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Abstract

Lactate has received attention as a potential therapeutic intervention for brain diseases, particularly those including
energy deficit, exacerbated inflammation, and disrupted redox status, such as cerebral ischemia. However, lactate roles
in metabolic or signaling pathways in neural cells remain elusive in the hypoxic and ischemic contexts. Here, we
tested the effects of lactate on the survival of a microglial (BV-2) and a neuronal (SH-SY5Y) cell lines during oxygen
and glucose deprivation (OGD) or OGD followed by reoxygenation (OGD/R). Lactate signaling was studied by using
3,5-DHBA, an exogenous agonist of lactate receptor GPR81. Inhibition of lactate dehydrogenase (LDH) or
monocarboxylate transporters (MCT), using oxamate or 4-CIN, respectively, was performed to evaluate the impact of
lactate metabolization and transport on cell viability. The OGD lasted 6 h and the reoxygenation lasted 24h following
OGD (OGD/R). Cell viability, extracellular lactate concentrations, microglial intracellular pH and TNF-a release, and

neurite elongation were evaluated. Lactate or 3,5-DHBA treatment during OGD increased microglial survival during



reoxygenation. Inhibition of lactate metabolism and transport impaired microglial and neuronal viability. OGD led to
intracellular acidification in BV-2 cells, and reoxygenation increased the release of TNF-a, which was reverted by
lactate and 3,5-DHBA treatment. Our results suggest that lactate plays a dual role in OGD, acting as a metabolic and
a signaling molecule in BV-2 and SH-SY5Y cells. Lactate metabolism and transport are vital for cell survival during
OGD. Moreover, lactate treatment and GPR81 activation during OGD promote long-term adaptations that potentially
protect cells against secondary cell death during reoxygenation.
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Introduction

For long considered a waste byproduct of metabolism, lactate is now used as an effective therapy for the
harmful effects of energy deficits and to improve long-term outcomes in conditions such as cerebral ischemia [1-4].
Cerebral ischemia involves oxygen deprivation and ATP depletion, which impairs the ability of cells to maintain ion
gradients, causing cell injury and death [5, 6]. Animal models of brain ischemia have focused on protective strategies
to identify potential therapies for ischemic injury [7-9]. However, in vitro models — such as oxygen and glucose
deprivation (OGD) in cell cultures — enable us to explore the underlying mechanisms in detail.

Lactate is the end-product of glycolysis and a vital exchange currency between glycolytic and oxidative cells
to meet energetic demands. Exogenous lactate can be used as a metabolic substrate in energy-depleted conditions [4,
10, 11]. It has been postulated that metabolism and transport of lactate are required for these effects [12-14]. Cells
can import or export lactate [15, 16] through monocarboxylate transporters (MCT), although their pattern of
expression varies according to the cell type, environment and cell requirements [17, 18]. Neurons take advantage of
the high-affinity MCT2 isoform for lactate uptake [19-21] and of the expression of lactate dehydrogenase 1 (LDH1)
isoform to meet the energetic demands through lactate oxidation to pyruvate[22-24]; Astrocytes - cells with a more
glycolytic profile - express the low-affinity MCT4 isoform [20, 25] which favors lactate export following synthesis
through the LDH5 isoform [22-24], as proposed by the well-known and supported astrocyte-neuron lactate shuttle
(ANLS) hypothesis [22, 26]. Microglia express MCT with particular isoforms influenced by metabolic status [15,
17]. How lactate shapes such responses in microglial cells remains to be discovered. Since neural responses to
metabolic stress are cell-specific [27] and microglia are the main players in the primary CNS inflammatory responses
[28-30] it is crucial to explore effects of lactate in such cells individually following oxygen-glucose deprivation.

Besides its metabolic function, lactate may be also beneficial due to anti-inflammatory signaling properties
related to hydroxycarboxylic acid receptor 1 (HCARL), also known as G protein-coupled-receptor 81 (GPR81) [31,
32]. The initial suggestions of an anti-inflammatory/signaling property of lactate were found in the LPS-induced acute
pancreatitis and hepatitis model: lactate-treated macrophages presented a decrease in interleukin 1 beta (IL-1p) release
and NLRP3 inflammasome activity, both dependent on GPR81 activation [33]. In recent years, GPR81’s role in the
central nervous system (CNS) has attracted substantial attention [34-37] in an attempt to describe the downstream
cascade and the effects of receptor activation in different pathophysiological contexts affecting the brain. Other than
lactate, 3,5-dihydroxybenzoic acid (3,5-DHBA) - a component present in most dietary traditions, which behaves as a
GPR8L1 agonist - seems to exert beneficial effects in different CNS conditions by improving glucose metabolism,
mitochondrial function, synaptic potentiation, and memory consolidation [36, 38-40]. However, there are also
conflicting reports in the literature, implying that the pattern of responses following GPR81 activation depends on the
cell type and environment [36, 41, 42], while some studies attribute microglial GPR81 as responsible for promoting
resolutive inflammatory responses [43, 44].

As lactate is a molecule with many (possibly conflicting) roles, it is essential to investigate and distinguish
its specific effects on metabolic and neuroimmune responses. Here, we investigate whether lactate affects microglial
and neuronal survival in conditions of OGD or OGD/R. In the first set of experiments, we treated BV-2 microglial or

SH-SY5Y neuronal cell lineages with lactate during OGD to verify whether lactate could be an effective substitute



for glucose and reduce neuronal death and pro-inflammatory microglial responses. As cerebral hypoxic-ischemic
conditions in vivo are usually followed by a period of reoxygenation and later neuroinflammation, in the second set
of experiments, BV-2 or SH-SY5Y cells also receiving lactate during OGD were submitted to a following period of
reoxygenation (OGD/R). This allows to check if lactate administered to the cultures during OGD causes long-term
changes - possibly via GPR81 - that improve BV-2 or SH-SY5Y survival even when cells were evaluated in the
reoxygenation phase. To further elucidate the mechanism underlying the effects of lactate we also explored its putative
signaling role using a GPR81 agonist and the impact of lactate metabolization and transport by inhibition of LDH and

MCT, respectively.

Methods
Cell culture

BV-2 cells (RRID:CVCL_0182, provided by Dr. Vinicius Frias, I0C-Oswaldo Cruz Foundation) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (DMEM GlutaMAX™, #Cat: 31966047, ThermoFisher
Scientific), supplemented with 10% fetal bovine serum (FBS) (#Cat: A5256701 Thermo Fisher Scientific) and 1%
penicillin/streptomycin (P/S) (#Cat: 15140122, Thermo Fisher Scientific). SH-SY5Y cells (RRID:CVCL_0019,
provided by Dr. Ed Parkin, Division of Biomedical and Life Sciences, Lancaster University) were cultured in
DMEM/F12 (1:1) (DMEM #Cat: 11965092; F-12/Nutrient Mixture, #Cat: 11320033), supplemented with 10% FBS
and 1% P/S. Cells were cultured at a density of 1 x 10° cells/ml in T75 flasks and placed in a humidified incubator at
37°C in the presence of 5% CO; in the air until 80% confluence was achieved.

SH-SY5Y differentiation

SH-SY5Y cells were plated in DMEM/F12 (1:1), supplemented with 10% FBS and 1% P/S at a density of
1.5x10° cells/100 pL/well (96-well plate) and 5x10* cellssmL/well (12-well plate) overnight. The next day,
differentiation day 1, the plates were centrifuged (233 x g, 5 minutes). The cell medium was replaced with
differentiation media: Neurobasal™ Medium supplemented with 1% B-27™ (#Cat: 17504044, Thermo Fisher
Scientific), 1% GlutaMAX™ (#Cat: 35050061, Thermo Fisher Scientific), and 1% P/S. Immediately before the media
change, retinoic acid (RA) to a final concentration of 10 pM was added into the differentiation media. This media
replacement was repeated on the differentiation days 4 and 7 to produce the three RA pulses. On day 8, the experiments

using SH-SY5Y cells were performed.

Oxygen-glucose deprivation (OGD) and OGD/reoxygenation (OGD/R)

BV-2 cells were seeded the day before the OGD procedure in 96-well plates (2x10* cells/100 pL/well) or 12-
well plates (10° cells /1 mL/well) to promote cell attachment. SH-SY5Y cells were seeded eight days before the OGD
procedure, either in 96-well plates (1.5x10° cells/100 pL/well) or in 12-well-plates (5x10* cells/1 mL/well) to allow
the differentiation of neuroblastoma SH-SY5Y cells into neuron-like cells. To simulate hypoxic conditions and
metabolic substrate shortage typical of an ischemic insult, plates were centrifuged (233 x g, 5 minutes), the culture
medium was replaced with glucose-free DMEM (#Cat: 11966025, Thermo Fisher Scientific), and the drugs



representing treatments for the experimental conditions were added to the medium (see Drugs and reagents for details).
Plates were then placed into a Whitley H35 hypoxystation (Don Whitley Scientific, Yorkshire, UK) filled with
humidified (65-70%) and hypoxic air (1% Oz, 5% CO, and 94% N,) at 37°C. The chamber was sealed, and the OGD
employed 6 h for both cell lines, producing “OGD plates”. For the OGD/reoxygenation (OGD/R) condition, cells that
were previously exposed to OGD had their medium changed after the 6 h of OGD to a complete medium containing
glucose (4.5 g/L) and FBS (10 %) in the concentrations in which they were cultivated and were placed into the
normoxic incubator for 24 h of reoxygenation in normoxic conditions. Cells kept in normoxia throughout all the period

(6h + 24h)were used as controls with simultaneous medium changes as for OGD and OGD/R cells.
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Figure 1. Schematic diagram of the oxygen-glucose deprivation (OGD) and OGD/reoxygenation (OGD/R)
experimental procedures and respective conditions: cells were exposed to OGD for 6h; for OGD/R cells previously
exposed to OGD were subjected to a subsequent 24h period of reoxygenation. Experiments were started by replace
microglial and neuronal cell medium with glucose-free medium supplemented either with lactate or GPR81 agonist
(3,5-DHBA). Both treatments were conducted alone or in combination with LDH or MCT inhibitors. OGD plates
were placed into the hypoxic chamber (1% Oy) for 6 h; cells were immediately destined for assays in the end of these
6h. For the OGD/reoxygenation (OGD/R) condition, cells previously exposed to OGD had their medium changed
after 6h of OGD to complete medium (glucose and FBS concentrations were restored; see ‘Experimental conditions’
for details) and were placed into the normoxic incubator for 24 h of reoxygenation in normoxic conditions (OGD/R
condition). Normoxia groups were used as controls and had their medium changed simultaneously with OGD and
OGDI/R cells but kept in the cell culture incubator (21% O, 37°C).

Drugs and reagents

During the first 6 h of the experiment cells were exposed to OGD or their respective normoxic controls) were
incubated with the following drugs dissolved in the cell culture medium: PBS (Gibco™), equal volumes were used as
vehicle control; L-lactate (71718, Sigma-Aldrich) 5 and 10 mM; GPR81 agonist, 3,5-Dihydroxybenzoic acid (3,5-
DHBA, D110000, Sigma-Aldrich), 4 mM; LDH inhibitor, oxamate (ThermoFisher, A16532.06), 20 mM; MCT
inhibitor, a-Cyano-4-hydroxycinnamic acid (4-CIN, C2020, Sigma-Aldrich), 1 mM. Lactate and 3,5-DHBA were
dissolved in PBS, oxamate was dissolved in the respective DMEM (normal glucose and serum-free for normoxia



conditions and serum and glucose-free for OGD conditions), and 4-CIN was diluted in dimethyl sulfoxide (DMSO).

Detailed information about the treatments is available in the Supplementary Table 1.

Experimental conditions

Four different experimental conditions were used in this study for both cell lines (BV-2 and SH-SY5Y):
OGD, OGD/R, normoxia, and normoxia/“reoxygenation”. OGD refers to oxygen and glucose deprivation for 6 h with
no subsequent reoxygenation period. OGD/R refers to OGD for 6 h followed by 24 h of recovery in atmospheric
oxygen conditions, as illustrated in Figure 1. Both normoxia and normoxia/“‘reoxygenation” are control conditions for
OGD and OGDI/R, respectively. Normoxia condition is characterized by normal oxygen levels for 6 h;
normoxia/“reoxygenation” is characterized by normal oxygen levels for 6 h followed by a medium change and 24 h
of “recovery” also under atmospheric oxygen conditions.. It is important to note that normoxic cells were treated with
the same treatments as the OGD cells for all variables evaluated in the present study (except immunofluorescence and
TNF-a release assays, where the control cells were PBS-treated only), ensuring that any observed effects are due to
the treatments and not due to differences in experimental conditions. OGD cells in the hypoxic chamber were treated
with serum-free and glucose-free medium and the normoxia control cells were treated with serum-free and normal-
glucose medium (DMEM GlutaMAX™ for BV-2 cells and DMEM/F12™ for SH-SY5Y cells) during the first 6 h of
experiment. Cells that underwent the subsequent 24 h recovery period were removed from the hypoxic chamber
(OGD) or from the incubator (normoxia) after 6 h, centrifuged (233 x g, 5 minutes), and had their medium changed
to complete DMEM (10% FBS and 1% P/S). Then, cells were placed into the normoxic incubator at (37°C, 5% CO5)

for 24 h of recovery without any other treatment.

Cell viability assay

Following OGD or OGD/R, microglia and differentiated neuronal cells were incubated with 10 pL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (M2128, Sigma-Aldrich) solution (5 mg/ml in PBS)
per well, protected from light and placed into the cell incubator (5% CO,, 37°C). After 2 h, the plates were centrifuged
(233 x g, 5 minutes), the media supernatant was removed, and formazan crystals were dissolved using acidified
isopropanol (0.02 N HCI in absolute isopropanol) [45]. The absorbance of the MTT reaction product was analyzed
using a microplate reader at a wavelength of 570 nm, with background subtraction at 690 nm. Cell viability values
were reported relative to the mean value of the control group (normoxia cells treated with PBS as the vehicle) from

each independent experiment, which was repeated at least three times.

Extracellular lactate levels

After each experiment, the medium supernatant was collected and stored at -80°C until the day of the
procedure. L-Lactate production was estimated by measuring lactate levels on culture supernatants with the enzymatic
UV Lactate kit (K084-BioClin®) [46] according to the manufacturer. The reaction (L-lactate + NAD* < Pyruvate +
NADH) was started by adding the reaction mix to the sample wells, incubated for 10 minutes, and the absorbance read
in 340 nm in a microplate reader. The assay was performed in duplicate for each sample, and the absorbance was

converted into mmol/L.



Intracellular pH measurements (pHi)

The intracellular pH of BV-2 cells was measured following OGD and OGD/R procedures using the BCECF-
AM (14562, Sigma-Aldrich) dye. To allow appropriate cell attachment, on the day before OGD, BV-2 cells were
seeded in a black 96-well plate (flat and transparent bottom) at a density of 4x10* cells per well. Plates were centrifuged
(233 x g, 5 minutes), and the medium was changed according to each experimental treatment (see Experimental
conditions section). After OGD or OGDI/R, cells were washed twice with HEPES-buffered saline (25 mM, pH 7.4)
and then loaded with the pH-sensitive dye: 100 pL of BCECF-AM (10 pM) solution were added in each well, followed
by a 30-minute incubation at 37°C in the dark to allow the BCECF-AM to diffuse into the cells and to become de-
esterified to the fluorescent form, BCECF. The cells were washed twice with HEPES-buffered saline to remove any
residual BCECF-AM, and the 96-well plates were read on a microplate reader (TECAN, Infinite® 200 PRO) equipped
with excitation filters at 440 nm and 490 nm and an emission filter at 530 nm. After each experiment, a solution of a
proton ionophore nigericin (10 pM) was added to a separate set of wells in the normoxia plate to induce the pHi to
shift to known values of pH (6.0, 6.6, 7.0, 7.4, 8.0), enabling the generation of a standard curve for pH calibration.
Ratios of BCECF fluorescence at Exago/Emssg and EXaao/Emsso were acquired and converted to pHi from the standard

curve generated with nigericin in each experiment [47, 48].

Immunofluorescence

Following OGD or OGD/R (and the respective normoxic control conditions) cells were harvested,
centrifuged (233 x g, 5 minutes), fixed in 4% paraformaldehyde for 15 minutes at room temperature (RT), washed
twice with PBS and stored at 4°C until staining. Cells were permeabilized using ammonium chloride (25 mM in PBS)
for 5 minutes, followed by 10 minutes of 0.1% Triton-PBS. For the next steps, the coverslips were removed from the
bottom of the 12-well plate and placed onto parafilm on a flat surface to start the blocking and cell staining procedure.
Cells were incubated with 5% normal goat serum in PBS to block nonspecific binding for 30 minutes at RT.
Immediately after blocking, cells were incubated for 2 h with primary antibodies: Rat X Tubulin (MAB1864, Sigma-
Aldrich) (1:1000) for both cell lines, CD206 (Abcam, AB64693) (1:250) for BV-2 cells, Neurofilament light
polypeptide (NEFL) (Cell Signalling, 2837) (1:500) for SH-SYS5Y cells, followed by a 1 h incubation with the
corresponding species-specific secondary antibody coupled with Alexa Fluor® staining: Goat Anti-Rabbit IgG H&L
(Alexa Fluor® 488) (Abcam, ab150077); and Goat anti-Rat [gG H&L (Alexa Fluor® 647 nm) (Invitrogen, A-21247).
The secondary antibody was incubated at RT. All secondary antibodies were diluted 1:500. Following secondary
antibody incubations, the coverslips were washed three times with PBS and then carefully placed onto a glass slide
containing 50 pL of Mounting Medium with DAPI (4',6-diamidino-2-phenylindole) (ab104139, Abcam) for nuclei

counterstain and final assembling.

Cell counting and neurite evaluation
Images from BV-2 and SH-SY5Y cells were captured using a x40 oil immersion objective lens (Plan

Apochromat 40x/1.4 Oil DIC M27) using a Zeiss LSM880 confocal microscope. Approximately six fields were



counted per condition, and the number of DAPI-positive (DAPI+) cells was expressed as a percentage of the control
(normoxia) group from each respective replicate for both cell lines. The length of the longest neurite was determined
on NEFL-stained cells (40x/1.4 Oil) using the ImageJ plugin, NeuronJ [49], and neurites were semi-automatically
traced in order to determine the longest neurite length. Neurite evaluation was performed in approximately 110£10

NEFL-positive cells per condition [49, 50].

TNF-a levels in the cell supernatant
TNF-a levels were measured in the BV-2 medium supernatant by enzyme-linked immunosorbent assay
(ELISA) (TNF-a ELISA kit, Cat# 88-7324-86; Thermo Fisher Scientific) according to the manufacturer’s protocol

and expressed as plU/ml.

Statistics

The dataset was submitted to the Kolmogorov-Smirnov test to assess normality, and data were considered
normal when p>0.05. Variables that fulfilled test requirements were analyzed through the two-way analysis of
variance (ANOVA) (the effects of the factors are indicated in the figure legends), followed by Sidak’s post-test for
comparisons among multiple groups. Data are presented as mean + standard deviation (SD) unless indicated otherwise.
Data analysis of at least three independent experiments was performed using Graph Pad Prism 10.0.3 (GraphPad
Software).

Results
Lactate rescues microglia viability following OGD challenge

After 6 h of OGD, there was a decrease in cell viability (p<0.0001, normoxia versus OGD), while the addition
of 5 mM lactate attenuated this decline (p=0.0366, OGD + 5 mM lactate versus OGD + PBS) (Fig. 2a). Following a
recovery span of 24 h, all treatments during the 6 h of OGD increased cell viability, except PBS (p=0.0015, versus
OGD + PBS) (Fig. 2c). Extracellular lactate concentrations were higher in cultures that receive lactate administration
in the medium, relative to PBS and 3,5-DHBA-treated cells after 6h of OGD or normoxia (p<0.0001) (Fig. 2c)
Following 24 h of reoxygenation (after medium change and no additional treatment) all groups presented similar
extracellular lactate concentrations (Fig. 2d), It suggests this lactate was produced and exported by microglia and is

not residual lactate previously added to the culture.
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Figure 2. Effects of lactate and GPR81 activation on BV-2 viability (a and b) and extracellular lactate levels (c and d)
after OGD or OGD/R. Cell viability was expressed as a percentage of the normoxia+PBS group in each experiment.
Data were analyzed by two-way ANOVA, and the effects of factors “treatment” and “OGD” were tested. An effect of
the factor “treatment” was observed in a (F3297 = 3.192, p<0.0001), b (F370 = 4.293, p=0.0077), and ¢ (Fs37 = 44.05,
p<0.0001), while an effect of the factor “OGD” was detected in a (F1.207 = 93.98, p=0.024) and b (F170 = 13.53,
p=0.0005). No interaction was found between the factors. Sidak’s post-hoc differences are indicated as *p<0.05 vs.
respective normoxia group, # vs. PBS from the same condition (normoxia or OGD). Data were expressed as scatter
plots with mean lines and standard deviation (SD) drawn for each experimental group. Squared or round dots represent
individual values for each experimental replicate from at least three independent experiments.

Microglia survival relies on lactate metabolism

Inhibition of LDH by oxamate reduced cell viability, impairing lactate’s rescue of cell viability following
OGD (p<0.05, normoxia versus OGD, for all groups) (Fig. 3a). After reoxygenation, even normoxic cells had their
viability reduced when they had been previously incubated with oxamate (p<0.05, normoxia + PBS versus normoxia
+ oxamate).Only 3,5-DHBA treatment increased cell viability (p<0.05, OGD + oxamate versus OGD + oxamate +
3,5-DHBA) (Fig. 3b). These results support the idea that the beneficial effects of lactate on cell viability seen during
OGD require LDH activity and strengthens the role of lactate as a metabolic fuel. Inhibition of LDH also reduced
lactate release after 6 h of incubation in normoxia and OGD conditions. Evidently, it was reverted when lactate, but
not 3,5-DHBA, was added to the medium (Fig. 3c). A return of extracellular lactate levels to the values of the PBS
group was seen for all the groups after 24 h recovery (Fig. 3d). Again, it is important to mention that the medium was
changed at the end of the OGD and the beginning of the “reoxygenation” phase. This cleared oxamate from the
medium and allowed recovery of LDH activity.
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MCT-mediated lactate transport is required to maintain microglia viability
When MCT was blocked using the non-selective inhibitor 4-CIN, BV-2 cells exposed to OGD showed a

reduction in viability relative to their respective normoxic controls, even when lactate was added to the medium

(p<0.05, normoxia versus OGD, for all groups) (Fig. 3e). It suggests that transport inhibition prevents lactate on

rescuing cell viability after OGD, as shown in Figure 2a. Moreover, the addition of 4-CIN to the medium reduced

viability even in cells kept in normoxic conditions (p<0.05, normoxia + PBS versus normoxia + 4-CIN) (Fig. 3e).

Following 24 h of reoxygenation, BV-2 cells which had previously been treated with lactate were able to recover
viability (OGD + 5 mM lactate and OGD + 10 mM lactate versus OGD + PBS) (Fig. 3f). Extracellular lactate levels

were increased after 6 h of OGD or normoxia in the presence of 4-CIN (p<0.05, versus PBS) (Fig. 3g) . In contrast,

after 24 h of recovery in a fresh medium, extracellular lactate levels were similar between 4-CIN-treated and PBS-

treated cells, regardless of whether they were previously exposed to normoxia or OGD (Fig. 3h).
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Figure 3. Effects of lactate and GPR81 activation on BV-2 viability (a, b, e, and f) and extracellular lactate levels (c,
d, g, and h) after OGD and OGD/R in the presence of either a LDH inhibitor, oxamate (a, b, ¢, and d) or a MCT
inhibitor, 4-CIN (e, f, g, and h). Cell viability was expressed as a percentage of the normoxia+PBS group in each
experiment. Data were analyzed by two-way ANOVA, and the effects of factors “treatment” and “OGD” were tested.
An effect of the factor “treatment” was observed in b (Fags = 5.115, p=0.0010), ¢ (Fa54 = 23.26, p<0.0001), e (Fa134 =
3.027, p<0.019), f (F4g9 = 2.985, p=0.0231), and g (F431 = 41.97, p<0.0001), while an effect of “OGD” was detected
in a (F1260 =407.7, p<0.0001), b (F1,85 = 14.58, p=0.0003), € (F1,134 = 159.4, p<0.0001), and f (F1 89 = 9.986, p=0.0022).
Interaction between factors was found in e (F4134 = 4.326, p=0.0025) and f (Fag9 = 3.491, p=0.0107). Sidak’s post-hoc
differences are indicated as *p<0.05 vs. respective normoxia group, ** vs. oxamate from the same condition (normoxia
or OGD), and # vs. PBS from the same condition (normoxia or OGD). Data were expressed as scatter plots with mean
lines and standard deviation (SD) drawn for each experimental group. Squared or round dots represent individual
values for each experimental replicate from at least three independent experiments.

BV-2 intracellular pH changes after lactate metabolic modulation during OGD

To check for intracellular acidification, pH measurements were performed in BV-2 cells after OGD and after
OGDI/R. Indeed, 6 h of OGD reduces pHi (Fig. 4a, p<0.05, normoxia versus OGD, for PBS and 5mM lactate groups).
However, pHi returned to baseline values after 24 h of reoxygenation in previously treated with lactate (Fig. 4b).
When LDH was inhibited, pHi was reduced after OGD regardless of the treatment (p<0.05, normoxia versus OGD,
for all groups) (Fig 4c). However, during reoxygenation cells returned their pHi to normoxia values, except for 3,5-
DHBA group (p<0.05, normoxia + oxamate + 3,5-DHBA versus OGD + oxamate + 3,5-DHBA) (Fig. 4d). MCT
blocking did not alter the pHi itself but led to increased acidification in lactate or 3,5-DHBA-treated groups (p<0.05,
normoxia versus OGD, for 5mM lactate and 3,5-DHBA) (Fig. 4e). The effects of 4-CIN on pHi levels seem to be
attributed to its presence in the cell supernatant, without causing subsequent cell changes, as it was innocuous during
reoxygenation — when cells when cells were exposed to a fresh medium (Fig. 4f).
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Figure 4. Effects of lactate and GPR81 activation on BV-2 intracellular pH after OGD or OGD/R in the absence (a
and b) or in the presence of either a LDH inhibitor, oxamate (c and d), or a MCT inhibitor, 4-CIN (e and f).. Data were
analyzed by two-way ANOVA, and the effects of factors “treatment” and “OGD” were tested. An effect of the factor
“OGD” was detected in a (F143 = 20.26, p<0.0001), b (F137 = 16.46, p=0.0002), ¢ (F142 = 49.72, p<0.0001), d (F1.41 =
9.935, p=0.0030), and e (F141 = 15.60, p=0.0003). No effect of the factor “treatment,” or interaction between the
factors was found. Sidak’s post-hoc differences are indicated as *p<0.05 vs. respective normoxia group. Data were
expressed as scatter plots with mean lines and standard deviation (SD) drawn for each experimental group. Squared
or round dots represent individual values for each experimental replicate from at least three independent experiments.

Reoxygenation influences the number of BV-2 cells

To visualize the overall distribution of microglia, DAPI+ nuclei labeled cells were counted after OGD and
after OGD/R (Fig. 5a). Two-way ANOVA indicated an effect of the treatment (p<0.05). Additionally, it was found
that the number of DAPI+ nuclei of microglial cells decreased after OGD (Fig. 5b) and OGD/R compared to hormoxic
conditions (p<0.05). However, after reoxygenation an increase in the overall number of cells was seen in cultures
previously treated either with lactate or 3,5-DHBA (p<0.05, versus OGD/R) (Fig. 5c).
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Lactate mitigates BV-2 pro-inflammatory response following reoxygenation
Following OGD/R (6 h of OGD and 24 h of reoxygenation), a remarkable increase in the levels of TNF-
a(p<0.05) was observed relative to OGD (6h of OGD with no recovery). However, this late inflammatory response

was prevented by the previous addition of lactate or GPR81 agonist to the culture medium (Fig. 5e). These findings

suggest that lactate treatment during OGD can directly reduce the later inflammatory response of BV-2 cells seen
during reoxygenation.
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stain) and anti-CD206 (green stain) and were counterstained with DAPI (blue stain). DAPI+ nuclei were counted after
OGD (“OGD 6h”, b) and OGD/R (“OGD/R 6h/24h”, ¢). Microglial TNF-a release was quantified in cell supernatant
also after OGD (d) and OGD/R (e). Data were analyzed by two-way ANOVA, and the effects of factors “treatment”
and “recovery” were tested. Data from b and ¢ were statistically analyzed together, as well as data from d and e (results
were split into two separate charts for better visualization). An effect of the factor “treatment” was observed for “b
and ¢” (F(3,68) = 9.050, p<0.0001), and an effect of the factor “recovery” was observed for “d and e” (F(1,14)=27.33,
p=0.0001). No interaction between the two factors was found. Sidak’s post-hoc differences are indicated as *p<0.05
versus normoxia, **p<0.05 versus OGD, #p<0.05 versus OGD/R. Data were expressed as scatter plots with mean
lines and standard deviation (SD) drawn for each experimental group. Squared or round dots represent individual
values for each experimental replicate from at least three independent experiments. Scale bar: 20 pm.

Lactate and GPR81 activation rescue neuronal viability following OGD challenge

The viability of differentiated SH-SY5Y cells decreased after OGD (p<0.05, normoxia + PBS versus OGD
+ PBS). Although 10 mM lactate did not rescue cell viability (p<0.05, normoxia + 10 mM lactate versus OGD + 10
mM lactate), 5 mM lactate and 3,5-DHBA treatments abrogated this decline (Fig. 6a). After OGD/R, all groups
exhibited reduced cell viability (p<0.05, normoxia versus OGD, for PBS, 10 mM lactate and 3,5-DHBA groups)
except the lactate 5 mM group (Fig. 6b). Following OGD, extracellular lactate concentrations were constant for all
treatments in the normoxic conditions. In contrast, they were increased in the cell supernatant of OGD-exposed SH-
SY5Y cells treated with lactate (10 mM) when compared to PBS or 3,5-DHBA (p<0.05, versus OGD + 10 mM lactate)
(Fig. 6¢). Following reoxygenation, the extracellular lactate concentrations were similar, regardless of the OGD or
treatment (Fig. 6d).
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Figure 6. Effects of lactate and GPR81 activation on differentiated SH-SY5Y cells viability (a and b) and extracellular
lactate levels (c and d) after OGD and OGD/R. Cell viability was expressed as a percentage of the normoxia+PBS
group in each experiment. Data were analyzed by two-way ANOVA, and the effects of factors “treatment” and “OGD”
were tested. An effect of the factor “treatment” was observed in ¢ (Fz16=5.394, p=0.0093), while an effect of “OGD”

15



was detected in a (F188=25.92, p<0.0001) and b (F18=39.17, p<0.0001). No interaction was detected between the
factors. Sidak’s post-hoc differences are indicated as *p<0.05 vs. respective normoxia group, and #p<0.05 vs. PBS
from the same condition (hormoxia or OGD), “n.s” means not significant. Data were expressed as scatter plots with
mean lines and standard deviation (SD) drawn for each experimental group. Squared or round dots represent individual
values for each experimental replicate from at least three independent experiments.

Neuronal viability relies on lactate metabolism even in normoxia

When exposed to oxamate, SH-SY5Y cells exhibited a remarkable decrease in cell viability even under
normoxia (p<0.05, versus normoxia + PBS), except for those also treated with 3,5-DHBA. No differences were
observed in oxamate-treated cells after OGD compared to their respective normoxia controls (Fig. 7a). Interestingly,
after OGD/R, normoxic cells previously treated with oxamate recovered their viability. Recovery of neuronal viability
after oxamate was removed from the medium occurred exclusively in cells maintained in normoxic conditions, as
OGD-treated groups remained with lower viability following 24 h of reoxygenation (p<0.05, normoxia versus OGD,
for all treatments) (Fig. 7c). Lactate extracellular levels were reduced in the medium of SH-SY5Y cells when exposed
to oxamate alone after OGD (p<0.05, PBS versus oxamate) (Fig 7b). Following 24 h of reoxygenation, two-way
ANOVA detected an overall effect of OGD on decreased extracellular lactate levels (p<0.05, normoxia versus OGD)
(Fig. 7d).

Lactate transport influences neuronal viability and extracellular lactate levels

Inhibition of MCTs decreased SH-SY5Y cell viability after OGD (p<0.05, normoxia versus OGD), except
when cells were incubated with 10 mM lactate or 3,5-DHBA groups (Fig. 7e). After OGD/R, MCT-blocked cells from
OGD groups presented the same cell viability values as normoxia cells, regardless of the treatments (Fig. 7f).
Considering extracellular lactate, all MCT-inhibited cells displayed increased lactate levels (p<0.05, 4-CIN versus
PBS), with 10 mM lactate group showing the higher values (p<0.05, 4-CIN and 3,5-DHBA versus 10 mM lactate)
after 6 h of OGD (Fig. 7g). Neurons incubated with 4-CIN and treated with 10 mM lactate sustained their high lactate
levels even after 24 h of recovery (p<0.05, OGD + PBS versus OGD + 10 mM lactate) (Fig. 7h).
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Figure 7. Effects of lactate and GPR81 activation on SH-SY5Y viability (a, b, e, and f) and extracellular lactate levels
(c, d, g, and h) after OGD and OGDI/R in the presence of either a LDH inhibitor, oxamate (a, b, ¢, and d) or a MCT
inhibitor, 4-CIN (e, f, g, and h),. Cell viability was expressed as a percentage of the normoxia+PBS group in each
experiment. Data were analyzed by two-way ANOVA, and the effects of factors “treatment” and “OGD” were tested.
An effect of the factor “treatment” was observed in a (Fs,110 = 3.8, p=0.0062), ¢ (F420 = 5.796, p=0.0029), g (Fa.0 =
29.84, p<0.0001), and h (Fs20 = 4.269, p=0.0117), while an effect of “OGD” was detected in a (Fi110 = 7.432,
p=0.0075), b (F1108 = 129.9, p<0.0001), d (F12 = 7.786, p=0.0113), e (F1122 = 35.94, p<0.0001), f (F1,0s = 33.87,
p<0.0001), and h (F120 = 7.556, p=0.0124). Interaction between factors was found in a (Fs110 = 2.679, p=0.0354).
Sidak’s post-hoc differences are indicated as *p<0.05 vs. respective normoxia group, and # vs. PBS from the same
condition (normoxia or OGD). Data were expressed as scatter plots with mean lines and standard deviation (SD)
drawn for each experimental group. Squared or round dots represent individual values for each experimental replicate
from at least three independent experiments.
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Reoxygenation impairs neurite elongation following OGD

SH-SY5Y DAPI+ nuclei counting was also performed in cells counterstained with NEFL and B-tubulin (Fig.
8a) immediately after OGD (Fig. 8b) and following OGD/R (Fig. 8c). Two-way ANOVA did not show any effect of
the factors “treatment” or “reoxygenation” in total nuclei quantification and neurite elongation parameters. The longest
neurite length did not change during the OGD period (Fig. 8d), whereas after OGD/R (Fig. 8e), the OGD-exposed

neurons depicted shorter lengths compared to the lactate-treated ones (p<0.05, OGD versus OGD+lactate 5 mM).
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Figure 8. Effects of lactate and GPR81 activation on the number of SH-SY5Y cells and neurite elongation. SH-SY5Y
representative immunostaining images are shown in a. (white: anti-B-tubulin; green: anti-NEFL; blue: DAPI). DAPI+
nuclei and neurite assessment were evaluated after OGD (“OGD 6h”, b and d) and OGD/R (“OGD/R 6h/24h”, ¢ and
e).. Data were analyzed by two-way ANOVA, and the effects of factors “recovery” and “condition” were tested. No
effect of factors or interaction was detected by two-way ANOVA. Sidak’s post-hoc differences are indicated as
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*p<0.05 vs OGD/R. Data were expressed as scatter plots with mean lines and standard deviation (SD) drawn for each
experimental group. Squared or round dots represent individual values for each experimental replicate from at least
three independent experiments. Scale bar: 20 um.

Discussion

From cellular waste to metabolic fuel, nowadays also postulated as a signaling molecule, lactate roles are
being constantly unraveled in recent compelling studies [3, 4, 38, 40, 51]. The metabolic actions of lactate depend
highly on lactate transporters and LDH isoenzymes, whereas the signaling properties are associated with the activation
of the HCAR1/GPR8L1 receptor. Both of these mechanisms by which lactate operates are independent of each other.
Thus, differentiating lactate roles in the CNS and the mechanisms by which lactate orchestrates such responses might
provide the groundwork for the clinical use of lactate in pathological conditions.

Here, we provide evidence that lactate metabolism plays a significant role in cell survival during OGD/R.
The protocol employed in the present study used two different timepoints: an acute (OGD for 6h) and a late (OGD/R:
OGD for 6h followed by a 24 h period of reoxygenation). Lactate, lactate receptor agonist and inhibitors of lactate
metabolism and transport were always added to the medium during OGD, and the medium was changed before
reoxygenation was started. To the best of our knowledge, this is the first study to use lactate as a treatment for BV-2
and SH-SY5Y cell lines exposed to a hypoxic and glucose-free environment in order to understand how the exogenous
lactate supplied during OGD reduces microglial and neuronal death. Our data indicate that lactate availability during
OGD increases cell viability and promotes long-term protective effects observed later, after reoxygenation, in both,
microglial and neuronal cell lines. It has already been argued that lactate accumulation during hypoxia in vitro allows
the recovery of synaptic function upon reoxygenation [52]. Interestingly, a recent study showed that lactate treatment
during reoxygenation also increased BV-2 cells viability, which decreased neuronal apoptosis when co-cultured with
primary cultured neurons [28].

Immediately after OGD, lactate-treated BV-2 cells maintained higher concentrations of lactate in the cell
medium (approximately 4 mM, similar to physiological concentrations found in the CNS). Lactate PBS and 3,5-
DHBA-treated cells depicted 2-fold lower concentrations during hypoxia as compared to reoxygenation. A reduction
in lactate release was observed in Miller cells when incubated with the GPR81 agonist in the presence of glucose but
not in its absence [38]. Here, it is important to mention that even though we refer to our insult as OGD, the glucose-
free medium does not guarantee the total absence of glucose to the medium since there can be the synthesis and release
of glucose from substrates such as amino acids present in the medium (although we believe that concentrations would
be very low in this situation). On the other hand, it has been shown that not only the complete absence but even low
concentrations of glucose (0-5 mM) are detrimental to neurons [53]. Notwithstanding, the lack of glucose
measurements in the cell medium is a limitation of our study.

To address the contribution of lactate metabolism for cell viability, we used oxamate to inhibit LDH in BV-
2 and differentiated SH-SY5Y cell lines during OGD. LDH inhibition reduced cell survival and the extracellular levels
of lactate in either normoxia or OGD-exposed cells, possibly due to the LDH committals in NAD* recycling, which
may have undermined the redox state and the lactate/pyruvate ratio. Indeed, lactate-mediated neuroprotection seems

conditional to microglial and neuronal lactate oxidation, as LDH inhibition abolished such effects. This reinforces
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exogenous lactate can be a prompt fuel used for injured cells. In line with our results, lactate could not exert its
neuroprotective when oxamate was used to inhibit LDH in vivo following neonatal hypoxia-ischemia [4]. Even though
it indicates that lactate is effective after the insult (i.e., during the phase of reperfusion/reoxygenation), here we also
observed a protective effect of the lactate administered during OGD. Interestingly, while SH-SY5Y viability was
reduced during normoxia upon LDH inhibition, it was rescued when oxamate was removed from the medium,
suggesting that lactate metabolism is essential for neuronal survival, even in physiological (i.e., normoxic) conditions
[53]. MCT-driven transport is required for lactate uptake and oxidation. In this sense, it is worth mentioning that
MCT4 loss impairs microglial synaptic pruning [54]; otherwise, MCT1 participates in microglial classical activation
through glycolysis [17] and seems to play a beneficial role in ischemia [16]. Herein, MCT inhibition sustained
extracellular lactate levels and reduced BV-2 viability even during normoxia, possibly due to a disruption in lactate
uptake and metabolization. One could argue that these effects on cell viability are attributed to metabolic impairment,
as 4-CIN has been reported to be a metabolic inhibitor for neurons and astrocytes by reducing oxidative metabolism
[55]. Interestingly, when 4-CIN was removed from the cell medium over 24 h of recovery, BV-2 and SH-SY5Y,
previously exposed to OGD, recovered viability. It strengthens that the role of lactate in improving cell survival
requires its uptake (and possible metabolization). An alternative flow of lactate across cell membranes could also
explain the increased extracellular lactate concentration in 4-CIN treated groups: 1) there might be a pharmacological
competition between 4-CIN and lactate for the MCT; 2) connexins also allow lactate flow across cell membrane [56].
Therefore, lactate may still be released into the extracellular space when MCT is in56hibited Sotelo-Hitschfeld and
colleagues showed that other channels could also promote lactate movement across cellular compartments [57]. Thus,
unraveling the mechanisms involved in lactate flow across neural cells is mandatory. Since the pattern of MCT
isoforms distribution differs over time [21], one could stress that neural plasticity during development is the
explanation for brain fluctuation in the preference for energy sources to sustain metabolic needs - even for higher brain
functions. In that regard, lactate provides the energy required for neuronal protein synthesis involved in long-term
memory processes in adult rats [58], while the regulation of the GPR81/cAMP/PKA pathway by aerobic exercise
promotes synaptic growth and improves cognitive function in Alzheimer's [59].

Conversely, lactate accumulation has been linked to cytotoxic effects (i.e., cell acidification and disruption
of the redox status) [60, 61]. However, our data show that pHi changes are unrelated to lactate but to OGD, in line
with previous reports [62, 63]. Normoxia BV-2 cells maintain physiological pHi despite lactate loads of 5 and 10 mM,
while OGD cells exhibited a reduction in pHi. Even after 24 h of reoxygenation, OGD influence was remarkable and
sustained. Similarly, a previous study demonstrated that pH changes affect cell proliferation in an embryonic stem cell
line, in which lactate was suggested to provide the fuel (dependent on LDH and MCT) to surviving cells that could
adapt to the environment [64]. Limitations to describe these mechanisms in OGD-exposed microglia include the lack
of extracellular pH measurements and intracellular lactate concentrations to compare with intracellular and
extracellular values, respectively.

Notwithstanding changes in intracellular pH are clear, the release of TNF-a by BV-2 cells also shed light on
the mechanisms related to lactate and GPR81 activation during OGD/R. Lactate administered during OGD prevented

the increase in TNF-a levels seen in BV-2 cells during reoxygenation, suggesting an action of lactate on the long-term
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inflammatory response. BV-2 cell viability, reduced during OGD, was rescued during reoxygenation if lactate or 3,5-
DHBA were available previously during OGD, demonstrating that besides fueling microglia, lactate promotes long-
term benefits. Such mechanism seems to be determined by the reoxygenation, in line with two previous microglial
protocols that evaluated cells exposed to 2 h [65] or 3 h [66] of OGD, followed by 12 h of reoxygenation. Peripheral
anti-inflammatory effects of lactate (i.e., reduced NF-kB and inflammasome activation) have been attributed to GPR81
signaling [33], whereas lactate inhibited NF-kB pathway and triggered a protective response via HIF-1a activation
following OGD in microglia [28]. The reduction in the number of microglial cells and the increase in TNF-a release
is usually associated with the delayed responses typically observed during the reperfusion period [65, 67]. These
findings suggest that the addition of lactate to the medium and GPR81 activation during OGD could trigger reparative
mechanisms that produce long-term protective effects.

Besides microglial, neuronal responses to OGD were assessed in terms of projection lengths and metabolic
modulation. The neuroblastoma-derived cell line used here is a widely used model to study neuronal development [68,
69]. This lineage is usually exposed to a differentiation protocol [70] to produce a population of cells with
morphological and functional features similar to mature neurons [71]. The neuronal-like features include
morphological elongation of neurites (processes that arose from soma longer than the cell body [72]), which can be
assessed using neurofilament markers (critical proteins that sustain axonal structure and neurite outgrowth)[73, 74].
Here, we have shown that lactate-treated neurons displayed a remarkable increase in neurite length after
reoxygenation, suggesting lactate influences key morphological patterns of differentiated neurons [75]. It has been
shown that primary cell cultures of microglia reversibly displayed elongation of cell processes upon lactate treatment
in a time-dependent effect [76]. Even though it was described in microglial cells, it is possible the occurrence of a
similar mechanism activated by lactate in neurons, as observed herea While microglia may assume a phagocytic
phenotype, they may shift their metabolic preferences, increasing glycolytic rate and lactate production [77]. Lactate
fits into that perspective as it mediates muscle regeneration by shifting macrophages to a state that allows
revascularization and regeneration after ischemia [78], modulates microglial inflammatory responses after OGD [28],
influences microglial phagocytic capacity [42] and, as outlined here, is engaged in neuronal and microglial survival
in face of OGD. However, our findings should be interpreted with caution, taking into account the effects of the abrupt
glucose withdrawal concomitant with lactate addition or GPR81 activation during OGD. It is a limitation of the present
study the lack of an approach evaluating this exchange of metabolic substrates. Nevertheless, it is important to note
that the protective properties shown here are primarily associated with lactate rather than pyruvate, as pyruvate was
not able to recover cell viability during OGD (Supplementary Figures 1 and 2).

Whether the therapeutic effects of lactate during OGD are reproduced in primary cell cultures (or co-cultures
to evaluate intercellular responses) remains to be investigated The absence of a deeper investigation of the role of
lactate in microglia-neuron crosstalk certainly includes a weak point of our work, as well as the lack of experiments
showing the pattern of expression of GPR81 during OGD and OGD/R. In this sense, as there are studies showing the
existence of GPR81 in neurons [79-81] but less evidence available to support its presence in microglia, we run a
supplementary experiment to confirm the expression of GPR81 in BV-2 cells in basal conditions using

immunohistochemistry (Suplemmentary Figure 3). Nevertheless, further studies are needed to build a more complete
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picture of the mechanisms triggered by lactate and GPR81 activation — which is necessary to consider the therapeutic

use of lactate. Overall, our data show that the metabolic contribution of lactate is crucial for circumventing the harmful

implications of OGD, probably by enfolding the energy failure in suffering cells. Unraveling the cell-specific

mechanisms of action of lactate will provide valuable insights into the complex interplay between metabolism and

cell signaling and how these processes are regulated under pathophysiological conditions.
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