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SUMMARY
Neuroinflammation plays a significant role in ischemic injury, which can be promoted by oxidized mitochon-
drial DNA (Ox-mtDNA). Cytidine/uridine monophosphate kinase 2 (CMPK2) regulates mtDNA replication, but
its role in neuroinflammation and ischemic injury remains unknown. Here, we report that CMPK2 expression
is upregulated in monocytes/macrophages and microglia post-stroke in humans and mice, respectively. Mi-
croglia/macrophage CMPK2 knockdown using the Cre recombination-dependent adeno-associated virus
suppresses the inflammatory responses in the brain, reduces infarcts, and improves neurological outcomes
in ischemic CX3CR1

Cre/ERT2 mice. Mechanistically, CMPK2 knockdown limits newly synthesized mtDNA and
Ox-mtDNA formation and subsequently blocks NLRP3 inflammasome activation in microglia/macrophages.
Nordihydroguaiaretic acid (NDGA), as a CMPK2 inhibitor, is discovered to reduce neuroinflammation and
ischemic injury in mice and prevent the inflammatory responses in primary human monocytes from ischemic
patients. Thus, these findings identify CMPK2 as a promising therapeutic target for ischemic stroke and other
brain disorders associated with neuroinflammation.
INTRODUCTION

Acute ischemic stroke is a devastating acute cerebrovascular

disorder,1,2 manifesting as fast-onset muscle weakness, mental

confusion, loss of balance or coordination, sudden syncope, pa-

ralysis, and other severe symptoms.3 Despite the advancements

in medical technology and surgical instruments, stroke remains

the second leading cause of death globally, accounting for

11.6% of all disease mortality,4 and ranks as the third leading

cause of disability-adjusted life years (DALYs), accounting for

approximately 5.7% of all DALYs.4 Currently, intravenous throm-

bolysis with recombinant tissue plasminogen activator (r-tPA) is

the only treatment strategy recognized as effective by all regula-

tory agencies.5 Nevertheless, intravenous thrombolysis with

r-tPA has strict time window limitations of approximate 4.5 h

as well as medical restrictions,6 so less than 3% of ischemic pa-

tients could benefit from it. Although numerous neuroprotective

agents have displayed significant efficacy in animal experiments

for decades, they have failed in clinical trials.7 Consequently,

there is an urgent need to identify potential therapeutic targets

and interventions for ischemic stroke.
Cell Reports Medicine 5, 101522,
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Multiple pathophysiological mechanisms participate in the

progression of cerebral ischemic stroke, including neuroinflam-

matory response, calcium overload, oxidative stress, and exci-

totoxicity.6 Neuroinflammation mediated by microglia exhibits

crucial influences over ischemic injury and is highly correlated

with long-term cognitive and motor function after stroke.8

Upon ischemia attack, neuronal death triggers secondary im-

mune responses characterized by microglia hyperactivation

and release of cytokines and chemokines.9 Afterward, acti-

vated microglia accumulate around the lesioned area and

peri-infarct border zone, lasting from a few hours to several

weeks.8,9 In microglial mitochondria, the reactive oxygen

species (ROSs) are extensively produced after stroke.10,11

As mitochondrial DNA (mtDNA) possesses limited repair

capacity and is lacking the protection of histone proteins,12,13

mtDNA is vulnerable and easily oxidized, primarily in the form

of 8-hydroxy-2-deoxyguanosine (8-OHdG).14 The level of

8-OHdG has been validated to be highly correlated with the

severity of ischemic stroke and to be an independent prog-

nostic factor of the functional outcomes in patients with

stroke.15–19 However, it is unclear whether inhibition of oxidized
May 21, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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mtDNA (Ox-mtDNA) production could be an effective way to

treat ischemic stroke.

Cytidine/uridine monophosphate kinase 2 (CMPK2) is a

rate-limiting enzyme for the synthesis of deoxynucleoside tri-

phosphates to regulate mtDNA replication.14 Several reports

have shown that CMPK2 participates in the progression

of diseases, including acute respiratory distress syndrome

(ARDS), brain calcification, spinal cord injury, and coronaviruses

(CoVs).14,20–24 mtDNA is an intramitochondrial closed double-

stranded DNA circle that functions as a damage-associated mo-

lecular marker to induce inflammation.14,25 Under normal physi-

ological circumstances, on the one hand, transcription factor A

(TFAM) can promote the packaging and compaction of naked

mtDNA into nucleoids,14 thereby minimizing susceptibility to

mitochondrial ROS (mtROS); on the other hand, timely termina-

tion of inflammation evoked bymtDNA can promote tissue repair

and help re-establish homeostasis in the host by clearing patho-

gens.14 However, under pathological states, ROSs, pathogen-

associated molecular patterns, and damage-associated molec-

ular patterns (DAMPs) can prompt mitochondrial permeability

transition pore (mPTP) opening and voltage-dependent anion

channel (VDAC) oligomerization in mitochondrial membranes to

facilitate mtDNA release to the cytoplasm.14,25,26 mtROS does

not directly induce inflammasome activation,26 but mtDNA

oxidized by mtROS (Ox-mtDNA) can directly activate the

NLRP3 inflammasome to induce cleaved caspase-1 and mature

interleukin (IL)-1b secretion. The upregulation of CMPK2 expres-

sion could initiate new synthesis of naked and uncompacted

mtDNA in lipopolysaccharide (LPS)-primed immune cells to

trigger inflammasome-mediated inflammation.14,25,26 Despite

considerable studies highlighting the pivotal roles of CMPK2 in

diseases including ARDS, brain calcification, spinal cord injury,

and CoVs,14,20–24 little is yet known about the role of CMPK2 in

cerebral ischemic stroke.

In this study, we investigated the function of CMPK2

in ischemic stroke. We found that adeno-associated virus

(AAV)-mediated microglia/macrophage CMPK2 knockdown in

CX3CR1
Cre/ERT2 mice, or a natural product, nordihydroguaiaretic

acid (NDGA), identified as a specific CMPK2 inhibitor, reduced

brain injury and presented better long-term neurological out-

comes after transient middle cerebral artery occlusion (tMCAO)

treatment. Moreover, microglia/macrophage CMPK2 knock-

down or NDGA treatment inhibited the expression of newly syn-

thesized mtDNA and Ox-mtDNA formation and subsequently

limited NLRP3 inflammasome activation. Our study laid the foun-

dation for CMPK2 as a potential therapeutic target for ischemic

stroke and other neurological disorders associated with

neuroinflammation.

RESULTS

Peripheral blood expression of CMPK2 is upregulated in
patients with stroke and correlated with infarct volume
Gene expression variability in peripheral whole blood between

healthy subjects and patients with ischemic stroke, which has

been recognized as an approach to identify valuable bio-

markers or predictors for the diagnosis or prognosis of

ischemic stroke,27,28 has garnered investigators’ interest for
2 Cell Reports Medicine 5, 101522, May 21, 2024
decades. Currently, the precise role of CMPK2 in the patholog-

ical processes of ischemic stroke remains to be elucidated. We

evaluated CMPK2 gene expression in peripheral whole blood

and discovered that CMPK2 gene expression was highly

elevated in patients with ischemic stroke compared with that

in the control subjects (Figure 1A). We subsequently analyzed

the relationship between CMPK gene expression and infarct

volume or National Institutes of Health Stroke Scale (NIHSS)

score. We observed a positive correlation between CMPK2

gene expression and infarct volume or NIHSS score, indicating

that CMPK2 may be positively correlated with stroke severity in

patients (Figures 1B–1D). Afterward, we evaluated the changes

of mtDNA levels in the peripheral blood of patients with

stroke by examining the expressions of representative mtDNA

markers, including displacement loop (D-LOOP), COX1,

CYTB, and nDNA (TERT).29,30 The results revealed that the ex-

pressions of D-LOOP, COX-1, and CYTB were upregulated in

patients with stroke in comparison to control subjects (Fig-

ure S1A). Then, we examined the expression of 8-OHdG, the

biomarker of Ox-mtDNA, which is promoted by CMPK2 upre-

gulation.14 Immunofluorescence analyses showed that

8-OHdG expression and CMPK2 expression were increased

in peripheral whole blood after stroke onset relative to that of

the control subject (Figures 1E–1H). Moreover, we observed

that 8-OHdG expression was obviously increased in CD11b+

cells (Figures S1B and S1C). These findings demonstrated

that elevated CMPK2 levels in peripheral whole blood corre-

lated positively with stroke severity in human stroke subjects.

CMPK2 is a microglia/macrophage-specific regulator
after ischemic stroke onset
Coincident with the finding in human peripheral blood, we

discovered that CMPK2 protein expression was significantly

elevated at 3 h, peaked at 24 h, and finally returned to baseline

at 7 days in the brain peri-infarct region in the mouse or rat

tMCAO model (Figures 2A, 2B, S2A, and S2B). Subsequently,

we investigated which cell type would increase CMPK2

expression in the ischemic hemisphere. Immunofluorescence

staining results revealed that CMPK2 expression was obviously

increased in microglia/macrophages, but not astrocytes or neu-

rons, after stroke onset (Figures 2C, 2D, S2C, and S2D). To

further determine the expression of CMPK2 in microglia/macro-

phages after ischemia attack, we isolated microglia/macro-

phages by magnetic bead sorting (Figures S2E and S2F). Also,

we observed a significant increase in CMPK2 expression in mi-

croglia/macrophages at 24 h post-stroke compared with the

sham group (Figures 2E and 2F).

Then, to simulate the in vivo cerebral ischemia, the oxygen-

glucose deprivation (OGD)-induced cell death model was estab-

lished in primary mouse astrocytes, microglia, and cortical

neurons in vitro. Consistent with the findings of in vivo experi-

ments, CMPK2 expression was markedly elevated in a time-

dependentmanner and peaked at 6 h in primarymousemicroglia

(Figures 2G and 2H). However, after OGD conditions, primary

neurons displayed slight upregulation in CMPK2 expression,

and primary astrocytes displayed no discernible change in

CMPK2 expression (Figures 2I, 2J, and S2G–S2J). Overall, these

data demonstrated that CMPK2 expression was predominantly



Figure 1. Peripheral blood expression of CMPK2 is elevated and positively correlative with infarct volume in human ischemic subjects

(A) Quantification for CMPK2 gene expression (control = 21, stroke = 31).

(B) Representativemagnetic resonance imaging (MRI) images (diffusion-weighted imaging) of patients with strokewithCMPK2 gene expression (fold change < 10

and fold change > 10).

(C) The correlation analysis was performed between CMPK2 transcript levels in blood and infarct volume in patients with stroke. n = 20.

(D) The correlation analysis was performed between CMPK2 transcript levels in blood and NIHSS score in patients with stroke. n = 20.

(E and F) Representative immunofluorescence images and quantification of 8-OHdG expression levels in the peripheral blood of ischemic patients. Scale bar:

20 mm. n = 6.

(G and H) Representative immunofluorescence images and quantification of CMPK2 expression levels in the peripheral blood of patients with acute ischemic

stroke. Scale bar: 20 mm. n = 6.

Results are represented as means ± SD. ***p < 0.001 vs. non-stroke control subjects.
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increased inmicroglia/macrophages in the ischemic brain during

the acute phase of stroke.

Microglia/macrophage CMPK2 knockdown protects
against ischemic brain injury in themouse tMCAOmodel
According to the previous literature,31 CX3CR1

Cre/ERT2 mice

were microinjected with microglia/macrophage-specific ad-

eno-associated virus (AAV)-CMPK2 short hairpin RNA (AAV-

U6-LoxP-CMV-mCherry-LoxP-CMPK2-shRNA-WPRE-poly(A)

[AAV-shCMPK2]) or the scrambled control AAV (AAV-U6-LoxP-

CMV-mCherry-LoxP-scramble-shRNA-WPRE-poly(A) [AAV-

shCon]) in the right cortex, followed by administration with

tamoxifen for 5 consecutive days (Figure 3A). We examined

the transfection efficiency of mCherry-tagged AAV and
observed that mCherry was primarily detected in microglia/

macrophages, with little colocalization with neurons or astro-

cytes (Figures 3B and S3A–S3C). The immunohistochemical

staining and western blotting results showed that CMPK2

expression was obviously downregulated in microglia/macro-

phages in the cerebral cortex of AAV-shCMPK2 CX3CR1
Cre/ERT2

mice (Figures 3C, 3D, and S3D–S3G). Next, we explored

whether microglial proliferation after stroke onset affected

CMPK2 knockdown efficiency by western blotting. We isolated

primary mouse microglia cells from CX3CR1
Cre/ERT2 mice at

postnatal days 1–3 and then supplemented them with mouse

recombinant macrophage colony-stimulating factor (MCSF)

protein for 48 h to stimulate the microglial proliferation accord-

ing to previous literature.32 The western blotting analysis
Cell Reports Medicine 5, 101522, May 21, 2024 3



Figure 2. CMPK2 expression is mainly upre-

gulated in microglia/macrophages of the

brain after ischemia onset

(A and B) Western blotting images and quantification

for CMPK2 protein expression in the peri-infarct re-

gion of sham-operated and ischemic mice at 3 h, 12

h, 1 day, 3 days, and 7 days following operation.

n = 6.

(C and D) Representative immunofluorescence im-

ages and quantitative analysis of CMPK2+ Iba1+ cells

in the peri-infarct region of the ischemic mice. Scale

bar: 50 mm. n = 6.

(E and F) Western blotting images and quantification

for CMPK2 protein expression in microglia/macro-

phages isolated from the peri-infarct region with

CD11b+ magnetic beads at 24 h following operation.

n = 6.

(G and H) Western blotting images and quantification

for CMPK2 expression in primary mouse microglia

exposed to OGD conditions for 0, 2, 4, 6, 9, or 12 h.

n = 4.

(I and J) Western blotting images and quantification

for CMPK2 expression in primary mouse microglia,

astrocytes, or cortical neurons exposed to OGD

conditions for 0 and 6 h. n = 6.

Results are represented as means ± SD. **p < 0.01

and ***p < 0.001 vs. sham or 0 h group.
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indicated that transfection with AAV-shCMPK2 small interfering

RNAs (siRNAs) could effectively reduce the protein expression

of CMPK2 to approximately 50% compared to cells transfected

with AAV-shCon subjected to MCSF stimulation (Figure S3H).

Thus, supported by the above findings, we validated that

CMPK2 shRNA-specific targeting to microglia/macrophages

was established in CX3CR1
Cre/ERT2 mice. Subsequently, we

developed the mouse tMCAO model to seek out the potential

effects of microglial CMPK2 on cerebral ischemic damage.

We initially assessed the regional cerebral blood flow (rCBF)

to exclude the possibilities of variations in cerebral vessel

congestion and eventually verified that there existed no

apparent differences in the rCBF at baseline, during

ischemia, or after reperfusion between the AAV-shCon and

AAV-shCMPK2 CX3CR1
Cre/ERT2 mice (Figures 3E and 3F).

Then, after ischemia attack, AAV-shCMPK2 CX3CR1
Cre/ERT2
4 Cell Reports Medicine 5, 101522, May 21, 2024
mice displayed markedly ameliorated

ischemic volume as determined by 2,3,5-

triphenyltetrazolium chloride (TTC) staining

and significantly improved short-term

neurological outcomes as indicated by

lower scores in the Longa test in compar-

ison to the AAV-shCon CX3CR1
Cre/ERT2

mice (Figures 3G and 3H). Moreover, we

also found that less ischemic volume and

improved neurological functions existed

in the AAV-shCMPK2 CX3CR1
Cre/ERT2 fe-

male mice compared with AAV-shCon

CX3CR1
Cre/ERT2 female mice following

ischemic stroke (Figures 3I and 3J).

Based on the aforementioned finding, we
conclude that microglia/macrophage-specific CMPK2 knock-

down ameliorates ischemic injury in the mouse tMCAO model.

Microglia/macrophage CMPK2 knockdown improves
the long-term functional performances in the mouse
tMCAO model
The prognosis and quality of life of long-term stroke survivors are

correlated with motor function recovery post-ischemic stroke.33

To further investigate the effects of CMPK2 on long-term func-

tional outcomes after ischemia onset, we conducted longitudinal

T2-weighted MRI scanning and a series of long-term functional

tests on the AAV-shCon and AAV-shCMPK2 CX3CR1
Cre/ERT2

mice subjected to ischemic stroke (Figure 4A). MRI scanning re-

vealed obviously enlarged ischemic lesions in the AAV-shCon

CX3CR1
Cre/ERT2 mice at 14 days after tMCAO, whereas the

AAV-shCMPK2 injection in the CX3CR1
Cre/ERT2 mice efficiently



Figure 3. Microglia/macrophage CMPK2 silencing reduces brain ischemic volume and improves short-term neurological function in the

mouse tMCAO model
(A) Schematic diagram about experimental strategy for CMPK2 knockdown.

(B) Representative immunofluorescence images of mCherry+ cells stained with Iba1. Scale bar: 50 mm. n = 4.

(C) Representative immunofluorescence images of mCherry+ cells stained with Iba1 and CMPK2. Scale bar: 20 mm. n = 6.

(legend continued on next page)
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reduced the infarct volume (Figures 4B and 4C). In addition, AAV-

shCMPK2 treatment significantly ameliorated long-term func-

tional deficits in the CX3CR1
Cre/ERT2 mice, as revealed by the

markedly reduced score in the modified neurological severity

score (mNSS) test, enhanced score in the wire-hanging test,

decreased percentage of forelimb faults in foot missteps, and

increased time in the rotarod test in contrast to the AAV-shCon

CX3CR1
Cre/ERT2 mice 0, 3, 5, 7, 14, 21, and 28 days post-

ischemia (Figure 4D). Furthermore, AAV-shCMPK2 administra-

tion substantially enhanced the survival proportions during the

relatively delayed stage (28 days) compared to ischemic AAV-

shCon CX3CR1
Cre/ERT2 mice (Figure 4E). These results high-

lighted that CMPK2 in microglia/macrophages contributed, at

least partly, to ischemic injury and poor long-term functional per-

formances after ischemic stroke.
Microglia/macrophage CMPK2 knockdown promotes
microglial ramification and inhibits Ox-mtDNA-induced
NLRP3 inflammasomeactivation in the brain of ischemic
mice
Microglia morphology is highly plastic and rapidly changes to

closely monitor and regulate neuronal functions in response to

varying environmental situations, especially ischemic insult.34,35

To seek out the potential mechanism underlying microglial

protection against ischemic stroke, we assessed the influences

of microglia/macrophage CMPK2 silencing on microglial

morphology. We observed that microglial morphology was

more ramified and homeostatic-like in the AAV-shCMPK2

CX3CR1
Cre/ERT2 mice than in the AAV-shCon CX3CR1

Cre/ERT2

mice at 3 days after ischemia (Figure 5A). Particularly, the

morphometric analysis indicated that the AAV-shCMPK2 treat-

ment could increase the process lengths and the number of

branches compared to the AAV-shCon treatment (Figure 5B).

In addition, ramified microglial cells were accompanied by less

proliferation ability.36 Then, to evaluate whether CMPK2 knock-

down influences microglia proliferation in the mouse tMCAO

model in vivo, we conducted immunofluorescence staining by

costaining Ki67 with Iba1, according to previous reports,37,38

and found that no statistical differences were observed in the

numbers of Ki67+ Iba1+ cells between the AAV-shCon and

AAV-shCMPK2 CX3CR1
Cre/ERT2 mice (Figure S4A). To evaluate

the effects of CMPK2 knockdown on microglia proliferation

in vitro, we established an MCSF-induced proliferation model

in mouse primary microglia cells and applied EdU staining ac-

cording to previous literature.38 The immunofluorescence results

of EdU staining indicated that the MCSF-induced microglia pro-

liferationwas not influenced byCMPK2 knockdown (Figure S4B).

Thus, CMPK2 knockdown did not affect microglia proliferation

in vivo and in vitro. Consequently, these data demonstrated
(D) Western blotting images for CMPK2 protein expression in microglia/macropha

mice with CD11b+ magnetic beads. n = 6.

(E and F) Regional cerebral blood flow. Results are expressed as means ± SD. n

(G and H) AAV-shCMPK2 administration reduced cerebral infarct volume and pr

(I and J) AAV-shCMPK2 administration toned down cerebral infarct volume and im

are represented as means ± SD.

***p < 0.001 vs. sham plus AAV-shCon group and ###p < 0.001 vs. tMCAO plus A
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that CMPK2 knockdown inhibited microglial hyperactivation

following ischemic insult.

We then explored the effects of microglia/macrophage

CMPK2 silencing on 8-OHdG, which is the biomarker of Ox-

mtDNA. As illustrated by Figures 5C–5F, the immunofluores-

cence analysis results demonstrated that the 8-OHdG level

was significantly elevated in microglia in the AAV-shCon

CX3CR1
Cre/ERT2 mice, but substantially decreased in the peri-

infarct area of AAV-shCMPK2 CX3CR1
Cre/ERT2 mice, at 24 and

72 h after ischemia.

Ox-mtDNAmediated byCMPK2 could drive NLRP3 inflamma-

some activation,26 which eventually promotes uncontrolled

inflammation and death in the neighboring cell.39,40 Compared

to sham-operatedCX3CR1
Cre/ERT2mice, the protein expressions

of bioactive gasdermin D N-terminal fragment (N-GSDMD [p30]),

cleaved caspase-1 (caspase-1 p20), and mature IL-1b (IL-1b

p17) were obviously upregulated in the peri-infarct region after

AAV-shCon administration, which was significantly reduced af-

ter AAV-shCMPK2 treatment in the peri-infarct region of

CX3CR1
Cre/ERT2mice at 3 days after ischemia (Figure 5G). Based

on the aforementioned findings, we conclude that CMPK2 could

promote mtDNA replication to stimulate Ox-mtDNA formation

and subsequently trigger NLRP3 inflammasome activation in mi-

croglia/macrophages after ischemic stroke.
CMPK2 facilitates Ox-mtDNA formation and NLRP3
inflammasome activation in primary mouse microglia
cells
To validate these findings from in vivo experiments, we investi-

gated the effects of CMPK2 on Ox-mtDNA formation in primary

mousemicroglia cells in vitro. Primingwith LPSs followed by ATP

stimulation is a well-established model to activate the NLRP3 in-

flammasome in primary mousemicroglia cells41–43 and has been

implicated in a plethora of literature exploring the pathological

mechanisms of microglia in the context of ischemic stroke.34,43

First, we examined the gene and protein expressions of

CMPK2 in microglia stimulated with LPS. As depicted in the

Figures S5A–S5C, the gene and protein expressions of CMPK2

were significantly increased from 3 to 12 h after LPS stimulation.

Afterward, we confirmed that CMPK2 siRNA potently reduced

CMPK2 protein expression in primarymousemicroglia cells rela-

tive to the control group, with or without LPS stimulation

(Figures S5D–S5G). Then, we observed significant increases of

cleaved caspase-1, N-GSDMD, and mature IL-1b in the cell su-

pernatant of LPS-primed microglia cells followed by stimulation

with ATP, which were significantly suppressed by CMPK2

knockdown in primary mouse microglia (Figures S5H–S5J).

Lactate dehydrogenase (LDH) assay analysis showed that LPS

plus ATP stimulation induced LDH release in the supernatant
ges isolated from the brain of AAV-shCon and AAV-shCMPK2 CX3CR1
Cre/ERT2

= 4.

omoted neurological functions in CX3CR1
Cre/ERT2 male mice. n = 12.

proved neurological function in theCX3CR1
Cre/ERT2 female mice. n = 8. Results

AV-shCon group.



Figure 4. Microglia/macrophage CMPK2 silencing reduces brain infarction and improves long-term functional performances in the mouse

tMCAO model

(A) Schematic diagram about experimental procedures.

(B and C) Representative T2-weighted MRI images of CX3CR1
Cre/ERT2 mice on day 14 post-tMCAO. n = 4 or 5.

(D) The long-term functional performances were investigated in CX3CR1
Cre/ERT2 mice. n = 8.

(E) The survival proportions. n = 12–15.

Results are represented as means ± SD. **p < 0.01 and ***p < 0.001 vs. sham plus AAV-shCon group and #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. tMCAO plus

AAV-shCon group.
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Figure 5. Microglia/macrophage CMPK2

silencing promotes microglial ramification

and disrupts Ox-mtDNA-induced NLRP3 in-

flammasome activation in the brain of

ischemic mice

(A) Imaris-based 3D reconstruction images of mi-

croglia immunofluorescently stained with Iba1.

Scale bar: 15 mm.

(B) The process length and the number of branches

of microglia stained with Iba1 in AAV-shCon and

AAV-shCMPK2 CX3CR1
Cre/ERT2 mice at 3 days

after ischemia. n = 10. Results are represented as

means ± SD.

(C–F) Representative immunofluorescence images

and quantification of microglia/macrophages

stained with 8-OHdG and quantitative analysis of

8-OHdG+ Iba1+ cells in the peri-infarct region of

CX3CR1
Cre/ERT2mice at 24 and 72 h after ischemia.

Scale bar: 50 mm. n = 6.

(G) Western blotting images and quantification for

cleaved caspase-1, mature IL-1b, and N-GSDMD

in the peri-infarct region of AAV-shCon and AAV-

shCMPK2 CX3CR1
Cre/ERT2 mice at 3 days

following ischemic stroke. n = 6. Results are rep-

resented as means ± SD.

***p < 0.001 vs. sham plus AAV-shCon group and
###p < 0.001 vs. tMCAO plus AAV-shCon group.
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of primary mouse microglia cells, which was remarkably attenu-

ated by CMPK2 knockdown, suggesting the inhibition of CMPK2

on pyroptosis (Figure S5K). To mimic cerebral ischemia condi-

tions in vitro, we further applied OGD conditions and found

that CMPK2 knockdown inhibited LDH release after OGD stimu-

lation (Figure S5L). Collectively, these results indicated that

CMPK2 knockdown inhibited NLRP3 inflammasome activation

and pyroptosis in microglia subjected to LPS plus ATP stimula-

tion or OGD conditions.

Furthermore, we examined the effects of CMPK2 on mtDNA

synthesis and Ox-mtDNA production. CMPK2 knockdown

decreased the expressions of D-loop, Cox-1, and CYTB, which

were upregulated in primary mouse microglia cells in response

to LPS (Figures S6A–S6C). In addition, CMPK2 silencing blocked
8 Cell Reports Medicine 5, 101522, May 21, 2024
the replication of newly synthesized

mtDNA in microglia subjected to LPS

stimulation or the OGD model (Figures

S6D–S6G). Furthermore, we observed a

significant increase in the 8-OHdG level

following LPS plus ATP stimulation or

OGD treatment, which was significantly

suppressed by CMPK2 knockdown in mi-

croglia (Figures S6H–S6K).

Then, we assessed the potential effects

of CMPK2 knockdown on mitochondrial

functions, including bioenergetics,

biogenesis, and morphology. Firstly, we

evaluated mitochondrial bioenergetics

by measuring intracellular ATP levels ac-

cording to previous studies32,44,45 and

discovered that CMPK2 knockdown, fol-
lowed by LPS plus ATP stimulation, did not influence the intracel-

lular ATP level in primary mouse microglia cells (Figure S7A).

Then, we measured the protein expression of PGC-1a and

NRF1, which are widely recognized as pivotal regulators of mito-

chondrial biogenesis.32,46,47 Western blotting analysis showed

that the protein expressions of PGC-1a and NRF1 were signifi-

cantly reduced in the microglial cells after LPS plus ATP stimula-

tion, and they were also not influenced by CMPK2 knockdown

(Figures S7B and S7C). Afterward, we assessed the changes

of mitochondrial morphology outlined by TOMM20 antibodies

according to previous studies.45,48 The immunofluorescence an-

alyses showed that, compared to the controls, the mitochondria

turned out to be obviously more fragmented after LPS plus ATP

stimulation, which could be mitigated by CMPK2 knockdown



Figure 6. The CMPK2-specific inhibitor NDGA suppresses Ox-mtDNA formation and NLRP3 inflammasome activation in microglia in vitro

(A) The molecule structure of nordihydroguaiaretic acid (NDGA) and quantification of CMPK2 kinase assay with indicated concentrations of NDGA. n = 3.

(B) The real-time binding kinetics of NDGA to immobilized CMPK2 protein were examined by SPR assay with the KD value of 0.6 mM.

(C) NDGA reduced the protein expression of cleaved caspase-1, N-GSDMD, and mature IL-1b in the cell supernatant of LPS-primed microglia cells followed by

ATP stimulation.

(D and E) NDGA prevented LDH release in microglia subjected to LPS plus ATP stimulation or OGD model. n = 4. Results are represented as means ± SD.

***p < 0.001 vs. control (CN) group and ##p < 0.01 and ###p < 0.001 vs. LPS plus ATP or OGD group.

(legend continued on next page)
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(Figures S7D and S7E). Hence, CMPK2 knockdown, followed by

LPS plus ATP stimulation, could mitigate the mitochondrial frag-

mentation in primary mouse microglia cells.

Several studies have indicated that oxidative stress also en-

hances NLRP3 inflammasome activation49–53; thus, we investi-

gated whether the inhibitory effects of CMPK2 knockdown on

NLRP3 inflammasome activation were reliant on ROS genera-

tion. However, we found that CMPK2 knockdown did not change

the level of mtROS production in primary microglial cells after

LPS plus ATP stimulation (Figures S8A and S8B). The LPS-

primed primary mouse microglia cells were treated with H2O2

for 6 h and then stimulated with ATP according to previous

studies,26,53,54 and we found that H2O2 administration failed to

restore NLRP3 inflammasome activation in CMPK2-silenced mi-

croglia (Figures S8C and S8D). Furthermore, CMPK2 knock-

down inhibited the colocalization of 8-OHdG with apoptosis-

associated speck-like protein containing a CARD (ASC) specks

in LPS-primed primary mouse microglia followed by ATP stimu-

lation (Figures S8E and S8F). Hence, these findings indicated

that CMPK2 knockdown may act by regulating Ox-mtDNA pro-

duction, rather than ROS generation, to inhibit NLRP3 inflamma-

some activation in microglial cells.

Discovery of NDGA as a valid CMPK2 inhibitor with
potent inhibitory effects on Ox-mtDNA formation and
NLRP3 inflammasome activation in vitro

Based on above findings, we proposed that CMPK2 inhibitors

may serve as promising pharmacological treatments for

ischemic stroke. We screened compounds from compound li-

brary containing natural products and FDA-approved drugs

and discovered that a natural compound, NDGA, was an effec-

tive CMPK2 inhibitor with a half-maximum inhibitory concentra-

tion of 5.958 mM (Figure 6A). NDGA is a plant lignan isolated

from creosote bush and Larrea tridentata, usually discovered

in North America and Mexico.55 NDGA possesses pleiotropic

effects, including anticancer, antioxidant, anti-inflammation,

and analgesic activities.55–57 Furthermore, as indicated by the

surface plasmon resonance (SPR) results, there was a strong

binding between NDGA and CMPK2 protein with a dissociation

constant (KD) value of 0.6 mM (Figure 6B). Therefore, we inves-

tigated whether NDGA could regulate NLRP3 inflammasome

activation in microglia. As illustrated in Figures 6C and S9A,

treatment with NDGA significantly inhibited the release of

cleaved caspase-1, N-GSDMD, and mature IL-1b into cell su-

pernatant in LPS-primedmicroglia followed by ATP stimulation.

Then, we assessed the effects of NDGA on cell death in the LPS

plus ATP or OGD-induced microglia cell injury model and found

that NDGA could effectively tone down LDH release (Figures 6D

and 6E). All the aforementioned suggested that NDGA could

inhibit microglial pyroptosis in vitro. Inspired by these findings,

we continued to seek out whether the effects of NDGA were

associated with CMPK2 inhibition. As depicted by Figure 6F,

NDGA treatment remarkably downregulated the expressions
(F) NDGA decreased theCox-1,CYTB, andD-loop expression in primarymousem

group and ##p < 0.01 and ###p < 0.001 vs. LPS group.

(G) NDGA reduced the newly synthesized DNA, as visualized by EdU labeling in

(H) NDGA reduced 8-OHdG expression in LPS-primed microglia followed by ATP
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of D-loop, Cox-1, and CYTB in primary mouse microglia after

LPS treatment. Also, the EdU staining results revealed that

NDGA treatment remarkably reduced the newly synthesized

mtDNA after LPS stimulation (Figure 6G and S9B). Additionally,

the level of Ox-mtDNA was suppressed by NDGA treatment, as

determined by 8-OHdG immunofluorescence staining in LPS-

primed microglia followed by ATP stimulation (Figures 6H and

S9C). Moreover, NDGA treatment greatly inhibited the newly

synthesized mtDNA and Ox-mtDNA formation in the OGD-

induced microglia injury model (Figures S9D–S9G). Then, we

assessed the potential effects of NDGA treatment onmitochon-

drial functions, and the data showed that NDGA treatment did

not change the ATP contents and could not rescue the reduc-

tion of PGC-1a and NRF1 expressions but effectively mitigated

mitochondrial fragmentation in primary mouse microglia cells

followed by LPS plus ATP stimulation (Figures S10A–S10E)

Previous literature has shown that NDGA is a valid lipoxyge-

nase (LOX) inhibitor to elicit potent antioxidant actions.55–57 To

determine whether 5-LOX was crucial for the inhibitory effects

of NDGA on the activation of the NLRP3 inflammasome, we

knocked down 5-LOX using 5-LOX siRNA in primary mouse mi-

croglia cells (Figure S11A). As depicted in Figures S11B and

S11C, 5-LOX knockdown did not impact the protein expression

of cleaved caspase-1, N-GSDMD, or mature IL-1b in the cell su-

pernatant of LPS-primed microglia followed by ATP stimulation.

In addition, the inhibitory effects of NDGA on the release of

cleaved caspase-1, N-GSDMD, and mature IL-1b were not

influenced by 5-LOX silencing in microglia after LPS plus ATP

stimulation (Figures S11B–S11C). In addition, NDGA treatment

in CMPK2-silenced microglia did not produce more noticeable

inhibitory effects on the release of cleaved caspase-1,

N-GSDMD, and mature IL-1b in the cell supernatant of LPS-

primed microglia followed by ATP stimulation (Figures S11D

and S11E). Furthermore, H2O2, which further augmented the

release of caspase-1, N-GSDMD, and mature IL-1b, cannot

restore NLRP3 inflammasome activation in NDGA-treated mi-

croglia followed by LPS plus ATP stimulation (Figures S11F

and S11G). These findings support the hypothesis that NDGA

could suppress NLRP3 inflammasome activation primarily by in-

hibiting CMPK2 but not 5-LOX.

CMPK2 inhibitor NDGA elicits potent neuroprotective
activity in the cerebral ischemic mice
Inspired by the above data, we examined the effects of NDGA in

the mouse tMCAO model (Figures S12A–S12C). The CBF

assessment indicated that there were no apparent differences

in the CBF at baseline, during ischemia, or after reperfusion

between the NDGA and vehicle groups (Figures S12D and

S12E). Then, we discovered that NDGA administration dose-

dependently ameliorated ischemic volume using TTC staining

and markedly reduced neurological scores in the Longa test

compared with the vehicle group after ischemia attack

(Figures 7A–7C).
icroglia cells. n = 3. Results are represented asmeans ±SD. ***p < 0.001 vs. CN

primary mouse microglia cells. Scale bar: 5 mm. n = 6.

stimulation. Scale bar: 20 mm. n = 4.



Figure 7. The CMPK2 inhibitor NDGA reduces brain ischemic volume and improves neurological performances in the mouse tMCAO model

(A–C) NDGA reduced cerebral infarct volume and promoted short-term neurological functions in the male mice. n = 8.

(D) NDGA improved long-term functional performances, including mNSS test, wire-hanging test, forelimb foot fault test, and rotarod test in the male mice. n = 8.

(E) NDGA improved long-term survival proportions in the male mice. n = 12–15.

Results are represented as means ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. sham group and #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. tMCAO plus vehicle

group.
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To explore whether the neuroprotective effects of NDGA in

ischemic stroke were associated with CMPK2, we administrated

AAV-shCon and AAV-shCMPK2 CX3CR1
Cre/ERT2 mice with an

effective dosage of NDGA (20 mg/kg). As shown in Figures

S12F–S12H,NDGAcould not exhibit additional beneficial effects,

including decreased ischemic lesion and enhanced short-term

functional outcome, in AAV-shCMPK2 CX3CR1
Cre/ERT2 mice.

Based on the above findings, we conclude that NDGA could

effectively ameliorate ischemic brain injury in tMCAOmicemainly

through CMPK2 inhibition.

In addition, the long-term functional performances weremark-

edly improved with NDGA treatment in mice subjected to

tMCAO, as indicated by the significantly decreased scores in

the mNSS test, upregulated scores in the wire-hanging test,

downregulated percentage of the forelimb faults in foot mis-
steps, and increased time in the rotarod test relative to the

vehicle group 0, 3, 5, 7, 14, 21, and 28 days post-ischemia (Fig-

ure 7D). Moreover, NDGA administration promoted the survival

proportions at the relatively delayed stage (28 days) compared

to the vehicle group in the mice post-ischemia (Figure 7E). These

results indicated that NDGA could ameliorate ischemic damage

and improve long-term neurological performances in mice sub-

jected to ischemic stroke.

To better understand the mechanism underlying then neuro-

protective effects of NDGA in ischemic stroke, we analyzed mi-

croglial morphological alterations using Iba1 immunofluorescent

staining followed by 3D reconstruction. Evidently, administration

of NDGA suppressed the hyperactivated state of microglia,

as evidenced by increased process lengths and branches in

comparison to the vehicle group following ischemic onset
Cell Reports Medicine 5, 101522, May 21, 2024 11



Article
ll

OPEN ACCESS
(Figures S13A–S13C). Then, we investigated the effects of

NDGA on Ox-mtDNA formation. Immunohistochemical staining

analysis confirmed that NDGA substantially decreased

8-OHdG expression in microglia in the peri-infarct region of

ischemic mice at 72 h after tMCAO compared with the vehicle

group (Figures S13D and S13E). In addition, NDGA treatment

greatly reduced the levels of cleaved caspase-1, N-GSDMD,

and mature IL-1b in the peri-infarct region of ischemic mice at

72 h after tMCAO compared with the vehicle group

(Figures S13F and S13G). Therefore, these data indicated that

the NDGA could attenuate Ox-mtDNA formation and NLRP3 in-

flammasome activation in mice subjected to tMCAO.

CMPK2 inhibitor NDGA suppresses Ox-mtDNA
production and NLPR3 inflammasome activation in
primary human monocytes from patients with cerebral
ischemic stroke
To corroborate the translational relevance of the findings from

the in vivo and in vitro models described above, we further iso-

lated the peripheral blood mononuclear cells (PBMCs) from pa-

tients with acute cerebral ischemic stroke and established the

NLRP3 inflammasome activation model. Upon priming with

LPS followed by ATP stimulation, mature IL-1bwas substantially

elevated in the cell supernatant of PBMCs (Figure S14A).

Congruent with the above in vitro finding, NDGA treatment mark-

edly inhibited IL-1b release (Figure S14A). Moreover, a positive

correlation was observed between CMPK2 gene expression

and IL-1b inhibition rate by NDGA in PBMCs from patients with

cerebral ischemic stroke (Figure S14B). We also examined the

effects of NDGA on PBMCs from healthy donors and found

that NDGA treatment could also inhibit mature IL-1b release after

LPS plus ATP stimulation (Figure S14C). Additionally, NDGA

treatment also mitigated Ox-mtDNA production in PBMCs, as

determined by 8-OHdG immunofluorescence staining

(Figures S14D and S14E). The aforementioned data support

our hypothesis that NDGA, as a specific CMPK2 inhibitor, could

limit Ox-mtDNA formation and NLRP3 inflammasome activation

in primary human monocytes from patients with stroke and may

have better therapeutic potential in patients with stroke with

higher CMPK2 expression.

DISCUSSION

Currently, little is known about the potential role of CMPK2 in

neuroinflammation and brain injury during ischemic stroke. Our

study revealed that Cre recombination-dependent AAV-medi-

ated microglia/macrophage CMPK2 knockdown or pharmaco-

logical intervention with NDGA mitigated ischemic injury by in-

hibiting Ox-mtDNA-induced NLRP3 inflammasome activation,

indicating that microglial CMPK2 may play a crucial role in the

pathological processes of ischemic stroke.

In the peripheral circulation system, Ox-mtDNA can act as one

of the DAMPs to activate the NLRP3 inflammasome and then

prompt the formation of GSDMD pores in the membranes of pe-

ripheral cells including monocytes, macrophages, and neutro-

phils, which allows the circulatory release of more Ox-mtDNA

to initiate the inflammatory cascade.14,26 Lorente et al. and Liu

et al. also confirmed that concentrations of 8-OHdG were higher
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in the peripheral blood of ischemic patients and positively corre-

lated with the severity of ischemic injury and poor prognosis.18,58

Our data indicated that CMPK2 gene expression in human

stroke patients was positively correlated with infarct volume

and NIHSS score, supporting the clinical significance of

CMPK2 in ischemic stroke.

In peripheral system disorders, pharmacological interventions

or gene knockout/knockdown of CMPK2 have demonstrated

therapeutic effects on a series of inflammation-associated dis-

eases, including ARDS, atherosclerosis, oral ulcer healing, and

liver ischemia/reperfusion injury.21–23,59 The sterile inflammation

mediated by DAMPs is a crucial component in the pathophysi-

ology after stroke; ATP, HMGB-1, MRP8 (S100A8), and MRP14

(S100A9) may be promising DAMPs to promote CMPK2 upregu-

lation in the brain after stroke, which is worthy of further investi-

gation. Nevertheless, the precise function of CMPK2 in neuroin-

flammation of central nervous system disorders remains elusive.

Our experiments revealed that CMPK2 expression was substan-

tially elevated in the peri-infarct region of ischemic rodents,

predominantly located in the microglia. The in vitro data also

supported the above finding that CMPK2 expression was

markedly enhanced in microglia following OGD treatment.

Consequently, our findings firmly suggested that microglia/

macrophage CMPK2 expression was markedly increased in

the peri-infarct region after cerebral ischemic attack.

In brain calcification, biallelic variants of CMPK2 lead to

reduced mtDNA copies and promote mitochondrial dysfunc-

tion.20 In addition, cannabidiol negatively regulates the transcrip-

tional activity of PPARg on CMPK2 and inhibits inflammasome

activation, thereby relieving oral ulcer healing.60 Moreover,

myeloid-specific knockout of CMPK2 can mitigate pulmonary

injury in ARDS.21 Furthermore, CMPK2 accelerates the synthesis

of deoxy-30,40-didehydro-cytidine triphosphate, blocking virus

replication in CoVs.24 However, the precise function of CMPK2

in microglia, particularly in the context of ischemic stroke, has

not been investigated. Hence, we adopted a well-established

strategy of AAV selective expression based on the Cre recombi-

nase system to knock down CMPK2 expression in microglia. Mi-

croglia/macrophage CMPK2 silencing elicited protective effects

in reducing ischemic volume and promoting short-term neuro-

logical outcome in ischemic mice at 3 days post-operation.

Moreover, AAV-shCMPK2 injection attenuated long-term neuro-

logical deficits in the CX3CR1
Cre/ERT2 mice, indicating that

CMPK2 might be a biomarker associated with poor prognosis

following stroke.

Microglia dynamically modulate the morphology between the

ramified state and ameboid morphology, the latter of which indi-

cates the activated state.31 Although microglia of ameboid

morphology help remove necrotic cells, cellular and myelin

debris, and pathogens, prolonged exposure to hyperactivated

microglia leads to neuron damage and loss. Our data demon-

strated that CMPK2 knockdown maintained the homeostatic

state of microglia, as indicated by increases in process lengths

and branch number, which might enable microglia to react

appropriately to an ischemic insult and enhance neurological

performance. Han et al. also confirmed that enhanced microglial

ramification mediated by PGC-1a protected against ischemia-

induced brain injury in mice.34 Cao et al. also highlighted the
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essential role of microglia with a ramified morphology in surveil-

lance and scavenging functions.31 Therefore, we speculated that

CMPK2 silencing would limit the overactivation of microglia, thus

reducing brain infarct injury in the ischemic mice.

Under normal physiological conditions, mtDNA exists as a

nucleoid with a compaction size of less than 5 mm, which is pre-

cisely regulated by the packaging and compaction of TFAM.14,26

Under conditions of microbial infections, non-sterile inflamma-

tion, and tumor cell stimuli, mtDNA replication is extensively

accelerated by CMPK2. Of note, the newly synthesized mtDNA

is naked and unstable and can easily secrete into the cytosol

through mPTP and VDAC1, thereby exacerbating tissue injury.14

Especially, the D-loop bubble of mtDNA is vulnerable to oxida-

tive stress and then is oxidized by ROSs to produce Ox-

mtDNA, which can directly activate the NLRP3 inflammasome.

Furthermore, microglial Hv1 increases ROS generation through

NADPH oxidase regulation and then aggravates neuron death

and brain injury after neurological disorders,61–65 whichmay syn-

ergizewith CMPK2 to exacerbate neuroinflammation and neuron

death after ischemic stroke. Our current study showed that

CMPK2 knockdown suppressed new mtDNA synthesis, as

determined by EdU staining, inhibited levels of representative

mtDNAmarkers, including D-loop, Cox1, andCYTB, and disrup-

tedOx-mtDNA formation, as determined by 8-OHdG immunoflu-

orescence staining in primary mouse microglia upon LPS prim-

ing followed by ATP stimulation or OGD conditions in vitro. The

in vivo data also validated that CMPK2 knockdown inhibited

8-OHdG expression in microglia/macrophages in the ischemic

mice stroke model. Furthermore, CMPK2 silencing inhibited

cleaved caspase-1, mature IL-1b, and bioactive N-GSDMD in

the mouse tMCAO model in vivo and LPS-primed microglia fol-

lowed by ATP stimulation in vitro. Xian et al. also verified that

myeloid-specific CMPK2 ablation suppressed IL-1b production

and NLRP3 inflammasome assembly in LPS-induced ARDS.20

Zhong et al. highlighted that mtDNA and 8-OHdG, rather than

mtROSs, directly enabled NLRP3 inflammasome activation.25

Thus, we concluded that CMPK2 accelerated mtDNA replication

and Ox-mtDNA production and then promoted NLRP3 inflam-

masome activation in the microglia so as to aggravate the brain

injury after ischemic stroke.

Target identification and lead discovery are critical steps in

drug discovery for clinical use. Using the CMPK2 kinase assay

combined with the SPR assay, we identified NDGA as a potent

CMPK2 inhibitor. NDGA is the principal metabolite of creosote

bush and has been confirmed as a promising agent for treating

multiple diseases, including cardiovascular diseases, neurolog-

ical disorders, and cancers, as well as viral infections.55–57 In

addition, a previous investigation reported that NDGA amelio-

rated cerebral infarction volume by inhibiting neuronal apoptosis

in a rat with ischemic stroke, but the cellular and molecular

mechanisms underlying the neuroprotective effects of NDGA

remain ambiguous under ischemia stimuli.55–57 Therefore, a

deeper understanding of the precise mechanisms of NDGA in

microglia will help explain its therapeutic efficacy and lead to

the discovery of NDGA derivatives with enhanced therapeutic

potential for ischemic stroke. Our data revealed that NDGA treat-

ment blocked the new mtDNA synthesis and inhibited 8-OHdG

formation, corroborating the abovementioned findings that
CMPK2 knockdown could efficiently suppress mtDNA replica-

tion and Ox-mtDNA production. In addition, NDGA treatment

could potently reduce the levels of cleaved caspase-1, mature

IL-1b, and bioactive N-GSDMD in LPS-primed microglia fol-

lowed by ATP stimulation in vitro and the mouse tMCAO model

in vivo. However, 5-LOX knockdown could not diminish the pro-

tein expressions of cleaved caspase-1, mature IL-1b, or bioac-

tive N-GSDMD, nor could it influence the inhibitory effects of

NDGA on NLRP3 inflammasome in LPS-primed microglia

following ATP stimulation. Moreover, NDGA treatment had no

further suppressive effects on NLRP3 inflammasome activation

in CMPK2-silenced microglia. These findings indicated that the

role of NDGA in NLRP3 inflammasome activation was indepen-

dent of 5-LOX but at least partially dependent on CMPK2.

Furthermore, we also observed that NDGA reduced ischemic

volume and short-term and long-term neurological deficits in

the mouse tMCAO model. Subsequently, we studied whether

the neuroprotective effects of NDGA were correlated with

CMPK2. Our data proved that NDGA cannot produce additional

therapeutic effects in AAV-shCMPK2 CX3CR1
Cre/ERT2 mice after

ischemic stroke, which validated that the neuroprotective effects

of NDGA in ischemic stroke were at least partially dependent on

CMPK2. To better ascertain the clinical relevance of CMPK2, we

evaluated the effects of CMPK2-specific inhibitor NDGA on pri-

mary human monocytes. We discovered that NDGA substan-

tially reduced mature IL-1b release and 8-OHdG expression in

LPS-primed PBMCs, followed by ATP stimulation. Of note, we

observed a positive correlation between CMPK2 gene expres-

sion and IL-1b inhibition rate by NDGA, indicating that CMPK2

expression was highly associated with the inhibition rate of

NDGA on CMPK2. In conclusion, NDGA administration, a prom-

ising immunotherapy based on CMPK2 inhibition, promises to

be a mainstay of ischemic stroke management in future clinical

research.

Limitations of the study
There are several unsolved issues in the current investigation.

First, we confirmed that microglia CMPK2 knockdown amelio-

rates cerebral ischemic injury by inhibiting the Ox-mtDNA-

induced NLRP3 inflammasome activation. However, it cannot

be ruled out that other mechanisms of CMPK2 action besides

the NLRP3 inflammasome may contribute to the progression of

ischemic stroke. Specifically, it remains to be determined

whether the STING signaling pathway is involved in the function

of CMPK2 in cerebral ischemic injury. Second, the signaling

pathways or key mediators that promote the increase of

CMPK2 protein remain obscure, so further experimental and ro-

dent models (microglia CMPK2 transgenic or knockout mice) are

required. Third, neuroinflammation is implicated in a series of

disease processes, including Alzheimer’s disease, vascular de-

mentia, traumatic brain injury, and multiple sclerosis. We will

further continue to explore whether CMPK2 participates in other

neurologic disorders, such asmultiple sclerosis and vascular de-

mentia. Fourth, due to the unavailability of human brain samples

and primary human microglia from patients with stroke, we ob-

tained primary human monocytes isolated from patients with

stroke to evaluate the inhibitory effects of CMPK2-specific inhib-

itor NDGA on NLRP3 inflammasome activation in vitro. Thus, our
Cell Reports Medicine 5, 101522, May 21, 2024 13
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understanding of CMPK2 function in patients with ischemic

stroke is less refined. Hence, human postmortem brain tissue

may be utilized in our ongoing research. Lastly, the brain tissue

of rodents and humans differs greatly; therefore, non-human pri-

mates would be an alternative model to evaluate the role of

CMPK2 in ischemic stroke through pharmacological modulation

and genetic intervention. Nevertheless, our findings in this study

would provide CMPK2 as a potential target for ischemic stroke

and also CMPK2 inhibitor NDGA as a valuable therapeutic agent

for the treatment of ischemic stroke.
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varez-Castillo, A., et al. (2021). DNA and RNA oxidative damage are asso-

ciated to mortality in patients with cerebral infarction. Med. Intensiva 45,

35–41. https://doi.org/10.1016/j.medin.2019.07.008.

59. Wu, W., Bao, W., Chen, X., Lu, Y., Fang, J., Liu, J., Peng, S., Pi, J., Tom-

linson, B., Chan, P., et al. (2023). Endothelial Gata6 deletion reduces

monocyte recruitment and proinflammatory macrophage formation and

attenuates atherosclerosis through Cmpk2-Nlrp3 pathways. Redox Biol.

64, 102775. https://doi.org/10.1016/j.redox.2023.102775.

60. Qi, X., Lin, W., Wu, Y., Li, Q., Zhou, X., Li, H., Xiao, Q., Wang, Y., Shao, B.,

and Yuan, Q. (2022). CBD Promotes Oral Ulcer Healing via Inhibiting

CMPK2-Mediated Inflammasome. J. Dent. Res. 101, 206–215. https://

doi.org/10.1177/00220345211024528.

61. Wu, L.-J. (2014). Microglial voltage-gated proton channel Hv1 in ischemic

stroke. Transl. Stroke Res. 5, 99–108. https://doi.org/10.1007/s12975-

013-0289-7.

62. Wu, L.-J., Wu, G., Akhavan Sharif, M.R., Baker, A., Jia, Y., Fahey, F.H.,

Luo, H.R., Feener, E.P., and Clapham, D.E. (2012). The voltage-gated pro-

ton channel Hv1 enhances brain damage from ischemic stroke. Nat. Neu-

rosci. 15, 565–573. https://doi.org/10.1038/nn.3059.

63. Liu, X., Lei, Z., Gilhooly, D., He, J., Li, Y., Ritzel, R.M., Li, H., Wu, L.-J., Liu,

S., and Wu, J. (2023). Traumatic brain injury-induced inflammatory

changes in the olfactory bulb disrupt neuronal networks leading to olfac-

tory dysfunction. Brain Behav. Immun. 114, 22–45. https://doi.org/10.

1016/j.bbi.2023.08.004.

64. Haruwaka, K., Ying, Y., Liang, Y., Umpierre, A.D., Yi, M.-H., Kremen, V.,

Chen, T., Xie, T., Qi, F., Zhao, S., et al. (2024). Microglia enhance post-

anesthesia neuronal activity by shielding inhibitory synapses. Nat. Neuro-

sci. 27, 449–461. https://doi.org/10.1038/s41593-023-01537-8.

65. Zhao, S., Umpierre, A.D., and Wu, L.-J. (2024). Tuning neural circuits and

behaviors by microglia in the adult brain. Trends Neurosci. 47, 181–194.

https://doi.org/10.1016/j.tins.2023.12.003.

66. He, T., Shang, J., Gao, C., Guan, X., Chen, Y., Zhu, L., Zhang, L., Zhang,

C., Zhang, J., and Pang, T. (2021). A novel SIRT6 activator ameliorates

neuroinflammation and ischemic brain injury via EZH2/FOXC1 axis. Acta

Pharm. Sin. B 11, 708–726. https://doi.org/10.1016/j.apsb.2020.11.002.

67. Iiott, N.E., Heward, J.A., Roux, B., Tsitsiou, E., Fenwick, P.S., Lenzi, L.,

Goodhead, I., Hertz-Fowler, C., Heger, A., Hall, N., et al. (2014). Long

non-coding RNAs and enhancer RNAs regulate the lipopolysaccharide-

induced inflammatory response in human monocytes. Nat. Commun. 5,

3979. https://doi.org/10.1038/ncomms4979.

68. Jin,M., Shiwaku, H., Tanaka, H., Obita, T., Ohuchi, S., Yoshioka, Y., Jin, X.,

Kondo, K., Fujita, K., Homma, H., et al. (2021). Tau activates microglia via

the PQBP1-cGAS-STING pathway to promote brain inflammation. Nat.

Commun. 12, 6565. https://doi.org/10.1038/s41467-021-26851-2.
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Lead contact
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(tpang@cpu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human sample collection and processing
This investigation recruited 31 patients with acute ischemic stroke and 21 age-matched healthy subjects from September 2021 to

September 2023. This study was approved by the Ethics Committee of the Second Affiliated Hospital of Nanjing Medical University

with written informed consent from ischemic stroke patients or age-matched healthy subjects (Ethics approval number:

2019-KY116). The investigation was accomplished according to the guidelines of the Helsinki Declaration. Firstly, the patients

were confirmed with symptoms of acute ischemic stroke based on clinical manifestations and then 66 diagnosed using magnetic

resonance imaging (MRI) with diffusion-weighted imaging (DWI). Then, the blood samples from all patients were collected before

any therapeutic medication. Approximately 4–5 mL of peripheral blood samples were obtained in EDTA-K2 anticoagulant tubes,

lysed in TRIzol regents, and then stored in a �80�C refrigerator. Ischemic stroke patients and healthy control subjects with the

following characteristics were excluded from this study: (1) having other intracranial diseases; (2) having an autoimmune disorder,

acute or chronic infectious diseases, hematologic disorders, or a history of surgical surgery in the past year; (3) taking hormones

or immunosuppressants within the past 6 months. As previously reported,66,67 peripheral blood mononuclear cells (PBMC) were

sorted using the PBMC isolation kit (Famacs, Nanjing, China) in line with the manufacturer’s instructions, the purity of which was

above 90%formonocytes as determined by flow cytometry. The patient parameters including age, gender, comorbidity, stroke loca-

tion, collection of blood after stroke (hours/days) were listed in Table S2.

Animals
CX3CR1

Cre/ERT2 mice were obtained from the Shanghai Nanfang Research Center for Model Organisms. Wide-type (WT) C57BL/6J

mice were obtained from the Slake Company (Shanghai, China). All the animal procedures were approved by Animal Ethics Commit-

tee of China Pharmaceutical University (No. 2021-01-020) and carried out in accordance with the requirements of the National Insti-

tutes of Health for the care and use of experimental animals.

Isolation of primary mouse cortical neurons, astrocytes and microglia
Primary mouse cortical neurons, astrocytes, and microglia were isolated according to previous literature.8,68 Primary mouse cortical

neurons were isolated from pregnant mice at embryonic day (E) 15-E16.68 In brief, the brain cortices tissue of fetal mice was removed

and placed in Hanks balanced salt solution (HBSS). Then, the brain tissue was minced into 2 mm-wide pieces and subsequently

immersed in 2 mg/mL papain solution at 37�C for 30 min. After digestion, the dissociated neurons were cultivated in Neurobasal me-

dium supplemented with 2% B27 and 1% GlutaMAX in an incubator at 37�C with 5% CO2 until the cells grew mature at 7–9 days.

Microglia and astrocytes were obtained from the mixed glial population with different attachment methods.69 Briefly, the neonatal
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mice (postnatal day 1-2) were disinfected with 75% alcohol, and then the cerebral cortex tissue was carefully removed. After gently

dissecting the attached meninges and blood vessels, the minced cerebral tissue pieces were immersed in 0.25% trypsin solution at

37�C for 6–10 min before terminating digestion with 6 mL DMEM-F12 medium supplemented with 10% FBS. Afterward, the disso-

ciated mixed glial population was cultivated in DMEM-F12 supplemented with 10% FBS. When mixed glial cells were grown to 90–

100% cell density at 10 days, the microglia were harvested from the T75 culture flask after shaking at 1803 rpm for 2 h. Next, the

astrocytes adherent to the T75 culture flask were digested with 0.25% trypsin solution and cultured in 12-well plates (Jet Biofil,

Guangzhou) for the subsequent experiments.

METHOD DETAILS

Quantitative real-time PCR (qRT-PCR)
The total RNA was extracted with TRIzol reagents (Vazyme Biotech Co., Ltd, China). Then, one microgram of mRNA was reverse-

transcribed into cDNA according to the instruction of cDNA Synthesis Kit (Vazyme Biotech Co., Ltd, China). Subsequently, the first

strand cDNA was then applied as a template for PCR amplification with gene-specific primers using SYBR Green reagent (Vazyme

Biotech Co., Ltd, China) on ABI StepOnePlus sequence detection system. The final gene expression was normalized to 18S rRNA.

The primers applied in the study are displayed in Table S1.

Western blotting analysis
TheWestern blotting analysis was conducted aswe previously described.70–74 First, the total protein was extracted using RIRA buffer

and then the protein concentrations were determined using the BCA kit (Thermo). After mixing with Laemmli sample buffer, the pro-

tein samples were separated electrophoretically and then wet-transferred onto 0.22 mmPVDF membranes (Millipore). After blocking

with 5% non-fat dry milk in the Tris-buffered saline (TBS) (pH 7.4) containing 0.1% Tween 20 at room temperature for 2 h, the protein

membranes were sequentially immersed with the primary antibody at 4�C overnight and secondary antibody at room temperature for

1 h. Finally, themembraneswere quantified usingQuantity One gel image analysis systemwith enhanced chemiluminescence detec-

tion reagents. All unprocessed Western blotting images were displayed in Figures S7 and S8.

CMPK2 protein and antibody production
Full length of CMPK2 cDNA was amplified and cloned into the Nco I and Hind III sites on a pET-28a(+) vector with 63His tag. Sub-

cequently, the recombinant plasmids were transformed into BL21(DE3) bateria and the expression of CMPK2 protein was induced by

addition of 0.5 mmol/L IPTG. Then, CMPK2 protein purification was carried out with Ni-IDA-Sepharose CL-6B affinity chromatog-

raphy column (Sangon Biotech, Shanghai). To prepare CMPK2 antibody, aa 135–265 of CMPK2 was amplified and cloned into

pET-28a-SUMO vector. After expression and purification, CMPK2 aa135-265 (1.5 mg/mL) was injected into rabbits, following by

screening with ELISA and immunoblots. Lastly, the antisera were collected and affinity-purified for further experiments.

Establishment of focal cerebral ischemia/reperfusion model
The mouse tMCAO model is a well-established model to form focal cerebral ischemia, according to previous literature.66,75 In short,

mice are anesthetized in an animal anesthesia chamber containing 3% isoflurane and then maintained under anesthesia at 2% iso-

flurane. During the surgery, the mouse body temperature was held at 37 ± 0.5�C with the heating pad. First, after bluntly separating

the neck muscle, the common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) of the mouse were

gently isolated without excessive wounding. Then, the silicone-coated monofilament (1800A, Jialing Biotechnology, China) was

introduced from ECA and extended to the anterior cerebral artery to block the opening of MCA. Afterward, the arterial blood flow

was occluded to maintain the cerebral ischemia for about 1 h, and the silicone-coated monofilament was subsequently extracted

to restore cerebral blood flow. During the surgery, laser speckle flow imaging was used to monitor cerebral cortical blood flow.

When cerebral blood flow was dropped below 70%, as assessed by Laser Speckle Imaging analysis system (RWD Biotechnology,

China), the tMCAOmodel was considered to be successfully established. As for the Sham group, themicewere exposed to the same

operation without inserting silicone-coated monofilament for 1 h.

To explore the effects of NDGA in short-term neurological deficits in the mouse ischemic stroke model, a total of 60 mice were

randomly divided into four groups: sham group, tMCAO plus vehicle group, tMCAO plus NDGA (5 mg/kg or 20 mg/kg) group at 3

h, 6 h, 24 h, and 48 h. In the mice subjected to tMCAO model, 10 mice were excluded from the analysis for unsuccessful operation

(n = 1) or hemorrhagic transformation (n= 3), and 6mice died intraoperatively (n= 2) or postoperatively (n= 4). To explore the effects of

NDGA and CMPK2 knockdown in short-term neurological deficits in themouse ischemic strokemodel, a total of 148CX3CR1
Cre/ERT2

mice were randomly divided into six groups: sham plus AAV-shCon, sham plus AAV-shCMPK2, tMCAO plus AAV-shCon, tMCAO

plus AAV-shCMPK2, tMCAO plus AAV-shCon plus NDGA (20 mg/kg), tMCAO plus AAV-shCMPK2 plus NDGA (20 mg/kg). In the

CX3CR1
Cre/ERT2mice subjected to tMCAOmodel, 24mice were excluded from the analysis for unsuccessful operation (n = 3) or hem-

orrhagic transformation (n = 6), and 15mice died intraoperatively (n = 3) or postoperatively (n = 12). To explore the effects of NDGA in

long-term neurological deficits in themouse ischemic strokemodel, a total of 84mice were randomly divided into three groups: sham

group, tMCAO plus vehicle group, tMCAO plus NDGA (20 mg/kg) group at 3 h, 6 h, 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, and
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7 days. In the mice subjected to tMCAOmodel, 15 mice were excluded from the analysis for unsuccessful operation (n = 3), or hem-

orrhagic transformation (n = 3), and 9 mice died intraoperatively (n = 2) or postoperatively overnight (n = 7).

Assessment of cerebral infarct volume and neurological function
2, 3, 5-triphenyltetrazolium chloride (TTC, TCI, Japan) staining was applied tomeasure cerebral infarct volume. In brief, themicewere

sacrificed under deep isoflurane anesthesia. Then, brains were gently dissociated and cut into five coronal brain slices (1–2mm thick)

and subsequently incubated with 2%TTC solution at 37�C for 10min. Finally, the coronal brain slices were photographed using cam-

era, and the infarct volumes were determined with ImageJ software. The cerebral infarct volume (with correction for brain oedema)

(%) was evaluated as follows: (the contralateral hemisphere minus the non-infarct area of the ipsilateral hemisphere)/(the contralat-

eral hemisphere 3 2) 3 100%.

In this study, Longa’s test was used to determine short-term neurological deficits in the mouse ischemic stroke model.66,75 More-

over, long-term neurological performanceswere evaluated inmice of each group by themodified neurological severity score (mNSS),

foot-fault test, wire-hanging test, and rotarod test at 1, 3, 5, 7, 14, 21 and 28 days after tMCAO as previously demonstrated.66,75 All

the behavioral tests were conducted in a double-blind manner.

Immunofluorescence staining
The immunofluorescence staining was conducted as we previously described.76 Briefly, the dissociated brains were fixed in 4% para-

formaldehyde solution for 24 h and then sequentially dehydrated in 15%and 30%sucrose solutions at 4�C for 2–3 days until sunk. Next,

the frozen mouse brain tissue was sliced into 16 mm or 40 mm coronal slices using the Leica cryostat microtome. As for immunofluo-

rescence staining, the frozen mouse coronal slices and cells were fixed with 4% formaldehyde and then washed 3 times with phos-

phate-buffered saline (PBS) (pH 7.4) solution for 5 min. Afterward, the slices were immersed in PBS solution with 10% normal goat

serum or donkey serum for 1 h at room temperature to avoid non-specific staining. Next, the slices were sequentially incubated with

the primary antibodies at 4�C overnight and secondary antibodies at room temperature for 1 h. And the cell nuclei were counterstained

with Hoechst 33342. Finally, the immunofluorescence imaging was acquired and visualized using FV3000 microscope (Olympus,

Japan). As for immunofluorescence staining in PBMCs, the experiments were performed at about 1–2 h after blood collection.

Adult mouse microglial isolation and flow cytometry examination
Mouse microglia from adult mouse brains were isolated using the CD11b (Microglia) MicroBeads Kit (Miltenyi Biotec) following the

manufacturer’s instructions.77,78 Then, the isolatedmicroglia were blockedwith rat anti-mouseCD16/32 for 20 min to avoid non-spe-

cific staining. Afterward, the cells were sequentially incubated with FVS780 and fluorochrome-conjugated primary antibodies against

CD11b+ or CD45+ in the dark. Finally, the samples were examined with the CytoFLEX flow cytometer (Beckman, USA).

Oxygen-glucose deprivation (OGD) treatment
To mimic the ischemic state for microglia, astrocytes, and neurons, the OGD model was established in vitro as previously re-

ported.8,79 Briefly, the primary mouse microglia, astrocytes, or cortical neurons were replaced with DMEMmedium without glucose

and FBS (Gibco, USA) in the hypoxia chamber (Billups-Rothenberg Inc, USA) for the indicated time at 37�Cwith 95%N2 and 5%CO2

for the following experiments.

Stereotaxic surgery
For stereotaxic surgery, the head of mouse was placed in the stereotactic frame (RWD Life Science, Shenzhen, China) in a prone

position under 2% isoflurane. Then, 1 mL of rAAV-CMV-DIO-mCherry-Loxp-shRNA (Scramble)-WPRE-polyA (531012 viral ge-

nomes/mL) viruses or rAAV-CMV-DIO-mCherry-Loxp-shRNA (CMPK2)-WPRE-polyA (531012 viral genomes/mL) viruses using

AAV-MG1.2 vectors were injected into the target site (0.5 mm anterior to the bregma, 2.0 mm lateral (right) to the sagittal suture,

and 1.0 mm from the surface of the skull) ofCX3CR1
Cre/ERT2 at a rate of 0.05 mL/min with a 30-gauge needle for 20 min using a micro-

syringe pump (RWD Life Science, Shenzhen, China).31,80–82 After injecting the Cre-dependent virus, the microsyringe remained in

position for 10 min before being removed. Subsequently, the mice were held on the heating pad to recuperate from the anesthesia.

After 14 days post stereotaxic surgery, the CX3CR1
Cre/ERT2 mice were injected intraperitoneally with 75 mg/kg tamoxifen (Sigma,

USA) per day for consecutive 5 days to induce Cre recombinase expression.31,80 The AAV transfection area accounted for approx-

imately 19.25 ± 3.26% of the total infarct area and 43.68 ± 5.13% of the cerebral cortex infarct area.83,84

In vivo mouse brain magnetic resonance imaging (MRI) scanning
To assess the degree of ischemic stroke in the mice, MRI scanning was conducted at day 14 with the Bruker BioSpec 7.0-T/20-cm

MRI scanner (Bruker, Germany).66,75 First, themicewere anesthetized and placed on the experimental bench in a prone position, with

the head fixed at the center of radiofrequency (RF) body transmit coil. Then, the MRI images were obtained using the T2 Star

sequence setting: (repetition time (TR) = 3000 ms, echo time (TE) = 45 ms, slice thickness of 0.50 mm, flip angle (FA) = 135�,
20 mm 3 20 mm in-plane resolution, and 512 3 256 matrix). The cerebral infarct volume (with correction for brain oedema) (%)

was evaluated as follows: (the contralateral hemisphere minus the non-infarct area of the ipsilateral hemisphere)/(the contralateral

hemisphere 3 2) 3 100%.
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Three-dimensional (3D) reconstruction
The 40 mmbrain slices were sequentially incubated with anti-Iba1 primary antibody at 4�C overnight and Alexa Fluor 488-conjugated

secondary antibody at room temperature for 1 h. After staining the cell nuclei with Hoechst 33342, 10243 1024-pixel resolution im-

ages were captured using FV3000 with 1.0 mm steps in the Z-direction, followed by 3D reconstructions with IMARIS 9.0 software

(Bitplane).31,85 Finally, the process lengths and total branch points were semi-automatically quantified using Imaris software.

LPS-primed NLRP3 inflammasome model in primary mouse microglia cells and human primary monocytes
As previously described, priming the cells with LPS followed by ATP stimulation is an established model to induce the NLRP3 inflam-

masome activation.41–43 After seeding on 24-well plates overnight, primary mouse microglia and human primary monocytes were

simultaneously treated with ultrapure LPS (100 ng/mL) for 6 h and NDGA at the indicated concentrations, and then stimulated

with ATP (3 mM) for 30 min. Eventually, cell lysates and supernatants were collected for further experiments.

Cell transfection
To investigate the effects of target CMPK2 or 5-LOX in cells, primary mouse microglia were transfected with Cmpk2 siRNA (si-

Cmpk2), 5-Lox siRNA (si-5-Lox) or negative siRNA using Lipofectamine 2000 reagent (Invitrogen, USA) for 48 h following the guide-

lines of manufacturer. The sequences of si-Cmpk2: GGCUUCUGAAAUAGCUAAATT; si-5-Lox: CCCGAGAUAUCCAGUUUGATT.

Analysis of lactate dehydrogenase (LDH) release
The contents of LDH in cell culture supernatant after priming with LPS followed by ATP stimulation or OGD treatment were deter-

mined using LDH kit (Beyotime Biotechnology, China) under the manufacturer’s guidelines. All samples and standards were as-

sessed in triplicate.

Edu staining experiment
To detect newly synthesized mtDNA, EdU detection was conducted using Click-iT EdU Cell Proliferation Kit with Alexa Fluor 488

(Beyotime, China）according to the previous reports.25 Finally, immunofluorescence imaging was acquired and visualized using

FV3000 microscope.

Measurement of total mtDNA
After washing themicroglia twice with sterile PBS solution, themicroglia were collected to extract the total mtDNA using the FastPure

Cell DNA Isolation Mini Kit (Vazyme Biotech Co.,Ltd, China) following the manufacturers’ advisement. Then, the mtDNA contents

were assessed by qPCR amplification with gene-specific primers.25 The final mtDNA expression was normalized to nuclear DNA en-

coding Tert. The gene-specific primers for the mtDNA applied in the study are displayed in Table S1.

Enzyme-linked immunosorbent assay (ELISA) for IL-1b cytokine
The concentrations of IL-1b cytokine in cell culture supernatant were determined using the human ormouse IL-1b ELISA kit (RD, USA)

in accordance with the manufacturer’s guidelines. All samples and standards were assessed in triplicate.

In vitro CMPK2 kinase assay and compounds screening
The CMPK2 kinase assay was performed with 3180 compounds. The compound libraries were obtained from Selleck (L1300, L3800,

L8000) and all compounds were dissolved in DMSO at the equivalent concentration. Inhibition of CMPK2 kinase activity was deter-

mined using an ADP-Glo Kinase Assay Kit (Promega, USA).86 Briefly, recombinant human CMPK2 kinase (2 mg/reaction) was mixed

with the test compounds in the kinase assay buffer (5 mM MgCl2, 25 mM HEPES pH 7.2, 50 mM Tris-HCl pH 7.6–8.0, 5 mM ATP,

100 mM CMP). To explore the effects of NDGA on CMPK2 enzymatic activity, different concentrations of NDGA were incubated

with the CMPK2 kinase in the kinase assay buffer. Lastly, the kinase detection regent was added to determine the luminescence un-

der the Paradigm detection platform (Beckman).

Surface plasmon resonance (SPR) assay
In order to investigate whether NDGAbindswith CMPK2 protein directly, the SPRbinding experiment was carried out using a Biacore

8K instrument (GEHealthcare).76,86,87 Recombinant CMPK2 kinase (50 mg) was immobilized on the CM5 chip, followed by injection of

NDGA at different concentrations at a flow rate of 30 mL/min for 350 s. Finally, the binding curves and affinity data were recorded and

assessed using Biacore Insight evaluation software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are displayed as mean ± SD and analyzed by using the software GraphPad Prism 7.0. Depending on the dataset, statistical

analysis was carried out using unpaired Student’s t test, non-parametric Mann-Whitney test, log rank (Mantel-Cox) test, One-way

ANOVA with Bonferroni’s corrections, or two-way ANOVA with Bonferroni’s corrections with or without repeated measurements,

respectively. Differences are recognized statistically significant at p < 0.05.
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