal concentrations of
pyruvate or NADP* evaluated as controls. Data from each experiment are normalized to the
control condition (5 mM glucose, not stimulated by LPS/INFy) and expressed as means +
SEM. n = 3 experiments, each performed with independent culture preparations. *p < 0.05
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by ANOVA and Dunnett’s test. [R5, 12) = 27.41, p< 0.0001, /2 = 0.920; Browne—Forsythe
F=1.353, p=0.87]
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FIGURE 4.
Effects of glucose concentration and incubation times on NO production. (A) Reductions in

NO production were observed at medium glucose concentrations of 0.1 mM and lower. Data
from each experiment are normalized to the control condition (5 mM glucose, not stimulated
by LPS/INF-y) and expressed as means £ SEM. 7= 3 experiments, each performed with
independent culture preparations. *p < 0.05 by ANOVA and Sidak’s test [ A6, 14) = 21.186,
p<0.0001" 2 = 0.900; Browne—Forsythe F= 0.671, p= 0.675]. (b) Cumulative NO
production measured at 30 min intervals in cultures incubated with and without 5 mM
glucose after LPS/INF+y stimulation. Values are expressed relative to the control condition
(not stimulated by LPS/INF-y or deprived of glucose). Data from each experiment are
normalized to the control condition (5 mM glucose, not stimulated by LPS/INFy) and
expressed as means = SEM. = 3 experiments, each performed with independent culture
preparations. *p < 0.05 by ANOVA and Sidak’s test. [A5, 12) = 64.8” p< 0.0001, 2 =
0.964; Browne—Forsythe F=1.259, p=0.342]
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FIGURE 5.

Comparisons between mixed glial cultures and astrocyte monocultures. (a—c) Cultures are
immunostained for the microglial marker Ibal (green) and the astrocyte marker GFAP (red).
Scale bar = 50 pm. Cultures were fixed after 18 h treatment with or without LPS/IFNy

and 90 min incubation in 0 glucose or 5 mM glucose medium. (d) NO production under

the conditions (a—c). Data are means + SEM; 7= 3 experiments, each performed with
independent culture preparations of both types. *p < 0.01 versus astrocytes plus microglia;
#p < 0.01 versus astrocytes +microglia under the other treatment conditions, by ANOVA
and Sidak’s test. [R5, 12) = 56.6, p< 0.0001, /2 = 0.959; Browne—Forsythe £=0.039, p=
0.999]
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