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Exercise improves cognitive dysfunction il

and neuroinflammation in mice
through Histone H3 lactylation in microglia
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Abstract

Background Exercise is postulated to be a promising non-pharmacological intervention for the improvement
of neurodegenerative disease pathology. However, the mechanism of beneficial effects of exercise on the brain
remains to be further explored. In this study, we investigated the effect of an exercise-induced metabolite, lactate,
on the microglia phenotype and its association with learning and memory.

Results Microglia were hyperactivated in the brains of AlCl;/D-gal-treated mice, which was associated with cognitive
decline. Running exercise ameliorated the hyperactivation and increased the anti-inflammatory/reparative phenotype
of microglia and improved cognition. Mice were injected intraperitoneally with sodium lactate (NaLA) had similar
beneficial effects as that of exercise training. Exogenous NaLA addition to cultured BV2 cells promoted their transition
from a pro-inflammatory to a reparative phenotype.

Conclusion The elevated lactate acted as an “accelerator” of the endogenous “lactate timer”in microglia promoting
this transition of microglia polarization balance through lactylation. These findings demonstrate that exercise-induced
lactate accelerates the phenotypic transition of microglia, which plays a key role in reducing neuroinflammation

and improving cognitive function.
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Introduction

Dementia is a progressive neurodegenerative disease
that causes cognitive impairment in older people. Alz-
heimer’s disease (AD) is one of the most common forms
of dementia characterized by the extracellular deposition
of amyloid B (AP) and intracellular aggregation of hyper-
phosphorylated tau, as well as microglia-mediated neu-
roinflammation [1-3]. Examination of the mechanisms
of the microglia inflammatory response in AD and other
neurodegenerative diseases may offer new intervention
strategies.

Microglia play an integral role in central nervous sys-
tem (CNS) tissue maintenance, injury response, and
pathogen defense. Microglia serve as resident mac-
rophage which dynamically survey the brain environ-
ment. They become activated in response to A peptides,
neurotoxin and proinflammatory mediators during the
progression of AD [4—6]. Activated microglia exhibit
abnormal morphology and proliferation and release
inflammatory and bioactive molecules, which may dam-
age neurons and exacerbate AD progression [7]. Micro-
glia exist in different states including anti-inflammatory/
reparative or pro-inflammatory, the reparative micro-
glia express cytokines and receptors that inhibit inflam-
mation and restore homeostasis [8, 9]. However, recent
studies on microglia have shown that they are highly
plastic, for example, the same microglia cell may exhibit
both anti-inflammatory and pro-inflammatory markers
[10, 11]. Thus, directing microglia cells towards a repara-
tive phenotype may be a promising strategy to modulate
AD progression.

Physical exercise is associated with neuronal protection
and anti-aging and is recommended as a preventive and
therapeutic non-drug strategy for patients with neurode-
generative diseases [12—14]. Exercise may modulate the
activation state of microglia to prevent neuroinflamma-
tion in the CNS [15]. However, the mechanism remains
unknown. Recent studies have suggested that exercise
induces elevated levels of several cytokines, humoral
factors, and metabolites that benefit the CNS in a parac-
rine or endocrine manner [16-22]. For example, blood
from exercised mice can promote adult hippocampal
neurogenesis, reduce neuroinflammation and improve
cognitive performance in the sedentary mice [23, 24].
This indicates that there may be some neuroprotective
exercise-induced factors in the circulation involved in
the regulation of the physiological function of microglia,
which is worth further elaboration.

Lactate is a major product of exercise and is trans-
ported by blood to various tissues throughout the body
[25-27]. It’s transported by the lactate transporters
(MCTs) across the blood—brain barrier (BBB) to mul-
tiple brain regions including the hippocampus [28, 29].
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High-intensity interval exercise training induces the
upregulation of vascular endothelial growth factor A
(VEGFA) in the brain through lactate receptor (HCAR1)
and promotes angiogenesis [30]. Voluntary exercise
induces lactate accumulation in the hippocampus, where
it promotes learning and memory formation by induc-
ing brain-derived neurotrophic factor (BDNF) expres-
sion through SIRT1-dependent induction of the PGCla/
ENDCS5 pathway [31]. These studies break the traditional
view that lactate is a waste product of glycolysis and indi-
cate that lactate may play an important role as a signal-
ing molecule in the CNS. Several studies have examined
the role of lactate as a signaling molecule involved in the
regulation of the physiological function of astrocytes
and neurons [30, 32—37]. Deeper look into the effect and
mechanism of exercise-induced lactate on specific cells
types in the brain in neurodegenerative disease progres-
sion is still required.

Metabolites can induce post-translational modifica-
tions of histones and regulate gene transcription and
expression by altering chromatin structure, including
lactate-induced lactylation (Kla) [38]. Recently, a novel
theory called the “lactate timer” has been proposed,
this theory demonstrated that elevated levels of lactate
in inflammatory stimulated macrophages directly acts
on Histone H3s, H3K18la-specific genes were enriched
in steady state and repairing gene promoter to promote
the expression of homeostatic genes involved in the pro-
cess of damage repair. Enrichment of Kla and increased
expression of the Arginase 1 (Argl, a marker of repara-
tive phenotype) in macrophages was observed when
treated with exogenous lactate [39]. Therefore, lactate act
as a “timer” in the progress of phenotype transition from
pro-inflammatory to anti-inflammatory/reparative. Since
microglia are also phagocytic cells it is possible that the
elevated lactate levels induced by exercise may act as an
accelerator of a “lactate timer” in microglia through regu-
lation of epigenetic modifications, and thus induce the
reparative phenotype transition of microglia in AD.

D-galactose (D-gal) is a senescence agent, while
aluminium is a known neurotoxin linked to patho-
genesis of AD. There is ample evidence that D-gal/
aluminum chloride (D-gal/AICl;) combined treatment
can induce AD-like symptoms, including cognitive and
memory impairments, overexpression of amyloido-
genic proteins, oxidative damage, microglia activation
and neuroinflammation [40—-44]. In addition, aging is
one of the risk factors of neurodegenerative diseases
[45, 46]. In this study, We have established D-gal and
AlCl;-induced AD-like mouse model and aging mouse
models of different ages, and demonstrate that an exer-
cise-induced elevation in lactate in the brain of mice
acts as an endogenous accelerator of the “lactate timer”
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in brain microglia. We show that exercise amplifies the
transition of microglia from a damaging to a reparative
phenotype through Kla of microglia Histones H3 and
that this improves neurological and cognitive function
in mouse models. Finally, we demonstrate that lactate
addition to cultured BV2 microglia cells accelerates
this transition.
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Results

Exercise improves cognitive function of AICl;/D-gal-treated
mice and aging mice

To investigate the effect of exercise on the cognitive
function of mice, we prepared AD-like model mice
using D-gal and AICl, for in vivo studies and combined
this with moderate-intensity treadmill running exercise
intervention (Fig. 1A). After exercise training, the Mor-
ris water maze test was used to evaluate the cognitive
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100
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Fig. 1 Exercise improves cognitive function and reverses hippocampal neuron loss in AlCl;/D-gal-treated mice. A Flow chart for the experimental
design. B The escape latency of mice to the platform during the acquisition phase (n=12 per group). C Representative track images of each
group mice in day 6 probe trial test. D Time spent in the target quadrant (%) within 60 s of mice in the probe trial (=12 per group). E The mean
swimming speed of each group mice in day 6 probe trial test (n=12 per group). F Representative images of HE staining in various brain regions
(magnification 400 x). G Representative images of Niss| staining in various brain regions (magnification 400 x). H The number of living neurons

of hippocampus and prefrontal cortex in mice (n=6 per group). Data are means + SEM. *p <0.05, **p <0.01 vs. Control group; *p < 0.05 in vs. Model
group in B. *p < 0.05, **p <0.01, ns-not significant in D, E and H. Statistical analysis was performed using two-way (B) and or one-way (D, E, H)

ANOVA, followed by Tukey’s multiple comparisons test
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function of mice. Learning and memory ability was
significant attenuated in AIlCl;/D-gal-treated mice
(Model) compared to control (Control) as indicated by
longer escape latency and decreased target quadrant
occupation. In contrast, learning and memory ability
was markedly improved in AICl;/D-gal-treated mice
after exercise training (Model+Exe) (Fig. 1B-D). No
significant difference in the swimming speed in Mor-
ris water maze test was observed among all groups
indicating that time spent in escape latency was not
effected by differences in swimming speed between
groups (Fig. 1E). We investigated the morphology and
numbers of neurons using HE and Nissl staining. In the
Control mice, cells in the hippocampal region showed
an orderly arrangement with no apparent abnormalities
in cellular morphology. Nissl bodies were clearly visible
and evenly distributed in the cytoplasm. In contrast,
neuronal loss and neurodegeneration was observed in
the hippocampus and cortex of Model mice. Exercise
training appeared to attenuate this in Model + Exe mice
(Fig. 1F-H).

Since aging is a common contributor to development
of AD, we evaluated the cognitive function and the effect
of exercise in young and aged mice. Mice of different
age (4, 15 and 20 months) were used as representative
of young, middle aged and old. Considering the differ-
ence in running ability between young and old mice, the
maximum running speed test was recorded each week
before the weekly running exercise training, and 70% of
the average maximum running speed of each group was
used as their weekly running speed [47, 48]. As expected,
maximal running speed increased rapidly in the first few
weeks, stabilized in the following weeks, demonstrating
that older mice have slightly lower maximum running
speed than younger mice (Fig. S1). Learning and memory
function was then assessed by Morris water maze. We
observed that 20-month-old mice exhibited a decrease
learning and memory abilities compared to 4-month-old
mice. Exercise training significantly improved the escape
latency in 4-month-old, 15-month-old and 20-month-
old mice (Fig. 2A-B) and had no effect on swimming
speed (Fig. 2C). But the time spent in the target quad-
rant within 60 s did not differ significantly between the
groups of mice in the probe test, most likely due to the
small number (data not shown). These results indicate
that learning and memory abilities may reduce with age
and the improvement of these by exercise training may
be more effective in both young and old mice. Increasing
age of the mice resulted in neurodegeneration and neu-
ronal loss in the hippocampal and in the prefrontal cortex
area of 15-month-old and 20-month-old mice compared
to 4-month-old mice. In contrast, after 8 weeks of run-
ning exercise training the abnormal morphology and loss
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of hippocampal neurons was attenuated in these mice
(Fig. 2D-E).

Exercise increases the reparative microglia in AlCl;/
D-gal-treated mice

Microglia play an important role in AD development and
reparative microglia may promote neuroprotection in
AD [49, 50]. Ibal, a microglia marker, was increased in
the hippocampus and cortex regions of AD mice (Model)
compared to control (Control). Compared with the mice
in the Model group, the Model 4+ Exe group mice showed
reduced ibal expression in the hippocampal CA1 region
and cortex (Fig. 3A-B). Expression of Argl, a marker of
reparative microglia, and co-localization of ibal with
Argl was then performed [51, 52]. Argl expression was
unaltered between Control and Model mice but was
increased in Model + Exe mice compared to Model mice.
Furthermore, there was no difference in the number
of Argl-positive microglia between Control mice and
Model mice. In contrast, the number of Argl-positive
microglia was increased in Model+Exe mice compared
to Model mice (Fig. 3C-D). These data indicate that exer-
cise training increased reparative microglia in AD-like
mice.

Exercise induces Histone H3 lactylation in the brain

of AICI;/D-gal-treated mice and aging mice

Lactate is a major product of exercise and is trans-
ported by blood to various tissues throughout the body
[53, 54]. In addition, lactate levels are elevated post run-
ning exercise [26]. We confirmed that lactate levels were
increased in both plasma and brain of mice subjected to
exercise training (Fig. S2A-B). Lactate serves not only
as an energy source for brain cells but also as a signal-
ing molecule through lactylation [31, 55, 56]. Therefore,
we analyzed lactylation and Histone H3 Kla in the brain
of AICI;/D-gal-treated mice and aging mice. Brain lacty-
lation and Histone H3 Kla was increased in Model mice
compared to Control mice and was further elevated after
running exercise in Model+Exe mice (Fig. 3E-G). In
addition, brain Histone H3 Kla was increased by exer-
cise not only in young but in all ages of mice (Fig. S3A-
B). This indicated exercise induces Histone H3 Kla in the
brain of AD and in the brain of aging mice.

Sodium lactate injection improves cognitive function

in AlCl;/D-gal-treated mice

To demonstrate whether the cognitive function improve-
ment after exercise in mice was mediated by lactate,
exogenous sodium lactate (NaLA) was intraperitoneally
injected into the AICl;/D-gal-treated mice for up to
8 weeks and cognitive function examined using Mor-
ris water maze analysis (Fig. 4A). Plasma and brain
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Fig. 2 Exercise improves cognitive function and reverses hippocampal neuron loss in aging mice. A The escape latency of mice to the platform
during the acquisition phase. (n=8-10 per group). B Representative track images of each group mice in day 6 probe trial test. C The mean
swimming speed of each group mice in day 6 probe trial test (1=8-10 per group). D Representative images of HE staining in various brain regions
(magnification 400 x). E Representative images of Nissl staining in various brain regions (magnification 400 x). F The number of living neurons
of hippocampus and prefrontal cortex in mice (n=6 per group). Data are means +SD. *p < 0.05, #p <0.01, *p <0.001 vs. 4 Mon group; *p < 0.05,
**p<0.01invs. 15 Mon group; *p <0.05, **p <0.01 in vs. 20 Mon group in A and F; ns-not significant in C. Statistical analysis was performed using
two-way (A) and or one-way (C, F) ANOVA, followed by Tukey's multiple comparisons test
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Fig. 3 Running exercise modulates microglia polarization phenotype in AlCl;/D-gal-treated mice. A Representative images of Iba1 staining

in various brain regions (magnification 400 x). B Quantification of area covered by Iba1* cells per image (n=6 per group). C Double
immunofluorescent staining of Arg1 (green) and Iba1 (red) of mice in each group (magnification 400 x), arrows indicate Arg 1* Iba 1* cells.

D Quantification of Arg1 Fluorescence intensity (normalized to Control group) and number of Iba1*Arg1™* cells (n=>5 per group). E Double
immunofluorescent staining of ibal (green) and Pan-Kla (red) of mice in each group (magnification 400 x). F Double immunofluorescent staining
of Iba1 (green) and H3K18la (red) of mice in each group (magnification 400 %, arrows indicate H3K18la* Iba1* cells). G Quantification of area
covered by H3K18la* per image (n=6 per group) and the ratio of H3K18la* Iba1* cells/Iba1* cells (=5 per group). Data are means + SEM. *p < 0.05,
**p<0.01, ns-not significant in B, D and G. Statistical analysis was performed using one-way ANOVA, followed by Tukey’s multiple comparisons test

lactate levels were significantly increased in Model mice
after sodium lactate treatment (Fig. S2C-D). Learn-
ing and memory ability was significantly improved in
Model+ NaLA mice compared to Model mice and was
restored to Control values (Fig. 4B-D). NaLA injection
treatment did not affect the swimming speed of mice dur-
ing the Morris water maze text (Fig. 4E). HE staining and
Nissl staining indicated that exogenous lactate reversed
neuronal loss and neurodegeneration in Model+NaLA
mice compared to Model mice (Fig. 4F-H), suggesting

that exogenous lactate treatment can have beneficial
effects similar to exercise in mice.

Lactate treatment induces Histone H3 lactylation

and promotes expression of the reparative phenotype

of microglia in AICl;/D-gal-treated mice

During aging and AD progression, the transition of oxi-
dative phosphorylation (OXPHOS) to glycolysis in the
activation of microglia accompanies an increase in lactate
levels in the brain [57, 58], which may turn on the “lactate



Han et al. Immunity & Ageing (2023) 20:63

e
S
8 weeks
D-gal (200 mg/kg/day, i.p.) Sodium lactate
+AICl; (120 mg/kg/day, i.g.) (2 g/kg, 5 days/week)
B -e— Control
504 .
- —-o— Model
1”; 40 . o~ Model+NaLA
[9)
& 30
E *
Q 20+
®
8 104
L
0 T T T T T
1 2 3 4 5
Acquisition days

Control |

Model |

8
D 'E 80— E 18_ ns ns H

o * * » o

£ 2

£l 5 16-

3 3

& 2 .

S 0 144 o

£ g

= £ 12

c

2 &

2 10-

£ S & ¥ > & ¥

F &8 & @
[ex W~ 2@xe OOQ @ Q}xé

K @06

Control

]
°
s}
=

Model+NaLA

Model

Page 7 of 17

3
z
¥
©
e}
o
=
ns ns
. 400+ Control ¢
2 ¢ Model
< 300+ Model+NaLA
2
>
@
R
€
=3
Q
°
©
[$)

DG

Cortex

Fig.4 Sodium lactate injection improves cognitive function and reverses hippocampal neuron loss in AlCl;/D-gal-treated mice. A Flow chart

for the experimental design. B The escape latency of mice to the platform during the acquisition phase. (n=12 per group). C Representative track
images of each group mice in day 6 probe trial test. D Time spent in the target quadrant (%) within 60 s of mice in the probe trial (=12 per group).
E The mean swimming speed of each group mice in day 6 probe trial test (n=12 per group). F Representative images of HE staining in various

brain regions (magnification 400 ). G Representative images of Nissl staining in various brain regions (magnification 400 x). H The number of living
neurons of hippocampus and prefrontal cortex in mice (n=6 per group). Data are means + SEM. *p <0.05, **p <0.01 vs. Control group; *p < 0.05 in vs.
Model group in B. *p <0.05, ns-not significant in D, E and H. Statistical analysis was performed using two-way (B) and or one-way (D, E, H) ANOVA,

followed by Tukey’s multiple comparisons test

timer” in microglia to maintain a homeostatic environ-
ment. We speculate that the increased Kla observed in
AICl,/D-gal-treated mice and aging mice may be due to
an endogenous feedback regulatory mechanism against
the nerve damage and AP deposition. However, this
endogenous feedback regulatory mechanism was not
sufficient to elevate Histone H3 Kla to a level that would
promote generation of reparative microglia nor reverse
existing neuronal damage in our AD mice. Given that the

level of Histone H3 Kla was elevated in AD-like mice and
exercise-trained mice (Fig. 3E-G, Fig. S3A-B), it is possi-
ble that lactate may serve as a contributor to improved
cognitive function and reparative microglia phenotype
in mice and that the exercise-induced increase in lactate
may act as an ‘accelerator’ of the ‘lactate timer’ to amplify
the reparative effect of microglia.

We thus examined the impact of exogenous lactate
treatment on the exacerbated microglia activation in
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AICl;/D-gal-treated mice. The results show that sodium
lactate treatment reverses increased microglial activa-
tion in Model mice (Fig. 5A-B). In addition, sodium lac-
tate treatment significantly induced Argl expression in
Model+ NaLA mice compared to Model mice and thus
increased the number of reparative microglia (Fig. 5C-D).
The Kla of Histone H3 in microglia were then analyzed,
as expected, exogenous sodium lactate increased the
Histone H3 Kla level of microglia in AlCl;/D-gal-treated
mice (Fig. 5E-G). Taken together, these data indicate
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that lactate induced the Histone H3 Kla which promotes
expression of the reparative phenotype of microglia in
mice.

Lactate treatment inhibits pro-inflammatory and enhances
anti-inflammatory gene expression in activated BV2
microglia cells

To further understand the role of lactate-induced Kla
in promotion of the reparative microglia phenotype,
we incubated the microglia cell line BV2 with AB, 4, to
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Fig.5 Sodium lactate injection modulates microglia polarization phenotype in AlCl;/D-gal-treated mice. A Representative images of Ibal

staining in various brain regions (magnification 400 x). B Quantification of area covered by Iba1* cells per image (n=6 per group). C Double
immunofluorescent staining of Arg1 (green) and Iba1 (red) of mice in each group (magnification 400 x), arrows indicate Arg 1* Iba 17 cells.

D Quantification of Arg1 Fluorescence intensity (normalized to Control group) and number of Iba1*Arg1* cells (n=>5 per group). E Double
immunofluorescent staining of iba1 (green) and Pan-Kla (red) of mice in each group (magnification 400 x). F Double immunofluorescent staining
of Iba1 (green) and H3K18la (red) of mice in each group (magnification 400X, arrows indicate H3K18la* Iba1* cells). G Quantification of area
covered by H3K18la* per image (n=6 per group) and the ratio of H3K18la* Iba1* cells/Iba1* cells (=5 per group). Data are means +SEM. *p <0.05,
**p<0.01, ns-not significant in B, D and G. Statistical analysis was performed using one-way ANOVA, followed by Tukey’s multiple comparisons test
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promote activation and examined mRNA expression of
the pro-inflammatory gene IL-1B and the repair genes
Argl and VEGE. As expected, expression of IL-1p gene
increased sharply at the initial stage of AP;,, inflam-
matory stimulation, and then gradually decreased over
time. In addition, we observed that Argl and VEGF
were increased in the late stage of BV2 activation,
which indicated that microglia gradually shifted to a
repair phenotype after activation (Fig. 6A-C). However,
the spontaneously feedback activation of repair genes
was mild especially at the early stage after stimulation,
thereby not able to alter the pro-inflammatory state of
the microglia. Addition of NaLA to Ap,,,-stimulated
cultures reduced IL-1B expression at all time points
tested. Meanwhile, Argl and VEGF expressions were sig-
nificantly increased in AP, ,,-stimulated BV2 cells after
treatment with sodium lactate for 6 h and at various time
points thereafter compared with untreated cells (Fig. 6A-
C). Similarly, we stimulated BV2 cells with LPS for 24 h
to promote activation, and added NaLA to the medium
for 24 h. We observed that the mRNA expression of Argl
and VEGF was also significantly increased in LPS-stimu-
lated BV2 cells after the addition of NaLA (Fig. S4A-B).
These results may imply that sodium lactate accelerated
the transition of activated BV2 cells to an anti-inflamma-
tory/reparative phenotype.

We hypothesized that the changes in gene expres-
sion levels observed in AP, ,,/LPS-stimulated BV2 cells
depended on microglia plasticity, and lactate-induced
Kla play an important role in mediating the shift of acti-
vated BV2 cells towards an anti-inflammatory/reparative
phenotype. As expected, under the stimulation of Ap;_4,,
BV2 cells secrete more lactic acid (Fig. 6D). Consistent
with this, we observed that Histone H3 Kla levels gradu-
ally increased over time in Af;_4,-stimulated BV2 cells by
western bolt analysis using Pan Kla antibody. After add-
ing sodium lactate to AP, 4,-treated BV2 cells, the Kla
level of BV2 cells was significantly increased compared
with cells treated with AP, 4, (Fig. 6E-G). Furthermore,
a similar phenomenon was observed in LPS-stimulated
BV2 (Fig. S4C-D). According to reports, the acetyltrans-
ferase p300 has been implicated in the histone Kla [39,
59, 60]. We knocked down p300 with siRNA (Fig. 6H-])
and observed that the p300 knocking down reversed the
Kla induced by A, ,, and sodium lactate (Fig. 6K). Fur-
ther, it was observed that that the induction of the Argl
and VEGF expression by sodium lactate was dampened
when p300 was knocked down in these cells (Fig. 6L-M).
The above experiments show that, mediated by p300, lac-
tate-induced Kla induces the expression of anti-inflam-
matory/repair genes in BV2 cells.

In conclusion, our results indicate that exogenous lac-
tate treatment promotes transition of pro-inflammatory
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microglia to anti-inflammatory/reparative phenotype.
Exercise training or lactate injection may function as an
“accelerator” for the endogenous “lactate timer” of micro-
glia, to improve cognitive function by regulating the anti-
inflammatory/pro-inflammatory balance of microglia in
the process of AD (Fig. 7).

Discussion

Lifestyle changes including increased physical activity
is an effective strategy for delaying the progression of
neurodegenerative disease [61, 62]. Several studies have
proposed a possible link between exercise training and
cognitive improvement [15, 63, 64]. We trained mice to
run at increasing speed over 8 weeks which represents a
typical in vivo model of physical activity [30, 65—68]. The
principal findings of our study are 1. Exercise training
improves cognitive function in AlCl;/D-gal-treated mice
and aging mice by reducing neuronal loss and neuroin-
flammation, and 2. Elevated levels of lactate in the brain
attenuate this neuroinflammation by acting as an “accel-
erator” for the “lactate timer” in microglia by promoting
transition to a reparative phenotype through Histone H3
Kla. Our results provide an extension to the beneficial
effects of exercise training beyond strengthening skel-
etal muscle, and further confirm that exercise training
improves cognitive function and reverses neuronal loss in
the brain of AD-like mice.

Previous studies have demonstrated that exercise
increases metabolic factors and muscle-derived cytokines
that help prevent AD risk and progression [12]. Lactate
is a major exercise-induced products [69, 70]. We identi-
fied lactate as a novel endogenous metabolite that links
exercise and cognition improvement. We observed that
post-exercise training of mice exhibited increased levels
of lactate in the brain and plasma and this accompanied
improvement in cognition. In addition, when AD-like
mice were injected with exogenous lactate the concentra-
tion of circulating lactate levels were elevated to similar
levels observed after exercise training and this accompa-
nied improvement in cognition. Thus, exogenous lactate
improves the cognitive function of mice similar to that of
exercise training and confirms a crucial role of lactate in
exercise-induced cognition improvement.

Although elevated lactate is observed in the brain after
exercise training it is currently unknown how exercise
training promotes an increase in lactate levels in this
organ. In skeletal muscle cells ATP is mainly generated
from glucose to fuel glycolysis during vigorous exercise.
Lactate, as product of glycolysis, is then transported
through the circulation and entered into the brain blood
brain barrier transporters belonging to the monocar-
boxylate carrier (MCT) family [28, 71, 72]. Studies of
whole-brain metabolic activity during exercise revealed
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Fig. 6 Lactate regulates BV2 cell phenotype through lactylation. A-C Expression of IL-13 (A), Arg1 (B), and VEGF (C) at different time points in BV2
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of Pan-Kla immunofluorescence staining. (H-) Representative western blot and western blot analysis of p300 in BV2 cells (n=3 per group). J The
mMRNA expression of p300 (n=3 per group). K Representative images of Pan Kla western bolts in BV2 cells transfected with con siRNA or p300 si
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progressive increases in brain lactate uptake and metabo-
lism as workload and plasma lactate levels increase [73,
74]. However, the brain itself may generate lactate. Brain
lactate release is approximately 0.05 mmol-min~"! at rest
and doubles during exercise [75, 76], The lactate released
from the brain is primarily from astrocytes and serves as
fuel for neighboring cells [77-79]. Although our study
did not identify the source of the elevated brain lactate
during exercise training we confirmed that exercise train-
ing elevated brain lactate levels. Further studies on the
source of exercise-induced brain lactate are warranted.
Other studies have attributed the beneficial effects of
exercise to lactate. For example, lactate partially medi-
ates the effect of physical exercise on neurogenesis in a
MCT2-dependent manner [80]. Subcutaneous injec-
tion of lactate lead to an increase in blood lactate levels
similar to exercise and increases brain VEGF protein
[30]. These studies provide a preliminary link between
exercise, lactate, and cognitive function. Although stud-
ies demonstrated an important role of lactate in physi-
ological function in neurons and astrocytes, there has
been little empirical investigation on microglia. Over the
past thirty years, microglia are traditionally described as
two states, resting and activated [81]. The reactive glio-
sis observed in AD histopathology reflects an abnormal
morphology and proliferation of microglia [82]. Once
overactivated microglia release a wide range of inflam-
matory and bioactive molecules which impose negative

impacts on neurons [7]. Extensive activation of micro-
glia was detected in our AD mice and may contribute to
the observed cognitive impairment. It is now recognized
that the activated microglia can broadly exist in two dis-
tinct states [83]. One is classical activation typified by
the production of pro-inflammatory cytokines and reac-
tive oxygen species (ROS) while the other is alternative
activation in which microglia take on an anti-inflamma-
tory/reparative phenotype involved in wound repair and
debris clearance [84]. These two states in the activated
microglia is constantly changing and reaching a balance
in the brain environment. In AD patients, the alterna-
tive activation of microglia appears to be inhibited favor-
ing classical activation [85]. This may be the reason why,
despite the massive activation of microglia in our AD-like
mice, the number of anti-inflammatory/reparative micro-
glia did not increase. However, both running training and
exogenous lactate treatment inhibited the hyperactiva-
tion of microglia in AD-like mice and increased the num-
ber of anti-inflammatory/reparative microglia. In vitro
experiments in BV2 microglia confirmed that lactate
treatment significantly increases the expression of repair
genes, indicating that lactate may promote a shift in bal-
ance from damaging to reparative microglia.

The concept of “lactate timer” was first proposed in
the study of macrophages [39]. Zhang et al. reported an
increased aerobic glycolysis leading to enhanced lac-
tate production during M1 (inflammatory) macrophage
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polarization, thereby triggering the activation of the
‘lactate timer’ mechanism. This timer induces M2 (anti-
inflammatory/reparative) gene expression at the late
stage of M1-type macrophage polarization by mediating
the Kla modification of Histone H3 lysines [39, 86]. Exog-
enous lactate was shown to induce the M2 phenotype
of macrophages and participate in neovascularization
by promoting the expression of VEGF in macrophages
[87, 88]. In addition, exogenous lactate restored homeo-
static gene expression in BCAP-deficient macrophages by
inducing Kla [89]. In pathological conditions of AD brain
glucose metabolism is altered [90]. Like macrophages,
microglia activation is accompanied by extensive tran-
scriptional changes in genes involved in glucose and lipid
metabolism, characterized by repression of oxidative
phosphorylation and activation of glycolysis [57, 91]. We
found that Histone H3 Kla was significantly increased in
AD-like mice compared to normal mice and that Histone
H3 Kla was gradually induced with age. In BV2 microglia
stimulated by AB,_,,, the expression of pro-inflammatory
gene IL-1p was decreased and the expression of repair
gene Argl and VEGF were increased temporally with
Kla. These results indicated that a “lactate timer” may
also exist in microglia as part of brain’s self-repairing
mechanism regulating the expression of repair genes to
maintain a homeostatic environment. However, this self-
repairing mechanism may be insufficient on its own to
rescue excessive microglia activation in AD. In our study,
we observed that exercise training or lactate treatment
further increased the level of lactate and the reparative
microglia in the brain of AD-like mice. However, our
research has certain limitations. Firstly, we cannot rule
out the influence of sex factors on the findings, and we
only used male mice, which limits the interpretation of
our results. Secondly, in our study, we only used BV2
cells for in vitro experiments and did not conduct experi-
ments with age-matched primary microglia to deter-
mine whether similar results could be obtained. Future
research directions may involve conducting in vitro
experiments on primary microglia derived from AD
patients or aging mice to further investigate the effects of
lactylation under these specific physiological conditions.

In summary, these findings suggest that exercise-
induced lactate levels in the brain may act as an “accel-
erator” for the “lactate timer” of microglia amplifying a
reparative microglia transition through lactate modifica-
tion to maintain brain homeostasis.

Methods

Animals

In this study, D-gal/AlCl;-induced AD-like mice and
mice of different ages were used to study. All mice were
purchased from Skbex Biotechnology Co., Ltd. [SCXK
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(Yu) 2020-0005]. The mice were housed in a room with
suitable temperature and maintained on a 12 h day/
night cycle. For AD-like mice, the 5-6-week-old male
C57BL/6 ] mice (n=90) were randomly assigned into
four groups and treated daily for eight weeks as fol-
lows; One group of mice (Control, #=30) served as the
control (Control) and saline was administered either
orally and through intra-peritoneal injection (i.p). The
other three groups of mice were injected i.p with D-gal
200 mg/kg body weight and orally administered AICl,
100 mg/kg body weight for 8 weeks to promote AD
model development [92, 93]. After 8 weeks, these mice
were divided as follows: untreated (Model, n=20), run-
ning exercise training (Model+Exe, n=20) and ip.
sodium lactate injection (Model+NaLA, n=20). Mice
were regularly observed weekly and body weight changes
were recorded. For the mice of different ages, three dif-
ferent age groups (young, 4 months, n=20; middle-aged,
15 months, #=20; and old, 20 months, n=20), were used
for the study. Mice were paired for normal activity or
running training for each age group (4 Mon/4 Mon-Exe,
15 Mon/ 15 Mon-Exe, 20 Mon/ 20 Mon-Exe). This study
is reported in accordance with ARRIVE guidelines. All
animal experimental procedures were approved by the
Ethics Committee for the Use of Experimental Animals
of Jilin University [SYXK (Ji) 2018—0001].

Exercise training protocol

Exercise training was performed on a mouse treadmill
(Taimeng, Chengdu, China). For AICl;/D-gal-treated
mice three days of treadmill adaptive training was carried
out. Specifically, the treadmill was set at an incline of 0°
for all activities, running training was a speed of 8 m/min
for 10 min on the first day; 12 m/min on the second day
for 10 min; and on the third day 16 m/min for 10 min.
Formal running training was started on the fourth day.
The training program was as follows: the mice first per-
formed a 10-min warm-up exercise at a running speed
of 10 m/min and then the speed was adjusted to 16 m/
min and they continued to run for 40 min. The running
speed was increased by 1 m/min every week for 8 weeks,
5 days a week, and the running training time was fixed
between 14:00—16:00. The state of the mice was regularly
observed, and body weight changes were recorded dur-
ing the running training. Considering the difference in
running ability between young and old mice, we imple-
mented special running training programs for mice of
different ages. The treadmill adaptive training was per-
formed as described above. Formal running training
was started on the fourth day. For the next 8 weeks, the
maximum running speed test was recorded each week
before the weekly running exercise training, and 70% of
the average maximum running speed of each group was
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used as their weekly running speed. The above exercise
intensity exceeds the maximal exercise intensity at which
blood lactate concentration remains constant [26, 94].
The maximum running speed test regime has been previ-
ously described [30].

Morris water maze

Morris water maze (MWM) was performed to examine
spatial learning and memory capacity. The test was per-
formed in a grey circular pool (diameter 150 cm) divided
into four equal quadrants, the pool is filled with water
(26 °C) and has a depth of 16 cm, water was made opaque
with non-toxic white paint to prevent animals from see-
ing the platform. A camera was mounted directly above
the center of the pool, which was connected to a comput-
erized recording system that included a tracking program
(S-MART 3.0; PanLab Co., Barcelona, Spain), which was
able to track and record mice swimming path. The test
included four platform trials daily for 5 consecutive days
(acquisition phase), followed by a probe trial test on the
sixth day. During the acquisition phase, the mice were
placed into a water pool in a quadrant with a non-placed
platform and allowed to find the hidden platform for 60 s.
If the mice did not find the platform within 60 s, it was
gently guided to the platform for 15 s to help it remember
the location of platform at end of each trial. This trial was
repeated four times daily until no significant improve-
ment in performance was identified. On day 6, the plat-
form was removed and each mouse was allowed to swim
freely for 60 s from the same position, opposite to the
platform location. The time spent in target quadrant and
swimming were recorded.

Lactate measurements

Lactate levels in tissues were measured using the L-lac-
tate assay kit (Cat# A019-2-1, Jiancheng, Nanjing, China)
according to the manufacturer’s protocol. Lactate levels
in murine tail vein blood were determined using a blood
lactate analyzer (Vivachek, Hangzhou, China).

HE staining and Nissl staining

To evaluate neuron damage, hematoxylin and eosin (HE)
(Solarbio Science and Technology, Beijing, China) and
Nissl staining (Solarbio Science and Technology, Beijing,
China) were carried out according to the manufacturer’s
instructions. The mounted slides were then examined
and photographed using a OPLENIC professional cam-
era system (Japan). The number of Nissl-positive neurons
was counted using Image] software.

Immunofluorescent and immunohistochemical
For immunofluorescent staining, specimens were depar-
affinized and rehydrated before Immunofluorescent
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staining. Paraffin sections were blocked with goat block-
ing serum, incubated with primary antibodies (anti-Ibal,
Abcam, Cambridge, UK,1:400 dilution; anti-Argl, Ser-
vicebio, Wuhan, China 1:200 dilution; anti-Pan Kla, PTM
BIO, Hangzhou, China, 1:200 dilution; anti-H3K18la,
PTM BIO, Hangzhou, China, 1:200 dilution), incubated
with secondary antibodies (Alexa Fluor 488 conjugated
(green), Alexa Fluor 594 conjugated (red), Protein-
Tech, Wuhan, China), and then mounted on slides. The
mounted slides were examined and photographed using
an Olympus BX53 fluorescence microscope (Olympus
Corporation). The mean fluorescence intensity was meas-
ured by Image ] software, Ibal positive and Argl positive
cells were counted manually.

For immunohistochemical staining, specimens were
deparaffinized and rehydrated before immunohisto-
chemical staining, the subsequent experimental protocol
was carried out according to the instructions of the DAB
kit and the IHC kit (MXB Bio-company, Fuzhou, China).
The mounted slides were then examined and photo-
graphed using a OPLENIC professional camera sys-
tem (Japan). Microglia were identified by Ibal-positive
immunoreactivity and Ibal-positive area was quantified
using the Image]J software.

Oligomeric AB,_4,

Oligomeric AP, 4, was prepared from recombinant Af;.
1 (GL Biochem, Shanghai, China) peptide as previously
described [95]. Briefly, the AP peptide was monomer-
ized in 1 mM hexafluoroisopropanal (HFIP) (Aladdin,
Shanghai, China) and the HFIP was evaporated using
the Sterile fume hood. Oligomeric Ap was prepared by
resuspending the monomeric peptide in 5 mM dimethyl-
sulfoxide (DMSO) (Solarbio Science and Technology,
Beijing, China). The peptide was then diluted to 100 uM
in phenol red-free F12 media (Gibco, CA, USA). The
AP, _4, solution was incubated for 24 h on ice at 4 °C to
allow oligomer formation.

Cell culture

The BV2 microglia cell line was purchased from the Cell
Bank of the Chinese Academy of Science (Shanghai,
China). The BV2 cells were cultured in 1640 medium
(RPMI-1640, Gibco, CA, USA) supplied with 10% fetal
bovine serum (FBS, Clark, Richmond, VA, USA) at 37 °C
with 5% CO,. BV2 cells were pretreated with sodium
lactate solution (NaLA, 25 uM) (>99%, Sigma-Aldrich,
MO, USA) for 2 h, and then A, 4, (25 M, GL Biochem,
Shanghai, China) was added for 2 h, 6 h, 12 h, and 24 h,
or LPS (200 mg/ml, Sigma-Aldrich, MO, USA) was added
for 24 h.
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Western blotting and immunocytochemistry
Western blotting was performed using standard meth-
ods. Collected cells were washed and lysed in RIPA lysis
buffer containing protease and phosphatase inhibitor
cocktails and phenyl-methylsulphonyl fluoride (PMSF)
(Beyotime Biotechnology, Shanghai, China). The sam-
ples were loaded per lane and separated by 12.5% SDS-
PAGE (Servicebio, Wuhan, China), and blocked with 5%
non-fat blocking grade milk. Primary antibody (anti-Pan
Kla, PTM BIO, Hangzhou, China, 1:2000 dilution; anti-
o-Tubulin, ProteinTech, Wuhan, China, 1:1000 dilution,
anti-p300, Affinity, Liyang, China, 1:2000 dilution) was
added for overnight incubation, followed by TBST wash-
ing. ECL was used for illumination and development in
a dark room after incubation of nitrocellulose mem-
brane with secondary antibody (1:8000 dilution). Protein
expression in Western blots was assessed and normalized
by densitometry using Image]J software.
Immunocytochemistry staining was performed using
standard methods. The details were described elsewhere
[96]. Briefly, the processed samples were incubated over-
night with primary antibodies (anti-Pan Kla, PTM BIO,
Hangzhou, China, 1:300 dilution). After washes in TBST,
the samples were incubated with secondary species-
specific antibodies (Alexa Fluor 594 conjugated, Protein-
Tech, Wuhan, China, 1:1000 dilution), cell nuclei were
counterstained with Hoechst 33,342 (Beyotime Biotech-
nology, Shanghai, China).

siRNA transfection

The siRNA or negative control were transfected using
Lipo2000 (Introgen, USA) by the standard protocol. For
siRNA transfection, cells were transfected at 80% con-
fluency in 6-well plates with 75 nM control siRNA (con
si) or p300-targeting siRNA (p300 si) (sense, 5- CCA
GAUGAAUUAAUCAACUTT-3’; antisense, 5- AGU
UGAUUAAUUCAUCUGGTT-3)  using  Lipo2000
transfection reagents according to the manufacturer’s
instructions. BV2 cells were seeded 14-18 h prior to
transfection, and the cell monolayer reached the desired
70 to around 80% confluence at the time of transfection.
6 h after transfection, the cells were treated with normal
training conditions (1640 medium with 10% FBS) or add
sodium AB;_4,(25 pM)/NaLA (25 uM) for 24 h.

Real-time quantitative polymerase chain reaction (qPCR)

Collected cells were lysed with Trizol Reagent (Invitro-
gen, CA, USA). TransScript first-strand cDNA synthesis
SuperMix (TransGen, Beijing, China) was used to make
c¢DNA, qPCR with SYBR-Green mix (Roche, Basel, Swit-
zerland) to measure the expression of genes. The follow-
ing primers were used: p-actin, ACCTTCTACAATGAG
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CTGCG/CTGGATGGCTACGTACATGG; IL-1B, ACG
GACCCCAAAAGATGAAG/TTCTCCACAGCCACA
ATGAG; Argl, TCACCTGAGCTTTGATGTCG/TTC
CCAAGAGTTGGGTTCAC; VEGE CCACGACAG
AAGGAGAGCAGAAGTCC/CGTTACAGCAGCCTG
CACAGCG. P300, GAACAGGAAGAGGAAGAGAGG
AAAC/TGAGAAAGGTCATTAGACACATTGG. The
mRNA expression levels were normalized to B-actin.

Statistical analysis

Analyses were conducted with GraphPad Prism 8.0.2
Software. Data were expressed as the mean+SEM and
were compared by using student’s t-test between two
groups and one-way or two-way ANOVA with Tukey’s
correction for multiple group comparison. A p value
of <0.05 was considered to be statistically significant.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512979-023-00390-4.

Additional file 1: Supplementary Fig. 1. Maximum running speed test
in mice. The maximum running speed (m/min) of the mice in each group
was detected weekly using a mouse treadmill within 8 weeks (n =8-12 per
group). Data are means + SEM.

Additional file 2: Supplementary Fig. 2. Lactate levels in the mice
following running exercise or sodium lactate injection. (A) Lactate levels
in the plasma of mice following exercise training (n =6 per group). (B)
Lactate levels in the brain tissue homogenate of mice following exercise
training (n=6 per group). (C) Timecourse of plasma lactate after subcuta-
neous injection (n =5 per group). (D) Lactate levels in the plasma of mice
following sodium lactate injection (n=6 per group). Date are means +
SEM. *p < 0.05, **p < 0.01,***p < 0.001. Statistical analysis was performed
using t tests.

Additional file 3: Supplementary Fig. 3. Running exercise induces
Histone H3 lactylation in 4-month-old mice, 15-month-old mice and
20-month-old mice. (A) Double immunofluorescent staining of Iba’
(green) and Pan-Kla (red) of mice in in mice of different months of age
(magnification 400x). (B) Representative images of H3K18la immunofluo-
rescence staining in mice of different months of age (magnification 400x).

Additional file 4: Supplementary Fig. 4. Lactate regulates BV2 cell phe-
notype through lactylation. (A-B) Expression of Arg1 and VEGF at different
time points in BV2 cells incubated with LPS and LPS+NaLA (n = 3 per
group, normalized to expression at 0 hour). (C-D) Western blot shows the
levels of Histone Kla in BV2 cells incubated with LPS or LPS+NalA for 24
h. (n = 3 per group, normalized to the untreated sample). Date are means
+ SEM. *p < 0.05, **p < 0.01. Statistical analysis was performed using
unpaired Student’s two-tailed t-tests (A, B) or one-way ANOVA, followed
by Tukey's multiple comparisons test (D).

Acknowledgements
Not applicable.

Authors’ contributions

HH played a role in performing the experiment, collecting the data, interpret-
ing the data and drafting the manuscript; YZ played a role in interpreting

the data, drafting the manuscript and revising the manuscript critically for
important intellectual content; JD, SW, XY, WL, JS, SZ,TY and ZZ played a role
in performing the experiment and collecting the data; GH, MZ and LC played
a role in revising the manuscript critically for important intellectual content.


https://doi.org/10.1186/s12979-023-00390-4
https://doi.org/10.1186/s12979-023-00390-4

Han et al. Immunity & Ageing (2023) 20:63

All authors have read and approved the final version of the manuscript, and
agree with the order of presentation of the authors.

Funding

This study was supported by the National Natural Science Foundation

of China (No. 82302872, 82204444); Bethune Program of Jilin University
(2023B35); Education Department of Jilin Provincial (No. JJKH20231237KJ).

Availability of data and materials
Data will be made available on request.

Declarations

Ethics approval and consent to participate
All animal experimental procedures were approved by the Ethics Committee
for the Use of Experimental Animals of Jilin University [SYXK (Ji) 2018-0001].

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 May 2023 Accepted: 7 November 2023
Published online: 17 November 2023

References

1. Hardy JA, Higgins GA. Alzheimer’s disease: the amyloid cascade hypoth-
esis. Science (New York, NY). 1992;256(5054):184-5. https://doi.org/10.
1126/science.1566067.

2. Kaur D, SharmaV, Deshmukh R. Activation of microglia and astro-
cytes: a roadway to neuroinflammation and Alzheimer’s disease.
Inflammopharmacology. 2019;27(4):663-77. https://doi.org/10.1007/
510787-019-00580-x.

3. Ricciarelli R, Fedele E. The amyloid cascade hypothesis in alzheimer’s dis-
ease: it's time to change our mind. Curr Neuropharmacol. 2017;15(6):926—
35, https://doi.org/10.2174/1570159x15666170116143743.

4. Hansen DV, Hanson JE, Sheng M. Microglia in Alzheimer’s disease. J Cell
Biol. 2018;217(2):459-72. https://doi.org/10.1083/jcb.201709069.

5. Yeh FL, Hansen DV, Sheng M. TREM2, microglia, and neurodegenerative
diseases. Trends Mol Med. 2017,23(6):512-33. https://doi.org/10.1016/j.
molmed.2017.03.008.

6. Perea JR, Bolos M, Avila J. Microglia in Alzheimer’s disease in the context
of tau pathology. Biomolecules. 2020;10(10). https://doi.org/10.3390/
biom10101439.

7. Ransohoff RM, Perry VH. Microglial physiology: unique stimuli, specialized
responses. Annu Rev Immunol. 2009,27:119-45. https://doi.org/10.1146/
annurev.immunol.021908.132528.

8. TangY, Le W. Differential roles of M1 and M2 microglia in neurodegenera-
tive diseases. Mol Neurobiol. 2016;53(2):1181-94. https://doi.org/10.1007/
$12035-014-9070-5.

9. Cherry JD, Olschowka JA, O'Banion MK. Neuroinflammation and M2
microglia: the good, the bad, and the inflamed. J Neuroinflammation.
2014;11:98. https://doi.org/10.1186/1742-2094-11-98.

10 Sankowski R, Béttcher C, Masuda T, Geirsdottir L, Sagar, Sindram E, et al.
Mapping microglia states in the human brain through the integration
of high-dimensional techniques. Nat Neurosc. 2019;22(12):2098-110.
https://doi.org/10.1038/541593-019-0532-y.

11. Ransohoff RM. A polarizing question: do M1 and M2 microglia exist? Nat
Neurosci. 2016;19(8):987-91. https://doi.org/10.1038/nn.4338.

12. Valenzuela PL, Castillo-Garcia A, Morales JS, de la Villa P Hampel H,
Emanuele E, et al. Exercise benefits on Alzheimer’s disease: State-of-the-
science. Ageing Res Rev. 2020;62: 101108. https://doi.org/10.1016/j.arr.
2020.101108.

13. DelaRosa A, Olaso-Gonzalez G, Arc-Chagnaud C, Millan F, Salvador-
Pascual A, Garcia-Lucerga C, et al. Physical exercise in the prevention and

20.

AR

22.

23.

24.

25.

)
o

27.

28.

29.

30.

31

Page 150f 17

treatment of Alzheimer’s disease. J Sport Health Sci. 2020,9(5):394-404.
https://doi.org/10.1016/j.,jshs.2020.01.004.

Du Z LY, LiJ, Zhou C, Li F, Yang X. Physical activity can improve cognition
in patients with Alzheimer’s disease: a systematic review and meta-anal-
ysis of randomized controlled trials. Clin Interv Aging. 2018;13:1593-603.
https://doi.org/10.2147/cia.S169565.

LuY, Dong Y, Tucker D, Wang R, Ahmed ME, Brann D, et al. Treadmill
exercise exerts neuroprotection and regulates microglial polarization
and oxidative stress in a streptozotocin-induced rat model of sporadic
alzheimer’s disease. J Alzheimers Dis. 2017,56(4):1469-84. https://doi.org/
10.3233/jad-160869.

HeY, Qiang Y. Mechanism of autonomic exercise improving cognitive
function of alzheimer’s disease by regulating INcRNA SNHG14. Am J
Alzheimers Dis Other Demen. 2021;36:15333175211027680. https://doi.
org/10.1177/15333175211027681.

Soto |, Graham LC, Richter HJ, Simeone SN, Radell JE, Grabowska W, et al.
APOE stabilization by exercise prevents aging neurovascular dysfunction
and complement induction. PLoS Biol. 2015;13(10):e1002279. https://doi.
org/10.1371/journal.pbio.1002279.

Moon HY, Becke A, Berron D, Becker B, Sah N, Benoni G, et al. Running-
induced systemic cathepsin b secretion is associated with memory
function. Cell Metab. 2016;24(2):332-40. https://doi.org/10.1016/j.cmet.
2016.05.025.

Choi SH, Bylykbashi E, Chatila ZK, Lee SW, Pulli B, Clemenson GD, et al.
Combined adult neurogenesis and BDNF mimic exercise effects on
cognition in an Alzheimer’s mouse model. Science (New York, NY).
2018;361(6406). https://doi.org/10.1126/science.aan8821.

Cunnane SC, Trushina E, Morland C, Prigione A, Casadesus G, Andrews ZB,
et al. Brain energy rescue: an emerging therapeutic concept for neurode-
generative disorders of ageing. Nat Rev Drug Discov. 2020;19(9):609-33.
https://doi.org/10.1038/541573-020-0072-x.

Bagit A, Hayward GC, MacPherson REK. Exercise and estrogen: common
pathways in Alzheimer’s disease pathology. Am J Physiol Endocrinol
Metab. 2021;321(1):E164-8. https://doi.org/10.1152/ajpend0.00008.2021.
Lourenco MV, Frozza RL, de Freitas GB, Zhang H, Kincheski GC, Ribeiro FC,
et al. Exercise-linked FNDC5/irisin rescues synaptic plasticity and memory
defects in Alzheimer’s models. Nat Med. 2019;25(1):165-75. https://doi.
0rg/10.1038/541591-018-0275-4.

De Miguel Z, Khoury N, Betley MJ, Lehallier B, Willoughby D, Olsson N,

et al. Exercise plasma boosts memory and dampens brain inflammation
via clusterin. Nature. 2021,600(7889):494-9. https://doi.org/10.1038/
$41586-021-04183-x.

Horowitz AM, Fan X, Bieri G, Smith LK, Sanchez-Diaz Cl, Schroer AB, et al.
Blood factors transfer beneficial effects of exercise on neurogenesis and
cognition to the aged brain. Science (New York, NY). 2020;369(6500):167—
73. https://doi.org/10.1126/science.aaw2622.

Wahl P, Zwingmann L, Manunzio C, Wolf J, Bloch W. Higher accuracy of
the lactate minimum test compared to established threshold concepts
to determine maximal lactate steady state in running. Int J Sports Med.
2018;39(7):541-8. https://doi.org/10.1055/5-0044-102131.

Lonbro S, Wiggins JM, Wittenborn T, Elming PB, Rice L, Pampo C,

et al. Reliability of blood lactate as a measure of exercise intensity in
different strains of mice during forced treadmill running. PLoS One.
2019;14(5):e0215584. https://doi.org/10.1371/journal.pone.0215584.
Gladden LB. Lactate metabolism: a new paradigm for the third millen-
nium. J Physiol. 2004;558(Pt 1):5-30. https://doi.org/10.1113/jphysiol.
2003.058701.

Pierre K, Pellerin L. Monocarboxylate transporters in the central nervous
system: distribution, regulation and function. J Neurochem. 2005;94(1):1-
14. https://doi.org/10.1111/j.1471-4159.2005.03168 .

Coco M. The brain behaves as a muscle? Neurol Sci. 2017;38(10):1865-8.
https://doi.org/10.1007/510072-017-3014-6.

Morland C, Andersson KA, Haugen @P, Hadzic A, Kleppa L, Gille A, et al.
Exercise induces cerebral VEGF and angiogenesis via the lactate receptor
HCAR1. Nat Commun. 2017;8:15557. https://doi.org/10.1038/ncomm
s15557.

El Hayek L, Khalifeh M, Zibara V, Abi Assaad R, Emmanuel N, Karnib N,

et al. Lactate mediates the effects of exercise on learning and memory
through sirt1-dependent activation of hippocampal Brain-Derived Neu-
rotrophic Factor (BDNF). J Neurosci. 2019;39(13):2369-82. https://doi.org/
10.1523/jneurosci.1661-18.2019.


https://doi.org/10.1126/science.1566067
https://doi.org/10.1126/science.1566067
https://doi.org/10.1007/s10787-019-00580-x
https://doi.org/10.1007/s10787-019-00580-x
https://doi.org/10.2174/1570159x15666170116143743
https://doi.org/10.1083/jcb.201709069
https://doi.org/10.1016/j.molmed.2017.03.008
https://doi.org/10.1016/j.molmed.2017.03.008
https://doi.org/10.3390/biom10101439
https://doi.org/10.3390/biom10101439
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1038/s41593-019-0532-y
https://doi.org/10.1038/nn.4338
https://doi.org/10.1016/j.arr.2020.101108
https://doi.org/10.1016/j.arr.2020.101108
https://doi.org/10.1016/j.jshs.2020.01.004
https://doi.org/10.2147/cia.S169565
https://doi.org/10.3233/jad-160869
https://doi.org/10.3233/jad-160869
https://doi.org/10.1177/15333175211027681
https://doi.org/10.1177/15333175211027681
https://doi.org/10.1371/journal.pbio.1002279
https://doi.org/10.1371/journal.pbio.1002279
https://doi.org/10.1016/j.cmet.2016.05.025
https://doi.org/10.1016/j.cmet.2016.05.025
https://doi.org/10.1126/science.aan8821
https://doi.org/10.1038/s41573-020-0072-x
https://doi.org/10.1152/ajpendo.00008.2021
https://doi.org/10.1038/s41591-018-0275-4
https://doi.org/10.1038/s41591-018-0275-4
https://doi.org/10.1038/s41586-021-04183-x
https://doi.org/10.1038/s41586-021-04183-x
https://doi.org/10.1126/science.aaw2622
https://doi.org/10.1055/s-0044-102131
https://doi.org/10.1371/journal.pone.0215584
https://doi.org/10.1113/jphysiol.2003.058701
https://doi.org/10.1113/jphysiol.2003.058701
https://doi.org/10.1111/j.1471-4159.2005.03168.x
https://doi.org/10.1007/s10072-017-3014-6
https://doi.org/10.1038/ncomms15557
https://doi.org/10.1038/ncomms15557
https://doi.org/10.1523/jneurosci.1661-18.2019
https://doi.org/10.1523/jneurosci.1661-18.2019

Han et al. Immunity & Ageing

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44,

45.

46.

47

48.

49.

(2023) 20:63

Magistretti PJ, Allaman I. Lactate in the brain: from metabolic end-prod-
uct to signalling molecule. Nat Rev Neurosci. 2018;19(4):235-49. https.//
doi.org/10.1038/nrn.2018.19.

Wang Q, Hu 'Y, Wan J, Dong B, Sun J. Lactate: a novel signaling molecule
in synaptic plasticity and drug addiction. BioEssays. 2019;41(8):e1900008.
https://doi.org/10.1002/bies.201900008.

Gerhart DZ, Enerson BE, Zhdankina OY, Leino RL, Drewes LR. Expression
of monocarboxylate transporter MCT1 by brain endothelium and glia in
adult and suckling rats. Am J Physiol. 1997;273(1 Pt 1):E207-13. https://
doi.org/10.1152/ajpendo.1997.273.1.E207.

Broer S, Rahman B, Pellegri G, Pellerin L, Martin JL, Verleysdonk S, et al.
Comparison of lactate transport in astroglial cells and monocarboxylate
transporter 1 (MCT 1) expressing Xenopus laevis oocytes. Expression of
two different monocarboxylate transporters in astroglial cells and neu-
rons. J Biolog Chem. 1997;272(48):30096-102. https://doi.org/10.1074/
jbc.272.48.30096.

Gerhart DZ, Enerson BE, Zhdankina OY, Leino RL, Drewes LR. Expres-

sion of the monocarboxylate transporter MCT2 by rat brain glia. Glia.
1998;22(3):272-81.

Rinholm JE, Hamilton NB, Kessaris N, Richardson WD, Bergersen LH,
Attwell D. Regulation of oligodendrocyte development and myelination
by glucose and lactate. J Neurosci. 2011,31(2):538-48. https://doi.org/10.
1523/JNEUROSCI3516-10.2011.

Diskin C, Ryan TAJ, O'Neill LAJ. Modification of proteins by metabolites in
immunity. Immunity. 2021;54(1):19-31. https://doi.org/10.1016/j.immuni.
2020.09.014.

Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Meta-

bolic regulation of gene expression by histone lactylation. Nature.
2019;574(7779):575-80. https://doi.org/10.1038/541586-019-1678-1.
Zhang W, Hua H, Guo'Y, Cheng Y, Pi F, Yao W, et al. Torularhodin from
Sporidiobolus pararoseus Attenuates d-galactose/AlCI (3)-Induced Cog-
nitive Impairment, Oxidative Stress, and Neuroinflammation via the Nrf2/
NF-kB Pathway. J Agric Food Chem. 2020,68(24):6604-14. https://doi.org/
10.1021/acs jafc.0c01892.

Gao L, Peng XM, Huo SX, Liu XM, Yan M. Memory enhancement of acteo-
side (Verbascoside) in a senescent mice model induced by a combina-
tion of D-gal and AICI3. Phytotherapy research : PTR. 2015;29(8):1131-6.
https://doi.org/10.1002/ptr.5357.

Chiroma SM, Hidayat Baharuldin MT, Mat Taib CN, Amom Z, Jagadeesan S,
Adenan M|, et al. Protective effect of Centella asiatica against (D)-galac-
tose and aluminium chloride induced rats: Behavioral and ultrastructural
approaches. Biomed Pharmacother. 2019;109:853-64. https://doi.org/10.
1016/j.biopha.2018.10.111.

Li C, Wang N, Zheng G, Yang L. Oral administration of resveratrol-sele-
nium-peptide nanocomposites alleviates alzheimer’s disease-like patho-
genesis by inhibiting AR aggregation and regulating gut microbiota. ACS
Appl Mater Interfaces. 2021;13(39):46406-20. https://doi.org/10.1021/
acsami.1c14818.

CaiY, ChaiY, FuY,Wang Y, Zhang Y, Zhang X, et al. Salidroside ameliorates
alzheimer’s disease by targeting NLRP3 inflammasome-mediated pyrop-
tosis. Front Aging Neurosci. 2021;13:809433. https://doi.org/10.3389/
fnagi.2021.809433.

Hou 'Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, et al. Age-
ing as a risk factor for neurodegenerative disease. Nat Rev Neurol.
2019;15(10):565-81. https://doi.org/10.1038/541582-019-0244-7.

Kwon S, Iba M, Kim C, Masliah E. Immunotherapies for aging-related
neurodegenerative diseases-emerging perspectives and new tar-

gets. Neurotherapeutics. 2020;17(3):935-54. https://doi.org/10.1007/
$13311-020-00853-2.

Lanbro S, Wiggins JM, Wittenborn T, Elming PB, Rice L, Pampo C,

et al. Reliability of blood lactate as a measure of exercise intensity in
different strains of mice during forced treadmill running. PloS One.
2019;14(5):0215584-e. https://doi.org/10.1371/journal.pone.0215584.
Wang S, Pei S, Wasi M, Parajuli A, Yee A, You L, et al. Moderate tibial
loading and treadmill running, but not overloading, protect adult
murine bone from destruction by metastasized breast cancer. Bone.
2021;153:116100. https://doi.org/10.1016/j.bone.2021.116100.

Condello C, Yuan P, Grutzendler J. Microglia-mediated neuroprotection,
TREM2, and alzheimer’s disease: evidence from optical imaging. Biol
Psychiat. 2018;83(4):377-87. https://doi.org/10.1016/j.biopsych.2017.10.
007.

50.

52.

53.

54.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

Page 16 of 17

Teter B, Morihara T, Lim GP, Chu T, Jones MR, Zuo X, et al. Curcumin
restores innate immune Alzheimer’s disease risk gene expression to
ameliorate Alzheimer pathogenesis. Neurobiol Dis. 2019;127:432-48.
https://doi.org/10.1016/j.nbd.2019.02.015.

. Stratoulias V, Ruiz R, Kanatani S, Osman AM, Keane L, Armengol JA,

et al. ARG1-expressing microglia show a distinct molecular signature
and modulate postnatal development and function of the mouse
brain. Nat Neurosci. 2023;26(6):1008-20. https://doi.org/10.1038/
$41593-023-01326-3.

Cai' W, Dai X, Chen J, Zhao J, Xu M, Zhang L, et al. STAT6/Arg1 promotes
microglia/macrophage efferocytosis and inflammation resolution in
stroke mice. JCl insight. 2019;4(20). https://doi.org/10.1172/jci.insight.
131355.

Brooks GA. The tortuous path of lactate shuttle discovery: From cinders
and boards to the lab and ICU. J Sport Health Sci. 2020;9(5):446—60.
https://doi.org/10.1016/}.jshs.2020.02.006.

Poole DC, Rossiter HB, Brooks GA, Gladden LB. The anaerobic threshold:
50+ years of controversy. J Physiol. 2021;599(3):737-67. https://doi.org/
10.1113/jp279963.

. Brooks GA. Lactate as a fulcrum of metabolism. Redox Biol. 2020;35:

101454. https://doi.org/10.1016/j.redox.2020.101454.

Wang J, Cui Y, Yu Z, Wang W, Cheng X, Ji W, et al. Brain endothelial cells
maintain lactate homeostasis and control adult hippocampal neuro-
genesis. Cell Stem Cell. 2019;25(6):754-67.€9. https://doi.org/10.1016/j.
stem.2019.09.009.

Baik SH, Kang S, Lee W, Choi H, Chung S, Kim JI, et al. A breakdown in
metabolic reprogramming causes microglia dysfunction in Alzheimer's
disease. Cell Metab. 2019;30(3):493-507.e6. https://doi.org/10.1016/j.
cmet.2019.06.005.

Pan RY, He L, Zhang J, Liu X, Liao Y, Gao J, et al. Positive feedback
regulation of microglial glucose metabolism by histone H4 lysine 12
lactylation in Alzheimer’s disease. Cell Metab. 2022. https://doi.org/10.
1016/j.cmet.2022.02.013.

Cui H, Xie N, Banerjee S, Ge J, Jiang D, Dey T, et al. Lung myofibroblasts
promote macrophage profibrotic activity through lactate-induced his-
tone lactylation. Am J Respir Cell Mol Biol. 2021;64(1):115-25. https://
doi.org/10.1165/rcmb.2020-03600C.

Yang K, Fan M, Wang X, Xu J, Wang Y, Tu F, et al. Lactate promotes
macrophage HMGB1 lactylation, acetylation, and exosomal release in
polymicrobial sepsis. Cell Death Differ. 2022;29(1):133-46. https://doi.
org/10.1038/541418-021-00841-9.

. Kivipelto M, Mangialasche F, Ngandu T. Lifestyle interventions to

prevent cognitive impairment, dementia and Alzheimer disease.

Nat Rev Neurol. 2018;14(11):653-66. https://doi.org/10.1038/
s41582-018-0070-3.

Marras C, Canning CG, Goldman SM. Environment, lifestyle, and Par-
kinson's disease: implications for prevention in the next decade. Mov
Disord. 2019;34(6):801-11. https://doi.org/10.1002/mds.27720.

Zhang SS, Zhu L, Peng Y, Zhang L, Chao FL, Jiang L, et al. Long-term
running exercise improves cognitive function and promotes microglial
glucose metabolism and morphological plasticity in the hippocampus
of APP/PS1 mice. J Neuroinflammation. 2022;19(1):34. https://doi.org/
10.1186/512974-022-02401-5.

Maliszewska-Cyna E, Vecchio LM, Thomason LAM, Oore JJ, Steinman
J,Joo IL, et al. The effects of voluntary running on cerebrovascular
morphology and spatial short-term memory in a mouse model of
amyloidosis. Neuroimage. 2020;222:117269. https://doi.org/10.1016/j.
neuroimage.2020.117269.

Zhou X, Cao H, Wang M, Zou J, Wu W. Moderate-intensity treadmill
running relieves motion-induced post-traumatic osteoarthritis mice
by up-regulating the expression of INcRNA H19. Biomed Eng Online.
2021;20(1):111. https://doi.org/10.1186/512938-021-00949-6.

Rochner F, Schmitt A, Brandle AL, Fragasso A, Munz B. The ROS scav-
enger PDTC affects adaptation to treadmill running in mice: distinct
effects on murine body mass, resting heart rate and skeletal muscle
fiber type composition. J Exp Biol. 2021;224(Pt 6). https://doi.org/10.
1242/jeb.234237.

De Sousa RAL, Rodrigues CM, Mendes BF, Improta-Caria AC, Peixoto MFD,
Cassilhas RC. Physical exercise protocols in animal models of Alzheimer's
disease: a systematic review. Metab Brain Dis. 2021;36(1):85-95. https://
doi.org/10.1007/511011-020-00633-z.


https://doi.org/10.1038/nrn.2018.19
https://doi.org/10.1038/nrn.2018.19
https://doi.org/10.1002/bies.201900008
https://doi.org/10.1152/ajpendo.1997.273.1.E207
https://doi.org/10.1152/ajpendo.1997.273.1.E207
https://doi.org/10.1074/jbc.272.48.30096
https://doi.org/10.1074/jbc.272.48.30096
https://doi.org/10.1523/JNEUROSCI.3516-10.2011
https://doi.org/10.1523/JNEUROSCI.3516-10.2011
https://doi.org/10.1016/j.immuni.2020.09.014
https://doi.org/10.1016/j.immuni.2020.09.014
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1021/acs.jafc.0c01892
https://doi.org/10.1021/acs.jafc.0c01892
https://doi.org/10.1002/ptr.5357
https://doi.org/10.1016/j.biopha.2018.10.111
https://doi.org/10.1016/j.biopha.2018.10.111
https://doi.org/10.1021/acsami.1c14818
https://doi.org/10.1021/acsami.1c14818
https://doi.org/10.3389/fnagi.2021.809433
https://doi.org/10.3389/fnagi.2021.809433
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1007/s13311-020-00853-2
https://doi.org/10.1007/s13311-020-00853-2
https://doi.org/10.1371/journal.pone.0215584
https://doi.org/10.1016/j.bone.2021.116100
https://doi.org/10.1016/j.biopsych.2017.10.007
https://doi.org/10.1016/j.biopsych.2017.10.007
https://doi.org/10.1016/j.nbd.2019.02.015
https://doi.org/10.1038/s41593-023-01326-3
https://doi.org/10.1038/s41593-023-01326-3
https://doi.org/10.1172/jci.insight.131355
https://doi.org/10.1172/jci.insight.131355
https://doi.org/10.1016/j.jshs.2020.02.006
https://doi.org/10.1113/jp279963
https://doi.org/10.1113/jp279963
https://doi.org/10.1016/j.redox.2020.101454
https://doi.org/10.1016/j.stem.2019.09.009
https://doi.org/10.1016/j.stem.2019.09.009
https://doi.org/10.1016/j.cmet.2019.06.005
https://doi.org/10.1016/j.cmet.2019.06.005
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1165/rcmb.2020-0360OC
https://doi.org/10.1165/rcmb.2020-0360OC
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.1038/s41582-018-0070-3
https://doi.org/10.1038/s41582-018-0070-3
https://doi.org/10.1002/mds.27720
https://doi.org/10.1186/s12974-022-02401-5
https://doi.org/10.1186/s12974-022-02401-5
https://doi.org/10.1016/j.neuroimage.2020.117269
https://doi.org/10.1016/j.neuroimage.2020.117269
https://doi.org/10.1186/s12938-021-00949-6
https://doi.org/10.1242/jeb.234237
https://doi.org/10.1242/jeb.234237
https://doi.org/10.1007/s11011-020-00633-z
https://doi.org/10.1007/s11011-020-00633-z

Han et al. Immunity & Ageing

68.

69.

70.

71

72.

73

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84

85.

86.

87.

(2023) 20:63

Picoli CC, Romero P, Gilio GR, Guariglia DA, Téfolo LP, de Moraes SMF, et al.
Peak velocity as an alternative method for training prescription in mice.
Front Physiol. 2018;9:42. https://doi.org/10.3389/fphys.2018.00042.
Wiegers EC, Rooijackers HM, Tack CJ, Groenewoud H, Heerschap A, de
Galan BE, et al. Effect of exercise-induced lactate elevation on brain
lactate levels during hypoglycemia in patients with type 1 diabetes and
impaired awareness of hypoglycemia. Diabetes. 2017,66(12):3105-10.
https://doi.org/10.2337/db17-0794.

Quistorff B, Secher NH, Van Lieshout JJ. Lactate fuels the human brain
during exercise. FASEB J. 2008;22(10):3443-9. https://doi.org/10.1096/f).
08-106104.

Greenhaff PL, Nevill ME, Soderlund K, Bodin K, Boobis LH, Williams C, et al.
The metabolic responses of human type I and Il muscle fibres during
maximal treadmill sprinting. The Journal of physiology. 1994;478((Pt 1) (Pt
1)):149-55. https://doi.org/10.1113/jphysiol.1994.5p020238.

Proia P, Di Liegro CM, Schiera G, Fricano A, Di Liegro I. Lactate as a
metabolite and a regulator in the central nervous system. Int J Mol Sci.
2016;17(9):1450. https://doi.org/10.3390/ijms17091450.

Ide K, Horn A, Secher NH. Cerebral metabolic response to submaximal
exercise. J Appl Physiol (Bethesda, Md: 1985). 1999,87(5):1604-8. https://
doi.org/10.1152/jappl.1999.87.5.1604.

Ide K, Schmalbruch IK, Quistorff B, Horn A, Secher NH. Lactate, glucose
and O2 uptake in human brain during recovery from maximal exercise. J
Physiol. 2000;522 Pt 1((Pt 1)):159-64. https://doi.org/10.1111/].1469-7793.
2000.t01-2-00159.xm.

van Hall G, Stramstad M, Rasmussen P, Jans O, Zaar M, Gam C, et al. Blood
lactate is an important energy source for the human brain. J Cereb Blood
Flow Metabol. 2009;29(6):1121-9. https://doi.org/10.1038/jcbfm.2009.35.
Overgaard M, Rasmussen P, Bohm AM, Seifert T, Brassard P, Zaar M, et al.
Hypoxia and exercise provoke both lactate release and lactate oxidation
by the human brain. FASEB J. 2012;26(7):3012-20. https://doi.org/10.
1096/f).11-191999.

Walz W, Mukerji S. Lactate release from cultured astrocytes and neurons:
a comparison. Glia. 1988;1(6):366-70. https://doi.org/10.1002/glia.44001
0603.

Dringen R, Gebhardt R, Hamprecht B. Glycogen in astrocytes: pos-

sible function as lactate supply for neighboring cells. Brain Res.
1993;623(2):208-14. https://doi.org/10.1016/0006-8993(93)91429-v.
Dienel GA. Brain glucose metabolism: integration of energetics with
function. Physiol Rev. 2019;99(1):949-1045. https://doi.org/10.1152/physr
ev.00062.2017.

Lev-Vachnish Y, Cadury S, Rotter-Maskowitz A, Feldman N, Roichman A,
lllouzT, et al. L-Lactate promotes adult hippocampal neurogenesis. Front
Neurosci. 2019;13:403. https://doi.org/10.3389/fnins.2019.00403.
Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of micro-
glia. Physiol Rev. 2011,91(2):461-553. https://doi.org/10.1152/physrev.
00011.2010.

Fan Z, AmanY, Ahmed |, Chetelat G, Landeau B, Ray Chaudhuri K; et al.
Influence of microglial activation on neuronal function in Alzheimer's and
Parkinson's disease dementia. Alzheimers Dementia. 2015;11(6):608-21.
e7. https://doi.org/10.1016/jjalz.2014.06.016.

Colton CA. Heterogeneity of microglial activation in the innate immune
response in the brain. J Neuroimmune Pharmacol. 2009;4(4):399-418.
https://doi.org/10.1007/511481-009-9164-4.

Cherry JD, Olschowka JA, O'Banion MK. Neuroinflammation and M2
microglia: the good, the bad, and the inflamed. J Neuroinflammation.
2014;11:98. https://doi.org/10.1186/1742-2094-11-98.

Jimenez S, Baglietto-Vargas D, Caballero C, Moreno-Gonzalez |, Torres

M, Sanchez-Varo R, et al. Inflammatory response in the hippocampus

of PSTM146L/APP751SL mouse model of Alzheimer’s disease: age-
dependent switch in the microglial phenotype from alternative to classic.
J Neurosci. 2008;28(45):11650-61. https://doi.org/10.1523/JNEUROSCI.
3024-08.2008.

Murray PJ. On macrophage diversity and inflammatory metabolic

timers. Nat Rev Immunol. 2020;20(2):89-90. https://doi.org/10.1038/
$41577-019-0260-2.

Song J, Lee K, Park SW, Chung H, Jung D, Na YR, et al. Lactic acid upregu-
lates VEGF expression in macrophages and facilitates choroidal neovascu-
larization. Invest Ophthalmol Vis Sci. 2018;59(8):3747-54. https://doi.org/
10.1167/iovs.18-23892.

88.

89.

90.

91

92.

93

94

95.

96.

Page 17 of 17

Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al.
Functional polarization of tumour-associated macrophages by tumour-
derived lactic acid. Nature. 2014;513(7519):559-63. https://doi.org/10.
1038/nature13490.

Irizarry-Caro RA, McDaniel MM, Overcast GR, Jain VG, Troutman TD, Pasare
C.TLR signaling adapter BCAP regulates inflammatory to reparatory mac-
rophage transition by promoting histone lactylation. Proc Natl Acad Sci
USA. 2020;117(48):30628-38. https://doi.org/10.1073/pnas.2009778117.
Redjems-Bennani N, Jeandel C, Lefebvre E, Blain H, Vidailhet M, Gué-

ant JL. Abnormal substrate levels that depend upon mitochondrial
function in cerebrospinal fluid from Alzheimer patients. Gerontology.
1998;44(5):300-4. https://doi.org/10.1159/000022031.

Hu'Y, Mai W, Chen L, Cao K, Zhang B, Zhang Z, et al. mTOR-mediated met-
abolic reprogramming shapes distinct microglia functions in response to
lipopolysaccharide and ATP. Glia. 2020;68(5):1031-45. https://doi.org/10.
1002/glia.23760.

Feng L, Wang X, Peng F, Liao J, Nai Y, Lei H, et al. Walnut protein hydro-
lysates play a protective role on neurotoxicity induced by d-galactose
and aluminum chloride in mice. Molecules (Basel, Switzerland).
2018;23(9). https://doi.org/10.3390/molecules23092308.

Li B, Evivie SE, Lu J, Jiao Y, Wang C, Li Z, et al. Lactobacillus helveticus
KLDS1.8701 alleviates d-galactose-induced aging by regulating Nrf-2 and
gut microbiota in mice. Food & function. 2018;9(12):6586-98. https://doi.
0rg/10.1039/c8fo01768a.

Billat VL, Mouisel E, Roblot N, Melki J. Inter- and intrastrain variation

in mouse critical running speed. J Appl Physiol (Bethesda, Md: 1985).
2005;98(4):1258-63. https://doi.org/10.1152/japplphysiol.00991.2004.
Bachstetter AD, Xing B, de Almeida L, Dimayuga ER, Watterson DM, Van
Eldik LJ. Microglial p38a MAPKis a key regulator of proinflammatory
cytokine up-regulation induced by toll-like receptor (TLR) ligands or
beta-amyloid (AB). J Neuroinflammation. 2011;8:79. https://doi.org/10.
1186/1742-2094-8-79.

Nam HY, Nam JH, Yoon G, Lee J-Y, Nam Y, Kang H-J, et al. Ibrutinib sup-
presses LPS-induced neuroinflammatory responses in BV2 microglial cells
and wild-type mice. J Neuroinflammation. 2018;15(1):271. https://doi.org/
10.1186/512974-018-1308-0.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fphys.2018.00042
https://doi.org/10.2337/db17-0794
https://doi.org/10.1096/fj.08-106104
https://doi.org/10.1096/fj.08-106104
https://doi.org/10.1113/jphysiol.1994.sp020238
https://doi.org/10.3390/ijms17091450
https://doi.org/10.1152/jappl.1999.87.5.1604
https://doi.org/10.1152/jappl.1999.87.5.1604
https://doi.org/10.1111/j.1469-7793.2000.t01-2-00159.xm
https://doi.org/10.1111/j.1469-7793.2000.t01-2-00159.xm
https://doi.org/10.1038/jcbfm.2009.35
https://doi.org/10.1096/fj.11-191999
https://doi.org/10.1096/fj.11-191999
https://doi.org/10.1002/glia.440010603
https://doi.org/10.1002/glia.440010603
https://doi.org/10.1016/0006-8993(93)91429-v
https://doi.org/10.1152/physrev.00062.2017
https://doi.org/10.1152/physrev.00062.2017
https://doi.org/10.3389/fnins.2019.00403
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1016/j.jalz.2014.06.016
https://doi.org/10.1007/s11481-009-9164-4
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1523/JNEUROSCI.3024-08.2008
https://doi.org/10.1523/JNEUROSCI.3024-08.2008
https://doi.org/10.1038/s41577-019-0260-2
https://doi.org/10.1038/s41577-019-0260-2
https://doi.org/10.1167/iovs.18-23892
https://doi.org/10.1167/iovs.18-23892
https://doi.org/10.1038/nature13490
https://doi.org/10.1038/nature13490
https://doi.org/10.1073/pnas.2009778117
https://doi.org/10.1159/000022031
https://doi.org/10.1002/glia.23760
https://doi.org/10.1002/glia.23760
https://doi.org/10.3390/molecules23092308
https://doi.org/10.1039/c8fo01768a
https://doi.org/10.1039/c8fo01768a
https://doi.org/10.1152/japplphysiol.00991.2004
https://doi.org/10.1186/1742-2094-8-79
https://doi.org/10.1186/1742-2094-8-79
https://doi.org/10.1186/s12974-018-1308-0
https://doi.org/10.1186/s12974-018-1308-0

	Exercise improves cognitive dysfunction and neuroinflammation in mice through Histone H3 lactylation in microglia
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Results
	Exercise improves cognitive function of AlCl3D-gal-treated mice and aging mice
	Exercise increases the reparative microglia in AlCl3D-gal-treated mice
	Exercise induces Histone H3 lactylation in the brain of AlCl3D-gal-treated mice and aging mice
	Sodium lactate injection improves cognitive function in AlCl3D-gal-treated mice
	Lactate treatment induces Histone H3 lactylation and promotes expression of the reparative phenotype of microglia in AlCl3D-gal-treated mice
	Lactate treatment inhibits pro-inflammatory and enhances anti-inflammatory gene expression in activated BV2 microglia cells

	Discussion
	Methods
	Animals
	Exercise training protocol
	Morris water maze
	Lactate measurements
	HE staining and Nissl staining
	Immunofluorescent and immunohistochemical
	Oligomeric Aβ1-42
	Cell culture
	Western blotting and immunocytochemistry
	siRNA transfection
	Real-time quantitative polymerase chain reaction (qPCR)
	Statistical analysis

	Anchor 28
	Acknowledgements
	References


