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SUMMARY
Sirtuin 1 (SIRT1) is a histone deacetylase and plays diverse functions in various physiological events, from
development to lifespan regulation. Here, in Parkinson’s disease (PD) model mice, we demonstrated that
SIRT1 ameliorates parkinsonism, while SIRT1 knockdown further aggravates PD phenotypes. Mechanisti-
cally, SIRT1 interacts with and deacetylates pyruvate kinase M2 (PKM2) at K135 and K206, thus leading to
reduced PKM2 enzyme activity and lactate production, which eventually results in decreased glial activation
in the brain. Administration of lactate in the brain recapitulates PD-like phenotypes. Furthermore, increased
expression of PKM2 worsens PD symptoms, and, on the contrary, inhibition of PKM2 by shikonin or PKM2-
IN-1 alleviates parkinsonism in mice. Collectively, our data indicate that excessive lactate in the brain might
be involved in the progression of PD. By improving lactate homeostasis, SIRT1, together with PKM2, are likely
drug targets for developing agents for the treatment of neurodegeneration in PD.
INTRODUCTION

Parkinson’s disease (PD) is the second common neurodegener-

ative disease, preceded by Alzheimer’s disease. Clinical survey

data suggest that approximately 6 million people worldwide

are known to suffer from this disease.1 Along with rapidly aging

populations, a growing number of individuals will be affected

by PD. Notably, dopaminergic neuronal loss in the substantia ni-

gra pars compacta (SNpc) is a common feature of PD.2 Conse-

quently, loss of dopaminergic neurons causes motor symptoms,

including tremor, imbalance, slowness, and stiffness, which are

a hallmark and diagnostic standard of PD.3 As the disease pro-

gresses, pathological changes will occur in the cerebral cortices,

resulting in cognitive impairment and hallucinations.4 To date,

the precise causative factors and underlying molecular mecha-

nisms that result in PD progression remain unclear. In general,

aging, genetic mutations, and environmental toxins are all

considered as risk factors for PD.5

The brain is an energy-demanding organ, and glucose is ama-

jor energy source utilized by both neurons and astrocytes.

Through glycolysis, the Krebs cycle, and oxidative phosphoryla-

tion, glucose undergoes complete oxidation and produces ATP.

In these processes, pyruvate is a key metabolite, linking glycol-

ysis and subsequent oxidative phosphorylation. Pyruvate kinase
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(PK) is responsible for catalyzing the final step of glycolysis to

produce pyruvate and ATP. In mammals, there are four isoforms

of PK, namely PKL, PKR, PKM1, and PKM2. Growing evidence

has shown that ectopic alterations in PKM2 activity are often

associated with various pathologic progressions, including

tumorigenesis,6 diabetic nephropathy,7 and autoimmunity dis-

ease.8 By utilizing PK, pyruvate is accumulated in cells, which

can, in turn, be used to fuel the tricarboxylic acid cycle or be con-

verted into lactate. Under the latter conditions, excess lactate

accumulates in the brain, eventually resulting in detrimental con-

sequences such as energy deficits and neuroinflammation.9,10

Notably, these two outcomes are closely related to the patholog-

ical progression of PD.11–13 Hence, we predict that PK activity,

as well as subsequent lactate homeostasis, in the brain might

be crucial for the onset and progression of PD.

Sirtuin 1 (SIRT1) (a member of the sirtuin family) is an NAD+-

dependent protein deacetylase, highly conserved during evolu-

tion.14 Through deacetylation of histone and non-histone pro-

teins, including p53, peroxisome proliferator-activated receptor

gamma coactivator 1-alpha, nuclear factor kB (NF-kB), FoxOs

(forkhead box O family), Ku70, and peroxisome proliferator-acti-

vated receptor gamma, SIRT1 plays essential roles in a broad

variety of cellular processes such as DNA repair, cell apoptosis,

senescence, inflammation, metabolism, and autophagy.15 By
ust 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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regulating these cellular events, SIRT1 prevents aging and ex-

tends lifespan in several species, including yeast, flies, worms,

and mammals.16–18 Furthermore, SIRT1 has been shown to

play a pivotal role in energy balance by affecting mitochondrial

biogenesis, calcium homeostasis, and oxidative phosphoryla-

tion.19–22 Both aging and energy deficits are considered as risk

factors for PD progression.2 Most recently, a cross-sectional

study revealed that serum SIRT1 levels were reduced in patients

with PD,23,24 implying that decreased expression of SIRT1 is

likely involved in PD etiology.

Based on the involvement of SIRT1 in aging prevention, en-

ergy regulation, and PD pathogenesis, we hypothesized that

SIRT1 may play a beneficial role for treating PD. To assess this

hypothesis, we examined the potential neuroprotective roles of

SIRT1 in cellular and animal models of PD. Our data indicated

that the benefits of SIRT1 against PD are possibly attributed to

deacetylation and inhibition of PKM2, which in turn improves

lactate homeostasis in the brain and rescues dopaminergic

neuron loss in the SNpc.

RESULTS

SIRT1 attenuates parkinsonism in PD model mice
To examine the potential role of SIRT1 in PD, we first analyzed

SIRT1 expression in the progression of PD. In MPTP-induced

PD model mice, tyrosine hydroxylase (TH) expression was

decreased in the SNpc; similar to TH, SIRT1 expression was

also reduced (Figure S1A). In addition, our data showed that TH

expression was markedly decreased in aged mice, and similar

changes in SIRT1 expression were also observed (Figure S1B).

These data indicate that SIRT1 might be involved in the progres-

sionof PD. Toaddress this notion, we increasedSIRT1 expression

in the midbrain by adenovirus-associated virus (AAV)-SIRT1 and

examined its potential role in PD (Figure 1A). In the ipsilateral re-

gion, SIRT1 expression wasmarkedly increased, while its expres-

sion at contralateral sites was rather low (Figures 1B and 1C). Of

note, SIRT1 was mainly expressed in dopaminergic neurons (Fig-

ure S2A). Rotarod and pole tests showed that SIRT1 improved

behavioral performances in PDmice (Figure 1D). TH-positive cells

in the SNpc were remarkably reduced by MPTP; however, in the

presence of exogenous SIRT1, this reduction was substantially

prevented (Figures 1E and 1F). To further confirm the anti-PD ac-

tivity of SIRT1, a genetic PDmousemodelwas employed, inwhich

alanine in 30 position of a-synuclein was substituted with proline

(A30P). The expression of SIRT1 in the SNpc was markedly

reduced in A30P mice (Figure S2B). Next, we delivered AAV-

SIRT1 to the SNpc of A30P mice by stereotaxic injection and

analyzed the potential benefits of SIRT1 in parkinsonism (Fig-

ure 2A). The movement defects in A30P mice were significantly

improved by SIRT1 due to the prolonged duration in rotarod and

the reduced time in pole test (Figure 2B). In addition, the sense

of smell in A30P mice was also improved by SIRT1 (Figure 2B).

TH expression in the SNpc was increased in AAV-SIRT1-treated

A30P mice (Figures 2C and 2D). The ionized calcium-binding

adaptor molecule 1 (Iba-1)-positive cells in the SNpc and striatum

were reduced by SIRT1, indicating the activation of microglia was

attenuated (Figures 2E–2H). Similar changes in the glial fibrillary

acidic protein (GFAP)-positive cells in the SNpc and striatum
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were also observed (Figures 2I–2L). Together, these data strongly

indicate that SIRT1 plays a beneficial role in alleviating parkin-

sonism in PD model mice.

SIRT1 knockdown aggravates behavioral defects and
dopaminergic neuron loss in mice
To further examine the potential roles of SIRT1 against PD, we

knocked down SIRT1 by using lentivirus (LV)-SIRT1 short hairpin

RNA (shRNA). The experimental design is shown in Figure 3A.

Transduction of LV-SIRT1 shRNA decreased Sirt1 expression

in dopaminergic neurons (Figures 3B, 3C, and S2C). Behavioral

tests revealed that SIRT1 knockdown impaired behavioral

performances in mice (Figure 3D). In MPTP-treated mice,

decreased SIRT1 expression further aggravated behavioral de-

fects (Figure 3D). TH-positive cells in the SNpc were reduced

by SIRT1 knockdown in the presence or absence of MPTP

(Figures 3E and 3F). These results indicate that decreased

SIRT1 expression aggravates parkinsonism in mice, further sug-

gesting SIRT1 plays a key role in the pathogenesis of PD.

SIRT1 deacetylates and inhibits PKM2 activity
We next attempted to explore the underlying molecular mecha-

nism. Therefore, to determine the substrates of SIRT1, we per-

formed co-immunoprecipitation by using an antibody against

SIRT1, and the resulting immunocomplex was subjected to

mass spectrometric analysis. In total, 421 proteins were identified

in the immunocomplex. Of these proteins, one protein, namely py-

ruvate kinase M2 (PKM2), drew our attention as it is a key enzyme

in glycolysis. Recently, a growing number of reports have

shown that glycolysis intervention is a useful strategy for treating

PD.25,26 Mass spectrometry data revealed that two lysine resi-

dues, K135 and K206, in PKM2 were acetylated when SIRT1

activity was inhibited (Figure 4A). The detection of PKM2 in the

co-immunocomplex further confirmed the mass spectrometry

data (Figure 4B). Unlike PKM2, PKM1 does not physiologically

interact with SIRT1 (Figure 4B). To analyze whether SIRT1 deace-

tylates PKM2, SH-SY5Y cells were co-transfectedwith PKM2and

SIRT1 or catalytically inactive SIRT1 mutant (H363Y),27 further

subjected to the immunoprecipitation assay. Expectedly, SIRT1

resulted in a decrease in acetylated PKM2, while SIRT1 H363Y

had no such an effect (Figure 4C). Moreover, inhibition of SIRT1

by nicotinamide or sirtinol increased acetylated PKM2 (Figure 4D).

Notably, substitution mutants of these two acetylated lysine resi-

dues in PKM2, with alanine (A2) or arginine (R2), were not acety-

lated by SIRT1 inhibition (Figure 4E). Additionally, PKM2 dimer

was increased in the presence of SIRT1, while its monomer was

not affected (Figure 4F). As for PKM2 cellular distribution, it was

not altered by SIRT1 (Figure S2D). Functional analysis showed

that PKM2 enzyme activity was suppressed by SIRT1; however,

PKM2 A2 and PKM2 R2 were not affected (Figure 4G). These

data indicate that PKM2 is a substrate of SIRT1 in dopaminergic

neurons, and SIRT1 deacetylates PKM2 at K135 and K206 to

block its enzyme activity.

Lactate production was increased in PDmodel cells and
mice
Since PKM2 is a key enzyme in glycolysis, we therefore examined

glucose metabolites and related enzyme activities in PD diseased



Figure 1. Increased expression of SIRT1 plays beneficial roles against parkinsonism in mice

(A) Schematic diagram of experiments. i.p. means intraperitoneal injection.

(B) Immunostaining of SIRT1 in the brain for showing efficacy of AAV-SIRT1 transduction. Scale bar, 50 mm. n = 6 for each group.

(C) Quantitative analysis of immunostaining data shown in (B). n = 6 for each group.

(D) SIRT1 attenuates behavioral defects in PD model mice. n = 8 for each group.

(E) Histochemical analysis of tyrosine hydroxylase (TH) expression in the SNpc. Scale bar, 200 mm. n = 8 for each group.

(F) Quantitative analysis of TH-positive neurons as shown in (E). n = 8 for each group. Error bar represents ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. Two-tailed

Student’s t test was used to calculate statistical difference in (C). Two-way ANOVA with Tukey’s test was used to calculate statistical difference in (D) and (F).
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Figure 2. SIRT1 rectifies parkinsonism-related dysfunctions in A30P mice

(A) Schematic diagram of experiments.

(B) Defected behavioral performances in A30P mice were improved by SIRT1. n = 5 for each group.

(C and D) TH expression was increased by SIRT1 in the SNpc. TH expression (red) was analyzed by immunostaining. DAPI (blue) was used to identify the nucleus.

Scale bar, 500 mm. n = 5 for each group.

(E–H) Immunostaining for Iba-1 (green) in the SNpc (E and F) and striatum (G and H). DAPI (blue) was used to identify the nucleus. Scale bar, 50 mm. n = 5 for each

group.

(I–L) Immunostaining for GFAP (green) in the SNpc (I and J) and striatum (STR; K and L). DAPI (blue) was used to identify the nucleus. Scale bar, 50 mm. n = 5 for

each group.

Error bar represents ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, two-tailed Student’s t test.

4 Cell Reports Medicine 5, 101684, August 20, 2024

Article
ll

OPEN ACCESS



Figure 3. Reduced SIRT1 expression aggravates behavioral defects in mice

(A) Schematic diagram of experiments.

(B) Real-time qPCR analysis of Sirt1 expression in the midbrain. 18S was used as a house-keeping gene. n = 8 for each group.

(C) Western blot analysis of SIRT1 in the midbrain. Actin was used as a loading control. Blots are representative of 3 independent experiments.

(D) SIRT1 knockdown further impairs behavioral performances in PD model mice. n = 8 for each group.

(legend continued on next page)
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cells. To this aim, rat primary dopaminergic neurons were pre-

pared (Figure S3A) and treated with 1-methyl-4-phenylpyridinium

(MPP+). In PD modeled dopaminergic neurons, we observed that

the lactate concentration was gradually increased upon the

application of MPP+ (Figure S3B). Meanwhile, the lactate produc-

tion-related metabolites and enzymes, including pyruvate, PK,

and lactate dehydrogenase (LDH) were also increased by MPP+

(Figures S3C–S3E). In addition to MPP+, 6-hydroxydopamine

(6-OHDA) and rotenone are widely used drugs in PD models.28

Our data showed that these two drugs also induced lactate, pyru-

vate, PK, and LDH activities in primary dopaminergic neurons

(Figures S3F–S3I and S4A–S4D). Furthermore, in MPTP-induced

PDmodelmice, lactate and LDHactivity in the cerebral spinal fluid

(CSF)were increased (Figures S4E and S4F). Similar findingswere

also observed in A30P mice (Figures S4G and S4H). These data

strongly suggest that lactate accumulation in the brain may ac-

count for the pathogenesis of PD.

Lactate infusion induces PD-like phenotypes in mice
In the aforementioned data, we observed that lactate was

increased in cellular and animal models of PD. Hence, we next

examined whether exogenous lactate could induce parkin-

sonism in vivo. To this end, we administered lactate to mice in

the third ventricle by stereotaxic injection. Our findings revealed

that the lactate infusion caused behavioral defects in the rotarod

and tail suspension tests, while the time for pole climbing down

and for finding hidden food were not altered (Figure 5A). These

changes induced by the lactate infusion were gradually reduced

(Figures S5A–S5C). In the SNpc, TH-positive cells were reduced

by lactate (Figure 5B). In addition, the lactate infusion induced

microglia and astrocyte activation in both the SNpc and striatum

(Figures 5C–5F). Collectively, these findings further indicate that

lactate accumulation in the brain is a possible risk factor for

inducing PD.

To further confirm lactate-induced glial cell activation, we

treated primary microglia with lactate and found that this treat-

ment induced the nuclear translocation of NF-kB p65, and

thereby increased Il-1a and Tnfa expression in microglia

(Figures S6A and S6B). However, these effects did not occur in

primary astrocytes (Figures S6C and S6D). Moreover, the condi-

tioned medium from lactate-treated microglia induced cell in-

sults in dopaminergic neurons (Figures S7A–S7C). The condi-

tioned medium from lactate-treated astrocytes had no such

effects (Figures S7D–S7F). Moreover, we co-cultured microglia

and dopaminergic neurons, in which microglia or neurons were

subjected to genetic manipulation. The results showed that

SIRT1 overexpression in dopaminergic neurons increased the

viability of neurons, while SIRT1 knockdown decreased the

neuron viability (Figures S8A and S8B). Increased expression

of PKM2 in dopaminergic neurons repressed the viability of neu-

rons in the co-culture (Figure S8C). Meanwhile, instead of dopa-

minergic neurons, microglia were genetically manipulated as

mentioned earlier; we found that these genetic manipulations
(E) Histochemical analysis of TH expression in the SNpc. Representative images

(F) Quantitative analysis of TH-positive neurons in the SNpc. n = 8 for each group

Student’s t test was used to calculate statistical difference in (B) and (C). Two-

(D) and (F).
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had no effects on the viability of neurons in the co-culture

(Figures S9A–S9C).

To reinforce that the observed benefits in PD conferred by

SIRT1 are due to reduced lactate production, we treated A30P

mice with AAV-SIRT1 and lactate and examined PD-related phe-

notypes (Figure S10A). As expected, increased SIRT1 expres-

sion improved the behavioral performances in A30P mice

including motor and olfactory assays (Figures S10B–S10D).

The application of lactate largely counteracted the improved

performances in rotarod and pole tests, while olfactory function

was not altered (Figures S10B–S10D). The histochemical

analyses showed that the increased expression of TH in

AAV-SIRT1-treated A30P mice was largely prevented by lactate

(Figure S10E). Moreover, lactate application abolished the

repressed Iba-1 expression induced by SIRT1 (Figure S10F).

These data clearly indicate that the anti-PD effects of SIRT1

rely on restricted lactate production in the brain.

PKM2 induces PD-like phenotypes in mice
To further confirm the notion that excessive lactate is a causative

factor for inducing PD, we increased PKM2 expression in the

SNpc by stereotaxic injection with AAV-PKM2 to induce lactate

production. Immunofluorescence analysis showed that PKM2

expression was markedly increased by AAV-PKM2 (Figures 6A

and 6B). Dopaminergic neurons are the main target cells of

AAV-PKM2 (Figure S11A). Increased expression of PKM2 further

worsened behavioral defects induced byMPTP (Figure 6C). Loss

of dopaminergic neurons in the SNpc of PDmodel mice was also

worsened by PKM2 (Figures 6D and 6E). These results indicate

that ectopically increased PKM2 expression might be involved

in the progression of PD.

Inhibition of PKM2 alleviates parkinsonism in mice
Next, we administered shikonin, a potent inhibitor of PKM2, to

PD model mice (Figure 7A). Behavioral tests showed that shiko-

nin treatment improved the performance on rotarod, tail suspen-

sion, and olfaction (Figure 7B). The loss of TH-positive neurons in

the SNpc in PD model mice was attenuated by shikonin (Fig-

ure S11B). Furthermore, PKM2-IN-1, a recently synthesized spe-

cific inhibitor of PKM2,29 was also employed to confirm the roles

of PKM2 in the progression of PD. The results showed that the

behavioral defects in tail suspension, pole, and olfactory tests

in PD model mice were improved by PKM2-IN-1 (Figure 7C).

The loss of dopaminergic neurons in the SNpc was largely pre-

vented by PKM2-IN-1 (Figure S11C). The chemical structures

of shikonin and PKM2-IN-1 were shown in Figures 7D and 7E.

To examine whether these two chemicals can across the

blood-brain barrier to play a role in the brain, we measured shi-

konin and PKM2-IN-1 in brain tissue using high-performance

liquid chromatography-mass spectrometry. 1-h post-gavage,

both shikonin and PKM2-IN-1 can be detected in brain tissues

with values of 1.269 and 2.738 ng/g, respectively (Figures 7F

and S11D–S11G).
were shown. Scale bar, 200 mm. n = 8 for each group.

. Error bar represents ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. Two-tailed

way ANOVA with Tukey’s test was used to calculate statistical difference in



Figure 4. SIRT1 deacetylates PKM2 and inhibits the activity of PKM2

(A) Identification of SIRT1-mediated deacetylated lysine residues in PKM2. SH-SY5Y cells were transfected with the plasmid expressing S-tag fused PKM2. 12 h

post-transfection, cells were treated with NAM and sirtinol for an additional 12 h. PKM2 protein was purified by S-protein agarose and the purified protein was

(legend continued on next page)
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Furthermore, we also analyzed whether PKM2 inhibition allevi-

ates parkinsonism in A30P mice (Figure S12A). The movement

defects and olfactory dysfunction in A30P mice were improved

by shikonin (Figure S12B). The Iba-1 expression in the SNpc

was reduced by shikonin (Figure S12C). Lactate in the CSF

was reduced in shikonin-treated A30P mice (Figure S12D). Like

shikonin, PKM2-IN-1 also exhibited anti-PD activities in A30P

mice (Figures S12E and S12F). A reduction in lactate in the

CSF was observed in PKM2-IN-1-treated A30P mice (Fig-

ure S12G). Together, these data further indicate that lactate

accumulation is a detrimental factor for the progression of PD,

and PKM2 is likely a drug target with a great therapeutic potential

for developing agents against PD.

DISCUSSION

SIRT1 is an NAD-dependent deacetylase, and its overexpres-

sion increased the survival of dopaminergic neurons in PDmodel

cells; and in contrast, SIRT1 knockdown further aggravated

MPP+-induced cell injury.30 In the present study, we observed

that the behavioral defects in PD model mice were improved

by SIRT1. In line with our data, increasing evidence has revealed

the beneficial roles of SIRT1 in PDmodel animals.31–34 However,

the underlying molecular mechanisms remain elusive. Using co-

immunoprecipitation and mass spectrometry, PKM2 was identi-

fied as a downstream target of SIRT1. Moreover, two lysine res-

idues in PKM2, K135 and K206, were deacetylated by SIRT1.

These deacetylation modifications markedly blocked PKM2

enzyme activity. In line with our findings, post-translational

modification has been considered as an efficient strategy for

manipulating PKM2 enzyme or transcription activity.35–41

PK is an enzyme responsible to produce pyruvate, with two

known isoforms, namely PKM1 and PKM2. Along with LDH,

PK catalyzes glucose into pyruvate and lactate. All three tested

PD-inducing drugs including MPP+, 6-OHDA, and rotenone are

capable of stimulating PK and LDH activities in dopaminergic

neurons. The reason for the enhanced PK and LDH is likely

due to neurotoxin-induced repression of SIRT1. As a result,

PKM2 activity was increased, leading to pyruvate production,

which may activate LDH activity by a positive feedback loop.
separated by SDS-PAGE. The gel was stained with colloidal Coomassie blue dye

tandem mass spectrometry (LC-MS/MS) analysis. Spectrometry data showing ly

(B) Co-immunoprecipitation analysis. SH-SY5Y cells were transfected with the

co-immunoprecipitation analysis by using anti-SIRT1 antibody. IgGwas used as a

blot.

(C) SIRT1 decreases PKM2 acetylation. SH-SY5Y cells were co-transfected with P

for immunoprecipitation assay by using anti-PKM2 antibody. The immunocompl

(D) Inhibition of SIRT1 increases PKM2 acetylation. SH-SY5Y cells were co-transf

NAMor sirtinol as indicated. After additional 12 h incubation, cells were harvested

was analyzed by western blot. NAM, nicotinamide.

(E) Mutations of K135 and K206 in PKM2 with alanine (R2) or arginine (A2) abolis

transfectedwith wild-type PKM2 (PKM2K2) or PKM2R2 or PKM2R2. 12 h post-tr

cells were harvested for immunoprecipitation using anti-PKM2 antibody and the

(F) SIRT1 induces PKM2 dimerization. SH-SY5Y cells were transfected with SIR

incubated with DSS solution for 30min. After cross-linking, cells were subjected to

blot. Actin was used a loading control.

(G) SIRT1 inhibits PKM2 activity. SH-SY5Y cells were transfected with SIRT1, SIRT

for PKM2 purification and PKM2 activity assay. n = 3 for each group. Blots are rep

no significance. ***p < 0.001, two-tailed Student’s t test.
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Interestingly, a large-scale proteomic analysis has shown that

PKM2 and LDHB are two key factors for early changes in energy

metabolism associated with neuroinflammation.42 This clinical

survey data further substantiated our findings that PK and LDH

activation are likely involved in the pathogenesis of PD, since

neuroinflammation has been shown to be involved in the pro-

gression of PD.43,44

The ectopic fluctuation of pyruvate disturbs energy balance by

inducing mitochondrial dysfunction. Inhibition of the mitochon-

drial pyruvate carrier by MSDC-160 alleviates PD symptoms.45

Lactate is derived from pyruvate through LDH, which could be

used as energy source in many tissues except in the brain.46,47

Reportedly, excessive lactate accumulation results in mitochon-

drial dysfunction and eventually leads to energy defects.48 In this

regard, excessive lactate may have pathogenetic relevance for

PD. Indeed, our data demonstrated that lactate administration

in the third ventricle induced PD-like phenotypes in mice. In

dopaminergic neurons, treatment with MPP+, 6-OHDA, or rote-

none substantially increased pyruvate and lactate production,

implying that excessive pyruvate and/or lactate might be media-

tors of PD induced by these neurotoxins. Consistent with our

findings, lactate is reportedly increased in the CSF of patients

with AD, another neurodegenerative disease.48 Furthermore,

CSF lactate is gradually enhanced in aging populations.49 Serum

lactate was found to be higher in patients with PD than in healthy

controls.50 All these reports, together with our findings, strongly

suggest that excessive lactate in the brain might be a risk factor

for the development of PD.

PKM2 triggers the synthesis of pyruvate, which was further

converted into lactate with the aid of LDH. Hence, in this

pathway, PKM2 is responsible for the first step in manipulating

lactate production. SIRT1 curbs lactate accumulation via the de-

acetylation-induced PKM2 inhibition, thus alleviating neuroin-

flammation. It has been suggested that PKM2 dimerization re-

presses its enzyme activity.7,51 In line with this notion, we

observed that PKM2 dimer was increased in the presence of

SIRT1. Lactate has been shown to activate Toll-like receptor 4

signaling and the NF-kB pathway, resulting in the upregulation

of inflammatory gene expression in macrophages.52 In the pre-

sent study, we also observed that lactate induces NF-kB p65
and the band for PKM2 was collected and subjected to liquid chromatography-

sine residues of 135 and 206 in PKM2 were acetylated by inhibition of SIRT1.

plasmid expressing Sirt1. 24 h post-transfection, cells were harvested for

negative control. The immunocomplex was subsequently analyzed by western

KM2 with SIRT1 or SIRT1 H363Y. 24 h post-transfection, cells were harvested

ex was subsequently analyzed by western blot.

ected with PKM2 and SIRT1. 12 h post-transfection, cells were incubated with

for immunoprecipitation by using anti-PKM2 antibody and the immunocomplex

h acetylation modification induced by inhibition of SIRT1. SH-SY5Y cells were

ansfection, cells were treated with NAMand sirtinol for additional 12 h, and then

immunocomplex was analyzed by western blot. NAM, nicotinamide.

T1 and PKM2 as indicated. 24 h post-transfection, cells were collected and

cell lysate preparation and resulting protein sampleswere analyzed bywestern

1 H363Y, and PKM2 as indicated. 24 h post-transfection, cells were harvested

resentative of 3 independent experiments. Error bar represents ± SD. ns means



Figure 5. Lactate infusion induces parkinsonism-like phenotypes in mice

Mice were administered with sodium lactate (300 mM, 10 mL for each mouse) into the third ventricle. 7 days post-injection, mice were subjected to behavioral

tests.

(A) Lactate infusion aggravates behavioral defects in mice. n = 5 for saline group; n = 10 for lactate group.

(B) Lactate infusion induces dopaminergic neuron loss in the SNpc. Scale bar, 200 mm. n = 5 for saline group; n = 10 for lactate group.

(C and D) Lactate infusion induces microglia activation in the SNpc (C) and striatum (D). Scale bar, 50 mm. n = 5 for saline group; n = 10 for lactate group.

(E and F) Lactate infusion induces astrocyte activation in the SNpc (E) and striatum (F). Scale bar, 50 mm. n = 5 for saline group; n = 10 for lactate group. Error bar

represents ± SD. STR: striatum. *p < 0.05, **p < 0.01, and ***p < 0.001, two-tailed Student’s t test.
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Figure 6. PKM2 worsened PD symptoms in MPTP-treated mice

10-month-old male C57BL6/J mice received AAV-PKM2 or AAV-Con virus in the SNpc by stereotaxic injection. One month later, mice were subjected to PD

model generation by intraperitoneal injection with MPTP at the dosage of 20 mg/kg/day for consecutive 7 days

(A) Immunofluorescence analysis for PKM2 expression in the contralateral and ipsilateral regions. Scale bar, 100 mm. n = 5 for each group.

(B) Quantitative analysis of PKM2 expression based upon immunofluorescence data as shown in (A). n = 5 for each group.

(C) Behavioral performance tests. n = 8 for each group.

(D) Immunohistochemical staining for TH-positive cells in the SNpc. Scale bar, 200 mm.

(E) Quantitative analysis of TH-positive cells in the SNpc based upon immunohistochemical staining as shown in (D). n = 8 for each group. Error bar represents ±

SD. *p < 0.05, **p < 0.01, and ***p < 0.001. Two-tailed Student’s t test was used to calculate statistical difference in (B). Two-way ANOVA with Tukey’s test was

used to calculate statistical difference in (C) and (E).
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nuclear translocation in primary microglia. Macrophages with

high Ldha expression have shown potent capacities for migra-

tion and pro-inflammatory functions.53

Neuroinflammation is a contributing factor for the develop-

ment of PD, and inhibition of neuroinflammation is a useful

approach to slow or prevent this disease.43 Our data revealed

that excessive lactate is capable of inducing neuroinflammation.

Therefore, strategies associated with inhibition of lactate pro-

duction might hold therapeutic potential in PD. For instance,

PKM2 inhibition appears to be a useful strategy against PD.

Indeed, we treated PD model mice with PKM2 inhibitors shiko-
10 Cell Reports Medicine 5, 101684, August 20, 2024
nin/PKM2-IN-1 and found that these therapies could partially

alleviate PDphenotypes. In addition to neuroinflammation induc-

tion, lactate may affect dopaminergic neuron viability in other

ways. For instance, the increased uptake of lactate has been

shown to promote reactive oxygen species production to induce

oxidative stress in neurons, resulting in axon degeneration in the

peripheral nervous system.54 In addition, the continued lactate

efflux could induce intracellular acidification that led to a greater

loss in NAD+, ATP depletion, and cell death.55

By producing ATP, increased glycolysis has been shown to

attenuate the progression of PD.25 Several reports showed that



Figure 7. PKM2 inhibition attenuates PD-related phenotypes

(A) Experimental outlines showing PD model mouse generation and pharmacological interventions.

(B) Behavioral tests showing the defects in rotarod, pole, and olfactory tests were improved by shikonin. n = 5 for each group.

(C) The behavioral defects in MPTP-treated mice were alleviated by PKM2-IN-1. n = 5 for each group.

(D and E) The chemical structures of shikonin (D) and PKM2-IN-1 (E).

(F) The levels of shikonin and PKM2-IN-1 in the brain. n = 5 for each group. Error bar represents ± SD. ns means no significance. *p < 0.05, **p < 0.01, and

***p < 0.001, two-way ANOVA with Tukey’s test.
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astrocytic lactate could be used as a fuel for neuronal sur-

vival.56–59 Therefore, glycolysis inhibition such as PKM2 inhibitor

application seems to be a detrimental intervention for PD, which

is different from our conclusion that PKM2 inhibition plays a

beneficial role in PD model mice. It should be mentioned that

in PD diseased cells induced by commonly used drugs such

as MPP+, rotenone, and 6-OHDA, mitochondrial function was

markedly destroyed. In familial forms of PD, Parkin, a-synuclein,

DJ-1, UCHL-1, LRRK2, PINK1, NURR1, VPS35, and HtrA2 have

pathogenic mutations that directly or indirectly associate with

mitochondrial dysfunction.60 Under these pathophysiological

conditions, therefore, excessive pyruvate produced in astrocyte

glycolysis cannot be consumed by neurons, most of which is

metabolized into lactate with the aid of LDH. On the other

hand, based on our data in this study, SIRT1 expression was

decreased by aging, MPTP, and A30P in dopaminergic neurons,

which weakens its inhibitory effect on PKM2, leading to

increased PKM2 activity and pyruvate production. By a positive

feedback loop, LDH activity was induced to metabolize pyruvate

into lactate. Together, cumulative accumulation of lactate can

induce multiple deleterious outcomes such as inflammation.61

In this regard, therefore, PKM2 inhibition is likely an effective

way against PD. In agreement with this notion, it has been shown

that activation of hexokinase 2 (HK2), the first enzyme in glycol-

ysis, induces dopaminergic neuron apoptosis by promoting

lactate production.62 Most recently, induction of HK2 expression

has been shown to induce hepatic stellate cell activation, in

which lactate plays a pivotal role.63 Therefore, we propose that

there is a threshold of lactate in the brain, which governs its

role as a friend or foe. This notion can be verified by using newly

developed lactate sensors for tracking lactate fluctuation in the

brain.64

Collectively, our data demonstrated that SIRT1 alleviates PD

symptoms by improving lactate homeostasis in the brain.

PKM2 is a downstream target of SIRT1, and K135 and K206 in

PKM2 were deacetylated by SIRT1, thus resulting in the inhibi-

tion of PKM2 enzyme activity. Consequently, lactate production

in the brain was reduced. In the brain, excessive lactate can

induce microglia activation to produce pro-inflammatory cyto-

kines, which may trigger astrocyte activation to produce more

pro-inflammatory cytokines. The resulting neuroinflammation in-

duces various detrimental outcomes, such as loss of dopami-

nergic neurons and the onset of PD. Therefore, CSF lactate

might be a useful index for the early diagnosis of PD. Moreover,

inhibition of PKM2 is an attractive strategy for treating PD. These

findings strongly suggest that PKM2 may be a drug target for

developing agents to treat PD or other neurodegenerative dis-

eases presenting an energy imbalance.

Limitations of the study
Due to time and resource limitations, we did not examine our key

findings in human samples, such as the lactate levels, SIRT1

expression, and deacetylated PKM2 in the brains of patients

with PD. In addition, we did not construct genetic mice with

dopaminergic neuron-specific overexpression or deficiency of

Sirt1 and Pkm2 to validate our conclusions. Moreover, the

detailed molecular mechanisms for SIRT1-induced repression

in PKM2 enzyme activity are still unclear, which might be
12 Cell Reports Medicine 5, 101684, August 20, 2024
resolved by analyzing the conformational changes in deacety-

lated PKM2 at K135/206.
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request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
SH-SY5Y cells and HEK293 cells were obtained from ATCC (Manassas, VA, USA). Cells were cultured in DMEM supplemented with

10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and incubated at 37�C in a humidified atmosphere with 5% CO2. Primary

rat dopaminergic neurons were prepared as described previously.66 In brief, pregnant Sprague Dawley (SD) rats with E14.5 pups

were anesthetized by isoflurane and then euthanized by cervical dislocation. An abdominal incision was made to obtain the uterus,

which was then placed in ice-cold HBSS in a 100 mm Petri dish. Embryos were removed from the uterus using forceps and placed in

fresh ice-cold HBSS. The mesencephalic arch was dissected under a dissection microscope (103 magnification), and the entire

midbrain was taken out. The midbrain tissue was flattened on the Petri dish and the ventral midbrain was collected and placed in

ice-cold HBSS in a 15 mL conical tube. After removing the HBSS, the ventral midbrain was incubated with pre-warmed (37�C)
0.05% trypsin-EDTA at 37�C for 5–10 min. Neurobasal medium containing 50 U/ml penicillin and streptomycin, 1x B27 supplement,

10% FBSwas added to de-activate the digestion. The deactivation mediumwas removed and the tissue was washed twice in neuro-

basal medium with the supplements as mentioned above. Complete dissociation was achieved by 8–10 passes through a fire-pol-

ished glass pipette in the complete medium. The resulting dissociated neurons were seeded on a poly-L-lysine coated cell culture

dish. The maturation of mesencephalic neurons required 7–8 days with medium changes every 2 days. Primary microglia and astro-

cytes were prepared from postnatal day 1 SD rat pups. Briefly, meninges-free cortices were collected and trypsinized. The resulting

cells were cultured in DMEM with 10% FBS and 1% penicillin-streptomycin at 37�C under humidified 5% CO2. Cell culture medium

was changed every 2 days. After 10–12 days, the cultured cells were subjected to shaking at 200 rpm for 2 h. The cells floated in

culture medium were collected after centrifugation and used as microglia. For astrocytes, the cultured cells were subjected to

shaking at 250 rpm for 12–16 h, the remaining attached cells were used as astrocytes.

Animals
C57BL/6 mice were obtained and bred at Animal Laboratory of Nantong University. SNCA-A30P (B6.Cg-Tg(THY1-SNCA*A30P)

TS2Sud/J; 012265) transgenic mice were purchased from the Jackson Laboratory (USA). All of the mice used in this study are

male, which were maintained under specific pathogen-free conditions. To generate PD model mice, MPTP was intraperitoneally

(i.p.) injected at the dosage of 20 mg/kg/day for consecutive 7 days67 MPTP was dissolved in saline at 2 mg/mL, which was given

to each mouse at 10 mL/g body weight. Control group mice were received saline at the same volume. To inhibit PKM2, mice were

treated with shikonin or PKM2-IN-1 at the dosage of 50 mg/kg by gavage. To increase lactate in the brain, 10 mL of 300 mM lactate

sodium was injected into the third ventricle by stereotaxic injection. Alternatively, each mouse was given 10 mL of 60 mM lactate so-

dium by intranasal administration for consecutive 5 days. All experiments were performed in accordance with the approved guide-

lines of the Institutional Ethical Committee of the Nantong University (Approval ID: SYXK [SU] 2017-0046).

Virus production and injection
Sirt1 knockdown in vivo by the stereotaxic injection with lentivirus expressing Sirt1 shRNA (LV-SIRT1 shRNA). Each mouse was

received 4 mL of LV-SIRT1 shRNA (1 x 1012 VG/ml). Control mice were treated with the same dosage of lentivirus expressing shRNA

targeting LacZ (LV-Con). LV-SIRT1 shRNA and LV-Con were provided by Dr. Xinzhong Huang.68 A Hamilton syringe was used to

inject lentivirus at a rate of 1 mL/min to the right SNpc at the following stereotaxic coordinates: 1.3 mm rostral to the bregma,

3.2 mm lateral to the midline, and 4.3 mm ventral to the dura, with the tooth bar set at zero. Adeno-associated virus expressing

Sirt1 (AAV-SIRT1) was produced at HanBio (Shanghai, China) by using AAV9 serotype. To increase Sirt1 expression, mice were in-

jected with the AAV-SIRT1, AAV-PKM2 or the control virus AAV-Con. AAV-SIRT1, AAV-PKM2 and AAV-Con were constructed at

HanBio (Shanghai, China). Each mouse was administered with 4 mL virus with the titration of 1 x 1012 VG/ml. The method of injection

was similar to the procedures as mentioned above. One month later, mice were subjected to PD model generation.

METHOD DETAILS

Plasmids
pECE-SIRT1 and pECE-SIRT1 H363Y are gifts from Michael Greenberg.27 The coding sequence of human Pkm2 was synthesized

and incorporated into pcDNA3.1(+) using endonuclease sites of EcoR I and Xho I (Obio Technology, Shanghai, China). S protein
e3 Cell Reports Medicine 5, 101684, August 20, 2024
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(SP) tag was generated by PCR and incorporated into pcDNA3.1(+)-PKM2 at the amino terminus by EcoR I and BamH I.

pcDNA3.1(+)-PKM2 A2 (K135A/K206A) and pcDNA3.1(+)-PKM2R2 (K135R/K206R) were generated by PCR-basedmutagenesis us-

ing pcDNA3.1(+)-PKM2 as a template. The primer sequences are listed in Table S1. All plasmids were further confirmed by

sequencing.

Cell viability assay
Cell viability was examined with a cell counting kit-8 according to the manufacturer’s instructions. Briefly, cells were seeded in a

96-well plate, 10 mL of CCK-8working solution was added to eachwell. After 2 h-incubation in a cell incubator, the absorbance values

at 405 nm were recorded with a microplate reader (BioTek, Synergy H1).

LDH activity assay
LDH activity was measured by a commercial kit according to the method as described elsewhere.67 Briefly, at the end of treatments,

cell culture medium was harvested and then incubated with the LDH-assay reaction mixture. The incubation was performed for

30 min at room temperature in dark. The absorbance at 490 nm was detected with a microplate reader (BioTek, USA). Cell death

ratio was calculated by the formula: The cell death ratio (%) = (Asample – Ablank)/(Amax – Ablank) 3 100.

Behavioral performance tests
Tail suspension test: Mice were suspended from the hook of a tail suspension test box (45 cm in height, 15 cm in width, 11.5 cm in

depth), 60 cm above the surface of a platform, using adhesive tape placed 1 cm from the tip of the tail. After acclimatization, the pro-

cess was recorded by a camera for at least 10 min and the time of immobility was measured. Mice were considered immobile only

when they hung passively and were completely motionless. Pole test: A metal rod (75 cm long with a 9 mm diameter) wrapped with

bandage gauze was used as the pole. Before the actual test, the mice were trained for two consecutive days and each training ses-

sion consisted of three test trials. Mice were placed on the top of the pole. The time to turn and total time to reach the base of the pole

were recorded. The end of test was defined by placement of all 4 paws on the base. The maximum cutoff time to stop the test and

recordingwas 60 s. Olfactory test: Micewere fedwith cheese pellets before olfactory test tomake sure they are familiar with the pellet

odor. Mice were fasted for 20 h prior to the test. One cheese pellet was buried 1.0 cm below the bedding on a corner of cage. In each

test, mousewas placed at the center of cage at the beginning. The timewas recordedwhen the cheese pellet was detected and eaten

bymice. If mouse failed to find the pellets within 5min, the test stopped and a score of 300 s was awarded. The bedding and the cage

were cleaned for each trial. The test was performed for 3 consecutive days and each mouse received one trial per day. Rotarod test:

The rotarod test was conducted to evaluate the motor deficits, as previously described with slight modification.67 The rotarod ma-

chine detects mouse drop and records the time and acceleration each mouse passes on its corresponding channel. Before the in-

jection of MPTP, the model mice were pre-trained within 5 min (2–20 rpm) acceleration mode for 3 consecutive days. One week after

the injection of MPTP, the time required for each mouse to fall was recorded and analyzed. For each behavioral test, mice with

ectopic performances in behavioral training were excluded. The remaining animals with similar behavioral values were included

and randomly grouped, and no animals were excluded in the formal analyses.

Immunohistochemistry and immunofluorescence
Brain tissues were fixed in phosphate-buffered 4%paraformaldehyde, pH7.4, at 4�C, and then tissues were cut on a vibratome set at

12 mm. The sections were incubated in Quick/Block buffer (Beyotime, Shanghai, China; Cat. No. P0260) for 1 h at room temperature.

After 3 time-washing in PBST, the sections were incubated with an anti-Tyrosine hydroxylase (anti-TH) antibody, followed by incu-

bation with biotin-conjugated antibody (Zsbio, Beijing, China; Cat. No. sp-9000) and ABC reagents (Zsbio, Beijing, China; Cat. No.

pk-4001). Sections were developed using Fast DAB Peroxidase Substrate (Sigma-Aldrich; Cat. No. D0426). Immunofluorescence

was performed on 12 mm thick serial brain sections. After blocking, the sections were incubated with the primary antibodies including

anti-Iba-1 antibody, anti-GFAP antibody, anti-SIRT1, anti-PKM2, and anti-TH for overnight at 4�C. The sectionswere rinsed 3 times in

PBST and then incubatedwith the second antibodies for 2 h at room temperature. After removing the second antibodies, the sections

were rinsed 3 times in PBST and the images were taken with a fluorescence microscope (Zeiss, Axio Image M2). For immunofluo-

rescence analysis in cells, cells were seeded into a 24-well plate with glass coverslips (33 104 per well). Next day, cells were treated

with lactate for 24 h. Cells were fixed with methanol at room temperature for 15 min and washed 3 times in PBS. Then cells were

blocked with 5% BSA solution containing 0.1–0.5% Triton X-100 for 2 h at room temperature. After blocking, cells were incubated

with primary antibodies including anti-Iba-1, GFAP and NF-kB p65 overnight at 4�C. After 3 time-washing, cells were incubated with

an Alexa Fluor 488/594-conjugated secondary antibody for 2 h at room temperature. Finally, the nuclei were stained with DAPI. Pho-

tographs (400X) were taken with a fluorescence microscope (Olympus, BX51). The total numbers of TH-positive cells were counted

by unbiased stereology method as described elsewhere.65 Iba-1- and GFAP-positive cells were analyzed by the ImageJ software.

Details of all antibodies are listed in key resources table.

PKM2 dimer analysis
To examinewhether SIRT1 affects PKM2dimer, SH-SY5Y cells were overexpressedwith PKM2 and SIRT1 by transfection. 24 h later,

cells were collected and suspended in PBS (pH 8.0). Cells were washed 3 time with ice-cold PBS (pH 8.0) to remove
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amine-containing culturemedia and proteins from the cells. Disuccinimidyl suberate was dissolved in DMSO immediately before use.

For cross-linking, cells were incubated with 1 mM DSS for 30 min at room temperature, and the reaction was quenched by adding

20 mM Tris buffer for 15 min. After cross-linking, cells were washed and subjected to protein extraction and western blot analysis.

Protein extraction and western blot analysis
Cells were lysed in pre-cold lysis buffer containing 25 mM Tris-HCl (pH 7.4), 100 mM NaF, 50 mM Na4P2O7, 10 mM Na3VO4, 10 mM

EGTA, 10mMEDTA, 1%NP-40, 10 mg/mL Leupeptin, 10 mg/mL Aprotinin, 2mMPMSF, 20 nMOkadaic acid. The lysates were centri-

fuged at 12,000 rpm for 15 min at 4�C. Cell debris was discarded and supernatant was kept on ice. Protein concentration in super-

natant was measured by a kit (Pierce) according the manufacturer’s instructions. Equal protein concentration in each sample was

prepared and 1X Laemmli buffer was added and boiled at 100�C for 5 min. The procedures for Western blot were described else-

where.69 Briefly, protein samples were resolved by SDS-PAGE and transferred to PVDFmembrane. After blocking in 5%BSA, mem-

branes were incubated with the primary antibodies including anti-SIRT1, anti-PKM1, anti-PKM2, anti-acetylated lysine, and anti-

b-Actin, at 4�C for overnight. After three-time washing in TBST, membranes were incubated with the second antibody for 1 h at

room temperature. The second antibody was thoroughly removed by four-time washing in TBST. Membrane was developed using

a chemiluminescence assay system (Roche) and exposed to Kodak films. Blots were quantified by the ImageJ program. Details of all

antibodies are listed in key resources table.

Quantitative real-time PCR (qRT-PCR)
Total RNAwas extracted from cells or tissues by using RNA isolator (Vazyme, Nanjing, China), which was then transcribed into cDNA

with a cDNA Synthesis Kit (Vazeme, Nanjing, China). Levels of mRNAwere analyzed with an iQ5Multicolor Real-Time PCR Detection

System (Bio-Rad), using FASTSTART ESSENTIAL DNA GREEN MASTER (Roche). The mRNA levels were normalized to the expres-

sion of 18S rRNA. The primer sequences used in this study are listed in Table S1.

Pyruvate and lactate assay
Pyruvate and lactate were analyzed, respectively, by a pyruvate assay kit (Sigma-Aldrich; Cat. No. MAK071) and a lactate assay kit

(Sigma-Aldrich; Cat. No. MAK064) according to the manufacturer’s instructions.

Pyruvate kinase activity assay
Pyruvate kinase activity was measured by a pyruvate kinase activity assay kit (Sigma-Aldrich; Cat. No. MAK072) according to the

manufacturer’s instructions.

Co-immunoprecipitation and LC-MS/MS spectrometry
SH-SY5Y cells were transfected with a plasmid expressing Sirt1 by Lipofectamine. 24 h post-transfection, cells were harvested and

subjected to co-immunoprecipitation analysis with a commercial kit (Pierce) by using antibodies against SIRT1 and PKM2, according

to the manual instructions. The resulting immune-complex was analyzed by liquid chromatography followed by liquid chromatog-

raphy-tandem mass spectrometry (LC/MS/MS).

Acetylated PKM2 preparation
HEK293 cells were transfectedwith a plasmid expressing PKM2-SP by Lipofectamine (Invitrogen). 12 h post-transfection, cell culture

mediumwas replenished, in which 0.2 mMTSA, 2mM sodium butyrate and 5 mMsirtinol were supplemented.70 After 24 h-incubation,

cells were lysed in pre-cold lysis buffer containing 25 mM Tris-HCl (pH 7.4), 100 mM NaF, 50 mM Na4P2O7, 10 mM Na3VO4, 10 mM

EGTA, 10 mM EDTA, 1% NP-40, 10 mg/mL Leupeptin, 10 mg/mL Aprotinin, 2 mM PMSF, 20 nM Okadaic acid, 0.2 mM TSA, 2 mM

sodium butyrate and 5 mM sirtinol. Cell lysates were centrifuged at 10,000 rpm for 15 min and the supernatants were subjected to

protein purification by S-protein agarose. The purified protein samples were denatured by adding 1X Laemmli buffer and boiled

at 100�C for 5 min. The purified PKM2 protein was eluted, separated by SDS-PAGE. After staining with colloidal Coomassie Blue

dye, PKM2 band was isolated from the gel and subjected to LC/MS/MS.

Mass spectrometry analyses
For co-immunoprecipitation protein samples, 200 mg of proteins were incorporated into 30 mL SDT buffer (4% SDS, 100 mM DTT,

150 mM Tris-HCl, pH 8.0). The detergent, DTT and other low-molecular-weight components were removed using UA buffer (8 M

Urea, 150 mM Tris-HCl, pH 8.0) by repeated ultrafiltration (Microcon units, 10 kD). Then 100 mL iodoacetamide (100 mM IAA in

UA buffer) was added to block reduced cysteine residues and the samples were incubated for 30 min in darkness. The filters

were washed with 100 mL UA buffer three times and then 100 mL 25 mM NH4HCO3 buffer twice. Finally, the protein suspensions

were digested with 4 mg trypsin in 40 mL 25 mM NH4HCO3 buffer overnight at 37�C, and the resulting peptides were collected as

a filtrate. For purified PKM2 protein, the gel slice was first treated with iodoacetamide and DTT, and then digested with trypsin.

The tryptic digests of protein samples were then desalted on C18 Cartridges (Empore SPE Cartridges C18 (standard density),

bed I.D. 7 mm, volume 3 mL, Sigma), concentrated by vacuum centrifugation and reconstituted in 40 mL of 0.1% (v/v)

formic acid. The peptide content was estimated by UV light spectral density at 280 nm using an extinctions coefficient of 1.1 of
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0.1% (g/L) solution that was calculated on the basis of the frequency of tryptophan and tyrosine in vertebrate proteins. The resulting

samples were subjected to LC-MS/MS spectrometry analysis (Shanghai Applied Protein Technology Co., Ltd.). MS/MS spectra were

searched using MASCOT engine (Matrix Science, London, UK; version 2.4) against the UniProtKB human (161584 total entries,

downloaded 20180105).

Cerebral spinal fluid (CSF) collection
The procedures for CSF collection were described elsewhere.71 Briefly, mice were anesthetized by isoflurane. An incision from the

top of the skull to the dorsal thorax is made. The meninges overlying the cisterna magna is exposed after removing the musculature.

The tissue above the cisterna magna is carefully excised and the surrounding area is gently cleaned under a dissecting microscope.

The arachnoid membrane covering the cistern was punctured using a microneedle. A polypropylene narrow bore pipette is used to

collect the CSF at the punctured site.

Shikonin and PKM2-IN-1 assays
To examine shikonin and PKM2-IN-1 in the brain, 8-week-old male C57BL/6J mice were treated with shikonin and PKM2-IN-1 by

gavage at the dosage of 50 mg/kg. One hour later, mice were sacrificed after anaesthetization and brain tissues were collected.

To exact chemicals, brain tissues were homogenized in methanol and then subjected to centrifugation at 3000 rpm for 10 min.

The resulting supernatants were filtered using 0.22 mm syringe filters. An HPLC-MS (LCMS-IT-TOF, Shimadzu, Japan) coupled

with a software LC-MS solution was used to detect shikonin and PKM2-IN-1. Separation was performed on an SB-C18 column

(753 2.1mm id, 2.7 mm) fromAgilent (CA, USA). Themobile phase was composed of 0.1% formic acid containing 10mM ammonium

formate and acetonitrile (20:80), at a flow rate of 1 mL/min, the temperature was maintained at 35�C and the acquisition wavelength

was set to 518 nm for both shikonin and PKM-IN-1. For shikonin, the mass spectrometer was operated in positive ion mode with the

following parameters: ionspray voltage: 4.0 kV; curtain gas pressure: 30 psi; nebulizer gas pressure: 50 psi; heating gas pressure:

50 psi; source temperature: 350�C; collision gas pressure: 8 psi. For PKM2-IN-1, the mass spectrometer was operated in positive

ionmodewith the following parameters: ionspray voltage: 5.5 kV; curtain gas pressure: 30 psi; nebulizer gas pressure: 50 psi; heating

gas pressure: 50 psi; source temperature: 500�C; collision gas pressure: 8 psi. Multiple reaction monitoring (MRM) mode was used

throughout analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as means ± SD. Statistical significance for two groups was analyzed by two-tailed Student’s t test. Statistical

significance for multiple groups was calculated with one-way ANOVA or two-way ANOVA. All the statistical analyses were done

in the GraphPad Prism version 9.0.0. Significance was accepted at the level of p < 0.05.
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