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Dear Editor,

Small, short-chain fatty acids (SCFAs) (acetic acid,
propionic acid, and butyric acid: conjugate bases, acetate,
propionate, and butyrate) as well as the alpha-hydroxy
acid, L-lactic acid (conjugate base, L-lactate) are important
energy substrates and signaling molecules in the central
nervous system (CNS) [1, 2]. L-lactic acid is produced by
glycolysis [3] and gut microbes [4] and is released in large
quantities during exercise [5]. Within the CNS, L-lactate
has been shown to be a rapid, excitatory signaling molecule
[6-8], displaying both neuroprotective [9] and neurotoxic
[10, 11] properties depending on concentration and time.
The dysregulation of L-lactic acid/L-lactate metabolism in
age-related cognitive decline [12] as well as certain
neurodegenerative diseases [11-14] has been documented,
however the contribution of L-lactate to the induced
cellular pathologies in such diseases has yet to be explored.
While studies have examined the role of L-lactate-induced
cytotoxicity in ischemia/reperfusion injury, stroke, and
traumatic brain injury, the mechanisms remain unclear.
Thus, the bolstering of mechanistic insight into L-lactate
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signaling may advance targeted intervention. This may be
especially beneficial in several neurodegenerative diseases,
as the connections between elevated L-lactate and disease
progression mechanisms have yet to be made. Given the
evidence suggesting that L-lactate is an excitatory signaling
molecule [6, 7], coupled with its documented elevation
and/or dysregulation in several neurodegenerative diseases
(multiple sclerosis [13], amyotrophic lateral sclerosis [14],
and Alzheimer’s disease [15]) and age-related cognitive
decline [12], we investigated the effects, if any, of
pathophysiological concentrations of L-lactate on the
development of neurodegeneration-like cellular patholo-
gies. Specifically, we investigated L-lactate-induced exci-
totoxicity, the generation of reactive oxygen species
(ROS), and changes in cytosolic Ca?*, and screened for
alterations in gene expression known to be affected by
neurodegenerative diseases.

To construct a toxicity dose-response curve to L-lactate
(Fig. 1A), nerve growth factor-induced PC12 cells were
incubated with different concentrations of L-lactate (0-8
mM) for 4 h (Fig. 1B-G). Toxicity was determined using a
propidium iodide (PI) exclusion assay [16] analyzed via
flow-cytometry. From the dose-response curve, we calcu-
lated an ECs, value for L-lactate of 3.28 mM (Fig. 1A) and
used 4 mM (Fig. IH) for all subsequent experiments.
Having an ECs, value, we then recapitulated the flow
cytometry toxicity using real-time imaging in PC12 cells
(Fig. 1) and in primary neurons (Fig. 1J), as well as flow
cytometric analysis in primary neurons (Fig. 1K-M).

We then investigated what other major cellular patholo-
gies are also present in neurodegenerative diseases besides
excitotoxicity. Calcium dysregulation from excitotoxicity
as well as increases in reactive oxygen species/oxidative
stress (ROS) were among the most prominent cellular
pathologies noted in neurodegenerative diseases. We then


http://orcid.org/0000-0002-1639-5292
http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-020-00611-6&amp;domain=pdf
https://doi.org/10.1007/s12264-020-00611-6
www.springer.com/12264

A. D. Chapp et al.: Elevated L-lactate Promotes Major Cellular Pathologies 381

A B c D F G H
:,,;50 Control L-Lactate (1.5 mM)  L-Lactate (2.0 mM)  L-Lactate (3.0 mM) L-Lactate (4.0 mM)  L-Lactate (8.0 mM) ,\40
840 400755 8% 1142% “°815% [185% “O°T70.2% [208% ‘CT728% [272% **°Tea% [36.8% ‘%Tac6% [53.4% 830
230 S
2 020
220 200 9
3 EC,, =328 3
g 10 100 810
2, a

0246 810 10" 10® 10° 1072
Concentration (mM) Pl
L-Lactate

0 apr T 0 i
10" 10°, 10° 1072 ~ 10' 10°
Pl Pl

[

PC12 Cells

. 0 |l 0
10° 1072 10! 103P 10% 1072

o

10" 10°_10° 1072 10" 10° 10° 1072
[ Pl Pl Concentratlon (mM)
L-Lactate

Primary Neurons

Pl 4 mM L-Lactate Pl 4 mM L-Lactate

NB 4 mM L-Lactate NB 4 mM L-Lactate

Merged PI/NB Merged PI/NB
4 mM L-Lactate 4 mM L-Lactate

PI Control

PI Control

NB Control NB Control

Merged PI/NB
Control

Merged PI/NB
Control

Control L-Lactate (4.0 mM)

Pl4 mM L-Lactate Pl 4 mM L-Lactate

NB 4 mM L-Lactate NB 4 mM L-Lactate 3|:!| 10¢ 103}:’|105 10%
M

’z?

g 30
Merged PI/NB Merged PI/NB =x

4 mM L-Lactate 4 mM L-Lactate > 20
: ‘ 2
,‘é

& 10
o

Concentratlon (mM) L Lactate

Primary Neurons

Fluo-4 L-Lactate
(4 mM)

Fluo-4 Control Fluo-4 Control

(4 mM)

NB Control NB Control NB L-Lactate (4 mM)

Merged Fluo-4/NB Merged Fluo-4/NB Merged Fluo-4/NB
Control Control L-Lactate (4 mM)

0.204 Cytosolic Calcium

*

0.204

0.15

Intensity

0.101

Corrected Fluorescence

0.054

0.00- 0 4
Concentration (mM) L-Lactate

Fluo-4 L-Lactate

NB L-Lactate (4 mM)

Merged Fluo-4/NB
L-Lactate (4 mM)

(o}
ROS Control

NB Control

ROS Control ROS L-Lactate (4 mM) ROS L-Lactate (4 mM)

NB L-Lactate (4 mM)

Merged ROS/NB

NB Control NB L-Lactate (4 mM)

Merged ROS/NB

Merged ROS/NB Merged ROS/NB

Control Control L-Lactate (4 mM) L-Lactate (4 mM)
Q 64 Cytosolic ROS
Q
o
c
Q
?

8 > 47
32
]
T c
B=
|53
g 24
5
o

04

0 4
Concentration (mM) L-Lactate

@ Springer



382

Neurosci. Bull. March, 2021, 37(3):380-384

«Fig. 1 Effects of L-lactate on excitotoxicity, cytosolic Ca*", and
ROS. A Dose-dependent response for the propidium iodide (PI)
exclusion assay measured by flow cytometry for L-lactate treatment
(4 h), ECso = 3.28 mM. B-G Representative flow cytometry charts for
increasing concentrations of L-lactate (0, 1.5, 2, 3, 4, and 8 mM). H L-
lactate treatment (4 mM, 4 h) significantly (*P < 0.05, unpaired z-test)
increases PC12 cytotoxicity compared to control. I PI and NucBlue
(NB, Hoechst 33342 DNA stain) fluorescence imaging in PC12 cells
for control treatment (4 h) (left, scale bars, 200 um), and PC12 cells
after L-lactate treatment (4 mM, 4 h) (middle, scale bars, 200 pm) and
magnified images in PC12 cells after L-lactate treatment (right, scale
bars, 50 um). J PI and NB staining in primary neuronal cultures for
control (left, scale bars, 200 um), L-lactate-treated (4 mM) (middle,
scale bars, 200 pm), magnified L-lactate-treated (right, scale bars, 50
um). K, L Representative flow cytometry charts for primary neuronal
toxicity PI assay, for baseline control (K) and L-lactate (4 mM) (L).
M Summary data for L-lactate-induced excitotoxicity in primary
neuronal cultures from flow cytometry. N L-lactate increases cytoso-
lic Ca*" in primary neuronal cultures; control (left, scale bars, 200
pm), magnified control (middle left, scale bars, 50 pm) for L-lactate-
treated (4 mM) (middle right, scale bars, 200 pm) and magnified L-
lactate-treated primary neuronal cultures (right, scale bars, 50 pum).
O L-lactate increases cytosolic ROS in primary neuronal cultures;
control (left, scale bars, 200 um), magnified control (middle left, scale
bars, 50 pm), L-lactate-treated (4 mM) (middle right, scale bars, 200
pm) and magnified L-lactate-treated primary neuronal cultures (right,
scale bars, 50 pm). P Quantified cytosolic Ca>* fluorescence intensity
is significantly increased (*P < 0.05, unpaired #-test) in L-lactate-
treated (4 mM) neurons compared to control (0 mM). Q Quantified
ROS fluorescence intensity is significantly increased (*P < 0.05,
unpaired #-test) in L-lactate-treated (4 mM) neurons compared to
control (0 mM).

screened primary neuronal cultures for L-lactate-induced
alterations in cytosolic Ca®" and ROS using real-time
imaging (Fig. IN-O) and quantified the relative fluores-
cence intensity with ImageJ (NIH) (Fig. 1P-Q). L-lactate
(4 mM) significantly increased both cytosolic Ca*" and
ROS compared to vehicle control.

Given the finding that L-lactate increased neuronal
cytosolic Ca’* and ROS, we next determined whether
there were any L-lactate induced alterations in gene
expression related to Ca>" or ROS signaling. We found
significant changes in C-fos (Fig. 2A), a marker for
neuronal activity, as well as the early growth response 1
(Egrl) gene (Fig. 2B), a Ca®" -dependent marker for
neuronal activity and synapse-dependent processes. Fur-
thermore, the endoplasmic reticulum (ER) stress biomark-
ers, DNA damage inducible transcript 3 (Chop) and
binding immunoglobulin protein (Grp78) as well as ER-
Ca”"-dependent ATP pumps (Atp2a2 and Atp2a3) and the
primarily brain ER-Ca®" release ryanodine 3 (Ryr3) ion
channel were significantly altered in response to L-lactate
(Fig. 2). Regarding L-lactate increases in neuronal cytoso-
lic ROS, neuronal NOS (Nosl) was also significantly
upregulated (Fig. 2E). Our group had previously reported
the SCFA acetate (6 mM) significantly increases tumor
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necrosis factor alpha (Tnf-o) in dopaminergic-like PC12
cells [16] and anticipated a similar effect with L-lactate (4
mM). Contrary to this hypothesis, L-lactate downregulated
Tnf-o, suggesting a possible mechanism in the reduction of
neuroinflammation, the extent of which is yet to be
determined. Interestingly, we found significant upregula-
tion of the vesicular monoamine transporter (Vmat2) in
response to L-lactate, suggesting possible modulation of
monoamines (dopamine, norepinephrine, epinephrine,
serotonin, and histamine) which may be relevant to certain
neurodegenerative diseases.

In perspective, we investigated the effects of elevated
and sustained L-lactate on many aspects of the cellular
pathologies (Fig. 2K) associated with several neurodegen-
erative diseases. Like any signaling molecule (e.g., gluta-
mate, GABA, dopamine, and glucose) too much or too
little can result in severe cognitive impairment and health
effects. Excess glutamate results in excitotoxicity, while
uncontrolled diabetes and fluctuations in glucose levels
contribute to severe cognitive impairment. We believe time
and concentration are important aspects to keep in mind
when investigating the impact of signaling molecules on
neuronal and brain function. In this case and preparation,
we linked what is seen clinically in several neurodegen-
erative disorders regarding elevated L-lactate concentra-
tions with neurotoxicity and associated cellular
pathologies.

We cannot however ignore the beneficial aspects of L-
lactate as a signaling molecule and an energy source.
Exercise increases circulating L-lactate levels and is
prescribed for reducing the progression of many neurode-
generative diseases and age-related cognitive decline.
Exercise induction of brain-derived neurotropic factor is
thought to play a critical role in this rescue [17].
Furthermore, exercise-induced increases in monocarboxy-
late transporters (transporters of SCFAs and L-lactate) may
play a critical role in the sequestration and utilization of L-
lactate and thus maintain homeostatic circulating levels.
This in turn may mitigate or reverse neurodegenerative
disease progression. Conversely, impaired monocarboxy-
late transporters in ALS [18] has been reported whereby
oligodendroglia are starved for energy (L-lactate and
pyruvate), but we also speculate that this impaired transport
of L-lactate may contribute to a vicious cycle of excitotoxic
buildup of L-lactate. Similarly, mitochondrial dysfunction
in neuropathological disease progression may precipitate
excess L-lactate, further exacerbating neurodegenerative
processes through excitatory signaling mechanisms.

In summary, we have demonstrated that primary neu-
ronal cell cultures exposed to pathophysiological concen-
trations of L-lactate display many of the cellular
pathologies associated with neurodegenerative disease.
While portions of this information have been reported to
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Fig. 2 L-lactate (4 mM) increases expression of early response genes
and activates the unfolded protein response in primary neuronal
cultures (n = 4 wells per treatment). A C-fos gene expression is
significantly upregulated (***P < 0.001) after L-lactate treatment (4
mM, 1 h) and significantly downregulated (#H#P < 0.001) after
L-lactate treatment (4 mM, 4 h) compared to control [one-way
ANOVA with Bonferroni post hoc analysis (F(,9) = 191)]. B Early
growth response 1 (Egrl) gene expression is significantly upregulated
(***P < 0.001) after L-lactate treatment (4 mM, 1 h) compared to
control [one-way ANOVA with Bonferroni post hoc analysis (F(, 9, =
16.86)]. C DNA damage-inducible transcript 3 (Chop) gene expres-
sion is significantly downregulated (#HP < 0.001) after L-lactate
treatment (4 mM, 4 h) compared to control [one-way ANOVA with
Bonferroni post hoc analysis (F(3 9, = 29.5)]. D Binding immunoglob-
ulin protein (Grp78) gene expression is significantly upregulated
(*P < 0.05) after L-lactate treatment (4 mM, 4 h) compared to control
[one-way ANOVA with Bonferroni post hoc analysis (F9) = 4.56)].
E Nitric oxide synthase 1 (Nosl) is significantly upregulated (¥**P <
0.001) 1 h post L-lactate treatment (4 mM) compared to control [one-
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way ANOVA with Bonferroni post hoc analysis (Fp9) = 31.22)].
F The SERCA-ATP pump, Atp2a?2 is significantly upregulated (*P <
0.05) 1 h post L-lactate treatment (4 mM) compared to control [one-
way ANOVA with Bonferroni post hoc analysis (Fp9) = 5.25)].
G SERCA-ATP, Atp2a3 is significantly upregulated (*P < 0.05) at 1
h post L-lactate treatment (4 mM) compared to control [one-way
ANOVA with Bonferroni post hoc analysis (F(29) = 7.73)]. H Ryan-
odine receptor 3 (Ryr3) is significantly upregulated (**P < 0.01) at 4
h post L-lactate treatment (4 mM) compared to control [one-way
ANOVA with Bonferroni post hoc analysis (Fp9) = 18.36)]. I L-
lactate significantly increased Vmat2 mRNA expression (¥**P <
0.001) 1 h post lactate treatment compared to control [one-way
ANOVA with Bonferroni post hoc analysis (F29) = 25.89)]. J L-
lactate significantly downregulated mRNA expression of the pro-
inflammatory cytokine Tnf-oo (**P < 0.01) at 1 h post L-lactate
treatment compared to control [one-way ANOVA with Bonferroni
post hoc analysis (F(29) = 15.94)]. K Hypothetical model for L-
lactate-induced neurodegeneration-like cellular pathology.

@ Springer



384

Neurosci. Bull. March, 2021, 37(3):380-384

a certain degree, the direct connection of L-lactate-specific
pathologies to neurodegenerative disease had yet to be
made. Here we showed that elevated L-lactate increased
the subsequent: neuronal toxicity, cytosolic Ca>*, cytosolic
ROS, and the mRNA expression of Egrl, C-fos, Grp78,
Vmat2, Atp2a2, Atp2a3, and Ryr3, as well as downregu-
lation of Chop and Tnf-o. Future studies will aim to
translate the cellular mechanisms to in vivo mechanisms,
coupled with behavioral models. This would include either
intracerebral ventricular infusion of L-lactate to discern
global brain effects or site-specific brain delivery (e.g.,
hippocampus infusion coupled with learning-memory
tasks; and primary motor cortex, brainstem, and spinal
cord infusion coupled with rotarod tasks). These studies
would examine any L-lactate induced behavioral pathology
associated with a certain neurodegenerative disease. Trans-
latability studies to humans would include interventions
aimed at normalizing L-lactate, among which exercise is
one. Increasing L-lactate metabolism/sequestration or
buffering pH may also prove beneficial. As some have
suggested, reducing and/or regulating brain lactate levels in
ischemia reperfusion injury and traumatic brain injury may
promote neuronal survival and favorable outcomes [10, 11]
and the same may be true regarding neurodegenerative
diseases.
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