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Vitamin K refers to a group of structurally similar vitamins that are essential for proper blood coagulation, as well as bone and
cardiovascular health. Previous studies have indicated that vitamin K may also have anti-inflammatory properties, although the
underlying mechanisms of its anti-inflammatory effects remain unclear. The NLRP3 inflammasome is a multiprotein complex, and
its activation leads to IL-1f3 and IL-18 secretion and contributes to the pathogenesis of various human inflammatory diseases. Here,
we show that synthetic vitamins K3 and K4 are selective, potent inhibitors of the NLRP3 inflammasome and specifically block the
interaction between NLRP3 and ASC, thereby inhibiting NLRP3 inflammasome assembly. Moreover, we show that treatment with
vitamin K3 or K4 attenuates the severity of inflammation in a mouse model of peritonitis. Our results demonstrate that vitamins K3
and K4 exert their anti-inflammatory effects by inhibiting NLRP3 inflammasome activation and indicate that vitamin K
supplementation may be a treatment option for NLRP3-associated inflammatory diseases.
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INTRODUCTION

Vitamin K refers to a group of vitamins that share a similar structure,
with a 2-methyl-1,4 naphthoquinone ring and a variable aliphatic
chain.' There are several forms of vitamin K, such as vitamins K1,
K2, K3, and K4. Fat-soluble vitamin K1 (also known as phylloqui-
none) and vitamin K2 (also known as menaquinone) are the two
main types of natural vitamin K. Vitamin K1 is synthesized by plants
and is enriched in leafy green vegetables, while vitamin K2
is primarily produced by gut bacteria and can also be found in
meats and fermented foods.? Originally, vitamin K3 (also known as
menadione) was considered to be a synthetic water-soluble form of
vitamin K. Research that began in the 1990s demonstrated that
vitamin K3 was a catabolic product of oral vitamin K1 produced in
the intestine and could be delivered to tissues and subsequently
converted to vitamin K2.3™ Vitamin K4 (also known as menadiol) is
a synthetic water-soluble derivative that can be converted to
vitamin K3 in the body.® Vitamin K exerts its well-known beneficial
effects by acting as the coenzyme for y-glutamate carboxylase
(GGCX), which promotes the posttranslational y-glutamyl carbox-
ylation of various vitamin K-dependent proteins.' Several vitamin K-
dependent proteins, such as prothrombin, factor VIl and protein C,
play crucial roles in normal blood clotting through either
procoagulant or anticoagulant mechanisms. In addition, certain
vitamin K-dependent proteins, such as matrix Gla protein (MGP)
and osteocalcin (OC), regulate bone metabolism and are important
for maintaining bone health.” Several studies have shown that
vitamin K deficiency, in addition to being associated with

coagulopathy and osteoporosis, is associated with multiple chronic
inflammatory diseases, such as type 2 diabetes (T2D), inflammatory
bowel disease and chronic kidney disease.®'® Moreover, it has also
been shown that vitamin K supplementation can reduce lipopo-
lysaccharide (LPS)-induced inflammation both in vitro and
in vivo.""? Although several studies have demonstrated the anti-
inflammatory effect of vitamin K, the mechanism is still not clear.

NLR family pyrin domain containing 3 (NLRP3) is an intracellular
pattern-recognition receptor (PRR) that can recruit the adaptor
protein ASC and the cysteine protease caspase-1 to form a
complex termed the NLRP3 inflammasome. A two-signal model
has been generally accepted to explain the priming and activation
of the NLRP3 inflammasome. Multiple microbial molecules (e.g.,
LPS) can act as signal 1 (also known as the priming signal) to
promote the expression of NLRP3 and pro-IL-18 through the
activation of the TLR-dependent NF-kB pathway.'”> Numerous
pathogen-associated molecular patterns (PAMPs) and endogen-
ous damage-associated molecular patterns (DAMPs), such as
bacterial pore-forming toxins, microbial RNA, ATP, monosodium
urate (MSU), and cholesterol crystals, can act as signal 2 (also
known as the activation signal) to induce the assembly and
activation of the NLRP3 inflammasome.'® The assembly of the
inflammasome leads to the activation of caspase-1, which
promotes the secretion of the proinflammatory cytokines IL-13
and IL-18 and induces a specific type of inflammatory cell death
termed pyroptosis."* Aberrant NLRP3 inflammasome activation
has been implicated in the pathogenesis of various human
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inflammatory diseases, such as type 2 diabetes, atherosclerosis,
Alzheimer's disease, and gout."> In addition, gain-of-function
mutations in the NLRP3 gene cause cryopyrin-associated autoin-
flammatory syndromes (CAPS), which are a group of rare inherited
autoinflammatory diseases.'® In the past, several NLRP3 inflam-
masome inhibitors, including synthetic small-molecule com-
pounds, clinical drugs, and traditional Chinese medicine
ingredients, have been reported to inhibit the activation of the
NLRP3 inflammasome and exert beneficial effects in NLRP3-
related diseases in animal models.””"'® However, no NLRP3-
targeting inhibitors have been used for the clinical treatment of
NLRP3-related diseases in humans.

In this study, we aimed to determine whether different types of
vitamin K can exert their anti-inflammatory effects by inhibiting the
activation of the NLRP3 inflammasome. Our data showed that
pretreatment of LPS-primed mouse bone marrow-derived macro-
phages (BMDMs) with vitamins K3 and K4 but K1 and K2 could
indeed inhibit multiple agonist-induced NLRP3 inflammasome
activation. Vitamins K3 and K4 prevented NLRP3 inflammasome
assembly by blocking the interaction between NLRP3 and ASC.
Moreover, vitamin K3 treatment inhibited NLRP3-dependent IL-1(3
secretion and neutrophil recruitment in a mouse model of peritonitis.
Our results demonstrate that synthetic vitamin K3 or K4 can inhibit
the NLRP3 inflammasome both in vitro and in vivo, indicating that
vitamin K supplementation may be a potential strategy for the
treatment of NLRP3-associated inflammatory diseases in humans.

MATERIALS AND METHODS

Mice

Specific pathogen-free (SPF) C57BL/6J mice were obtained and
maintained in the Model Animal Research Center of Nanjing
University before being transferred to the Laboratory Animal
Center of the University of Science and Technology of China. All
animal procedures were approved by the Ethics Committee of the
University of Science and Technology of China.

Reagents

Vitamin K3 (51949) was supplied by Selleck. Ultrapure LPS,
MitoSOX, MitoTracker, and Pam3CSK4 were supplied by Invitro-
gen. Nigericin, monosodium urate crystal, ATP, poly(dA:dT),
vitamin K1 (95271), vitamin K2 (V9378), menadione (vitamin K3)
sodium bisulfite (M5750), and vitamin K4 (SMB00580) were
supplied by Sigma-Aldrich. Anti-DYKDDDDK-Tag mouse mAbs
(agarose-conjugated) and B-actin pAbs (P30002) were supplied by
Abmart. Protein G agarose (Fast Flow) was supplied by Millipore.
Anti-IL-13 (mouse) (AF-401-NA) antibodies were supplied by R&D
Systems. Caspase-1 (p20) (mouse) (AG-20B-0042) and NLRP3
(mouse or human) antibodies (AG-20B-0014) were supplied by
Adipogen. ASC (N-15) (SC-22514-R) and Nek7 antibodies (N-20)
(SC-50756) were supplied by Santa Cruz. Monoclonal FLAG(R)
(F2555) and VSV-G antibodies (V4888) were supplied by Sigma.

Cell culture and stimulation

Bone marrow-derived macrophages (BMDMs) were derived from
precursors, which were collected from C57BL/6 mouse bone
marrow and cultured for 4 days in 10% L929 supernatant in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin. HEK-
293T and L929 cells, originally obtained from ATCC, were grown in
DMEM supplemented with 10% FBS and 1% penicillin/streptomy-
cin. BMDMs were stimulated to induce inflammasome activation
as previously described.?® In brief, 5 x 10°/ml BMDMs were seeded
in 12-well plates. After 8-12 h, the medium was replaced with
Opti-MEM supplemented with 50 ng/ml LPS for 3 h. Different
doses of vitamin K (1-5 uM) or DMSO (1:1000) were then added to
the BMDMs for 30 min before the cells were stimulated with
different inflammasome activators. To stimulate the NLRP3 or
NLRC4 inflammasome, BMDMs were stimulated with 150 pg/ml
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MSU (4 h), 25mM ATP (30 min), 3 uM nigericin (30 min), or S.
typhimurium (multiplicity of infection (MOI): 10) (4 h). To stimulate
the AIM2 inflammasome, BMDMs were transfected with 0.5 pg/mi
poly(dA:dT) (4h) using Lipofectamine 2000 (Invitrogen). To
stimulate the pyrin inflammasome, 0.5 pg/ml purified recombinant
TcdB was added to the cell culture medium for 2-3 h. To induce
activation of the noncanonical NLRP3 inflammasome, BMDMs
were stimulated as previously described.?' In brief, BMDMs were
primed with Opti-MEM containing 400 ng/ml Pam3CSK4 for 3 h.
Then, the cells were transfected with 500 ng/ml LPS (4 h) using
Lipofectamine 2000 (Invitrogen). Supernatants and cell lysates
were collected for ELISA and immunoblot analyses.

ELISA

Mouse IL-1 (DY401) and mouse TNF-a (DY410) were supplied by
R&D systems and used to measure the IL-1B and TNF-a
concentrations in cell culture supernatants or mouse peritoneal
fluids according to the manufacturer’s instructions.

Confocal microscopy

BMDMs (2 x 10°/ml) were seeded in 12-well plates containing
clean coverslips for 8-12 h, and subsequently, the medium was
replaced with Opti-MEM supplement with 50 ng/ml LPS for 3 h.
The cells were then treated with DMSO (1:1000) or different doses
of vitamin K for 30min. After that, nigericin (3 uM) and
MitoTracker Red (50 nM) or MitoSOX (5 uM) were added into the
medium for 30 min. The medium was then removed, and ice-cold
PBS was used to wash the cells three times. The cells were fixed
with 4% PFA in PBS for 15min and subsequently washed with
PBST three times. A Zeiss LSM 700 confocal microscope was used
to scan and record the stained cells.

Intracellular potassium measurement

To detect the concentration of intracellular potassium, BMDMs
were stimulated as described above. Then, the medium was
removed, and the cells were washed three times using ice-cold
potassium-free PBS and lysed with 3% ultrapure HNOs. The cell
lysates were then transferred to a canning jar and boiled for
30 min at 100 °C. The precipitate was collected in 5 ml of ultrapure
water. Inductively coupled plasma optical emission spectrometry
with a PerkinElmer Optima 7300 DV spectrometer was used to
measure the potassium concentration.

ASC oligomerization assay

BMDMs were stimulated as described above. Then, the super-
natants were collected for immunoblot analyses, and the cells
were washed with ice-cold PBS and lysed with NP-40 at 4 °C for
30 min. The lysates were centrifuged at 330 g for 10 min at 4 °C to
obtain pellets. After being washed with 1 ml of ice-cold PBS, the
pellets were resuspended in 500 pl of ice-cold PBS. Two millimolar
disuccinimidyl suberate (DSS) was added to the resuspension
solution, which was then incubated at room temperature with
rotation for 30 min. The mixture was then centrifuged at 4 °C and
330 g for 10 min. Sample buffer (30 pl) was used to lyse the cross-
linked pellets, and immunoblotting was performed.

Immunoprecipitation

For the endogenous interaction assay, BMDMs were stimulated as
described above. Then, the cells were lysed with NP-40 lysis buffer
supplemented with a protease inhibitor. The cell lysates were
coincubated with the primary antibodies and Protein G Mag
Sepharose (GE Healthcare) for 6 h at 4°C. For the exogenous
interaction assay, HEK-293T cells were transfected with plasmids
via polyethylenimine in six-well plates and cultured for 24 h. Then,
293 T cells were lysed with NP-40 lysis buffer supplemented with a
protease inhibitor. The cell lysates were coincubated with the anti-
DYKDDDDK-Tag mouse mAb (agarose conjugated) for 6 h at 4 °C.
Immunoblotting was then used to analyze the mixture.

SPRINGER NATURE

2423



Synthetic vitamin K analogs inhibit inflammation by targeting the NLRP3...

X Zheng et al.
2424
A o B VK3 (uM) 1255 C VK4 (uM) 1255 ok ek
Nigericin - igerici -
g + o+ o+ o+ Nigericin + o+ o+ o+ 3000 i
; o B i I B
H €
S N SN £
= a
- P —— -
VK4 (uM) - - - 1255
Nigericin - + + + + -+ o+ 4+ 4
E LPS LPS F G
S358  Ss8ds
PN oV ol Vb [J VK3/VK4 after LPS
. FPELY LY 2000 M VK3/VK4 before LPS 8
Proilis| ERERERERES  Ehenmmane £ &6
NLRP3 |—------.----| 2 1000 S 4
L T
Pro-casp |-“---..-..-| F 500 g 2
5 0 0
caciin |"'m..---'| FEE oo d GG < 1 =S .
* X R
3 & oF VK4 (M) _— 1255
VK3/VK4 after LPS ~ VK3/VK4 before LPS 3 3 § S\‘
Fig. 1 Vitamins K3 and K4 inhibit nigericin-induced NLRP3 inflammasome activation. a-d BMDMs were primed with LPS and then pretreated

with or without different doses of various forms of vitamin K before stimulation with nigericin. (a) ELISA analysis of mature IL-1§ in the culture
supernatant of BMDMs. b, ¢ Western blot analysis of cleaved caspase-1 and mature IL-1f in the culture supernatant (SN), as well as pro-IL-1p,
pro-caspase-1 and p-actin levels in the cell lysates (Input). d ELISA analysis of mature IL-1 in the culture supernatant of BMDMs. e, f BMDMs
were primed with LPS before or after treatment with different doses of vitamin K3 or K4. Western blot analysis of pro-IL-1p, pro-caspase-1,
NLRP3 and p-actin levels in the cell lysates. e ELISA analysis of TNF-a in the culture supernatant of BMDMs (f). LDH release in the culture
supernatant of BMDMs after vitamin K3 or K4 treatment (g). All data are from no fewer than three independent experiments. The data
shown in a, d, and f are the mean + SEM, n = 6. Unpaired t-tests (two-tailed) were applied to analyze statistical significance: *P < 0.05, **P <

0.01, ***P < 0.001

Quantitative real-time PCR

Total RNA was collected from BMDMs by extraction with TRIzol
reagent (Takara). RNA (800 ng) from each sample was used for
reverse transcription with Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Invitrogen) according to the manufacturer’s
instructions. Quantitative PCR was performed using SYBR Green
premix (Takara Bio) with a Roche LightCycler 96. Gapdh was used
as a reference gene. The sequences of the gene-specific primers
used were as follows: mouse Ggcx forward, GTTGCTCCCGCCTCA
GATAAA; mouse Ggcx reverse, TAAGCAGGGTCACGACACTCT;
mouse Gapdh forward, GGTGAAGGTCGGTGTGAACG; and mouse
Gapdh reverse, CTCGCTCCTGGAAGATGGTG.

MSU-induced peritonitis

PBS (0.5 ml) containing 1.5 mg of MSU crystals was injected into
the peritoneal cavity of 8- to 10-week-old C57BL/6 mice after
pretreatment with 4 mg/kg menadione sodium bisulfite (dissolved
in ultrapure water) nu injection for 30 min. After 6 h, the mice were
killed, and the peritoneal cavities were washed with 10 ml of ice-
cold PBS. ELISA was performed to measure the amount of IL-1f in
the peritoneal lavage fluid. Flow cytometry was used to determine
the number of neutrophils (labeled with Ly6G and CD11b) in
mouse peritoneal fluids.

Statistical analyses

All data are expressed as the mean + SEM. The unpaired t-test
(two-tailed) was used to analyze statistical significance. P values
< 0.05 were deemed significant.

RESULTS

Water-soluble vitamin K inhibits NLRP3 inflammasome activation
To assess whether vitamin K can prevent NLRP3 inflammasome
activation, lipopolysaccharide (LPS)-primed mouse bone marrow-
derived macrophages (BMDMs) were pretreated with different
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types of vitamin K for 30 min before stimulation with the NLRP3
activator nigericin. We observed that two water-soluble vitamins,
vitamins K3 and K4, dramatically reduced the amount of bioactive
IL-1B in the supernatant, while the fat-soluble vitamins K1 and K2
had no effects on IL-1B secretion (Fig. 1a). Further studies
confirmed that vitamins K3 and K4 inhibited nigericin-induced
caspase-1 cleavage (p20) and IL-1p secretion in a dose-dependent
manner (Fig. 1Tb—d). We then examined whether vitamins K3 and
K4 affect LPS-induced priming of inflammasome activation. As
shown in Fig. 1e, f, treatment with vitamin K3 or K4 before or after
LPS stimulation had no effect on LPS-induced NLRP3 or pro-IL-13
expression or tumor necrosis factor-a (TNF-a) production. These
results suggest that the water-soluble vitamins K3 and K4 inhibit
nigericin-induced NLRP3 activation but have no effect on LPS-
induced priming of NLRP3 activation. To determine whether
vitamins K3 and K4 affect the viability of BMDMs, the release of
LDH in the supernatant after treatment with vitamin K3 or K4 for
12h was measured. As shown in Fig. 1g, vitamin K3 or K4
treatment did not induce LDH release, indicating that the
concentration of vitamin K used in this study had no effect on
the viability of BMDM:s.

To determine whether vitamin K only prevents nigericin-
induced NLRP3 activation, the effects of vitamins K3 and K4 on
NLRP3 activation induced by other NLRP3 stimuli were also
examined. We found that pretreatment with vitamin K3 or K4,
similar to the effects on nigericin-induced changes, also inhibited
the cleavage of caspase-1 and the maturation of IL-1( triggered by
MSU or ATP (Fig. 2a, b). These results suggest that vitamins K3 and
K4 exert robust inhibitory effects on the activation of the NLRP3
inflammasome in response to multiple agonists. In addition to
facilitating the priming of the canonical NLRP3 inflammasome
through TLR4 signaling, intracellular LPS produced by gram-
negative bacteria can also be sensed by caspase-11 and induce
caspase-11-dependent noncanonical NLRP3 inflammasome acti-
vation.?? To ascertain whether vitamin K also controls activation of

Cellular & Molecular Immunology (2021) 18:2422 -2430
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Fig. 2 Vitamins K3 and K4 inhibit both canonical and noncanonical NLRP3 inflammasome activation. a, b BMDMs were primed with LPS and
then pretreated with or without vitamin K3 or K4 (5 uM) before stimulation with MSU, ATP, or nigericin. a ELISA analysis of mature IL-1p in the
culture supernatant of BMDMs. b Western blot analysis of cleaved caspase-1 and mature IL-1f in the culture supernatant (SN), as well as pro-IL-
1B, pro-caspase-1, and p-actin levels in the cell lysates (Input). c-e BMDMs were primed with Pam3CSK4 and then pretreated with or without
different doses of vitamin K3 or K4 before intracellular LPS transfection. (c) ELISA analysis of mature IL-1p in the culture supernatant of BMDMs.
d, e Western blot analysis of cleaved caspase-1 and mature IL-1f in the culture supernatant (SN), as well as pro-IL-1f, pro-caspase-1, and p-actin
levels in the cell lysates (Input). All data are from no fewer than three independent experiments. The data shown in A and C are the mean £
SEM, n = 6. Unpaired t-tests (two-tailed) were applied to analyze statistical significance: **P < 0.01, ***P < 0.001

the noncanonical NLRP3 inflammasome, we pretreated BMDMs
with vitamin K3 or K4 before intracellular LPS transfection. Our
results showed that intracellular LPS-induced IL-1B secretion and
caspase-1 cleavage were also inhibited by vitamins K3 and K4
(Fig. 2c—e). Taken together, these results suggest that vitamins K3
and K4 can inhibit both canonical and noncanonical NLRP3
inflammasome activation.

Vitamins K3 and K4 have no effects on the activation of the AIM2,
NLRC4, or Pyrin inflammasomes

In addition to NLRP3, other PRRs can also induce the assembly of
inflammasomes. The AIM2, NLRC4, and Pyrin inflammasomes are
three well-known inflammasomes, and the activation of these
inflammasomes plays an important role in host defense against
infection.*?*?* To explore whether vitamin K can also inhibit
AIM2 and NLRC4 inflammasome activation, the AIM2 or NLRC4
inflammasomes were activated by transfection with the dsDNA
analog poly(dA:dT) or infection with S. Typhimurium, respectively.
We found that the maturation of IL-13 and the cleavage of
caspase-1 triggered by AIM2 and NLRC4 activation were
unaffected by pretreatment with vitamin K3 or K4 (Fig. 3a-d). In
addition, vitamin K3 or K4 pretreatment also had no effect on
TcdB toxin-induced Pyrin inflammasome activation and IL-1(3
secretion (Fig. 3e). Thus, these results indicate that vitamins K3
and K4 can inhibit the NLRP3 inflammasome but have no effect on
the activation of the AIM2, NLRC4, and Pyrin inflammasomes.

Vitamins K3 and K4 act downstream of K* efflux and
mitochondrial dysfunction to inhibit the NLRP3 inflammasome
independent their coenzyme activities

Next, we studied the mechanism by which vitamins K3 and K4
block NLRP3 inflammasome activation. As described above,

Cellular & Molecular Immunology (2021) 18:2422 - 2430

vitamin K exerts its well-known beneficial effects by acting as
the coenzyme for GGCX, which promotes posttranslational y-
glutamyl carboxylation of various vitamin K-dependent proteins.’
To examine the role of GGCX in vitamin K3-induced inhibition of
NLRP3 inflammasome activation, GGCX expression in BMDMs was
silenced by siRNA (Fig. 4a). Our results showed that GGCX
knockdown had no effect on either nigericin-induced NLRP3
activation or vitamin K3/K4-induced inhibition of NLRP3 inflam-
masome activation (Fig. 4b, c). These results indicate that the
GGCX-dependent  y-glutamyl carboxylation of vitamin K-
dependent proteins is not required for NLRP3 activation and that
vitamin K inhibits the NLRP3 inflammasome independent of its
coenzyme activity.

Potassium (K") efflux, which is considered an upstream
signaling event that promotes NLRP3 inflammasome activation,
is often detected during NLRP3 inflammasome activation in
response to different stimuli.'”®> To examine whether intracellular
potassium efflux can be affected by vitamin K3 or K4, we
investigated the intracellular potassium concentration in BMDMs
that were pretreated with or without vitamin K before nigericin
stimulation. We found that the level of intracellular potassium was
dramatically reduced by nigericin stimulation and that treatment
with vitamin K3 or K4 did not mitigate the nigericin-induced
intracellular potassium reduction (Fig. 4d). Mitochondrial dysfunc-
tion, as indicated by mitochondrial fission, clustering, and ROS
production, is also considered another important upstream
signaling pathway of NLRP3 inflammasome activation.'*?® Vitamin
K3 also had no effect on nigericin-induced mitochondrial fission,
clustering, or ROS production (Fig. 4e). These results suggest that
vitamin K acts downstream of potassium efflux and mitochondrial
dysfunction to inhibit NLRP3 inflammasome assembly and
activation.
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Fig. 3 Vitamins K3 and K4 have no effect on the activation of other inflammasomes. BMDMs were primed with LPS and then pretreated with
or without vitamin K3 or K4 (5 pM) before MSU, nigericin, or TcdB stimulation, poly(dA:dT) transfection or S. typhimurium infection. a, c, e ELISA
analysis of mature IL-1f in the culture supernatant of BMDM:s. b, d Western blot analysis of cleaved caspase-1 and mature IL-1f in the culture
supernatant (SN), as well as pro-IL-1p, pro-caspase-1 and f-actin levels in the cell lysates of BMDMs (Input). All data are from no fewer than
three independent experiments. The data shown in A and C are the mean + SEM, n = 6. Unpaired t-tests (two-tailed) were applied to analyze

statistical significance: ***P < 0.001

Vitamins K3 and K4 inhibit NLRP3 inflammasome assembly by
preventing the NLRP3-ASC interaction

We next investigated how vitamin K inhibits NLRP3 inflammasome
activation downstream of potassium efflux and mitochondrial
dysfunction. NEK7 has been suggested to act downstream of
potassium efflux to promote NLRP3 oligomerization and inflam-
masome assembly through its interaction with NLRP3.2%%” Indeed,
we found that nigericin induced the endogenous NEK7-NLRP3
interaction (Fig. 5a). However, the nigericin-induced NEK7-NLRP3
interaction was not suppressed by treatment with vitamin K3 or
K4 (Fig. 5a, b), indicating that vitamin K acts downstream of the
NEK7-NLRP3 interaction to inhibit NLRP3 inflammasome activa-
tion. Another critical step in NLRP3 inflammasome assembly is the
recruitment of ASC to NLRP3, which is crucial for ASC oligomer-
ization and subsequent caspase-1 activation.’® We next deter-
mined whether vitamin K3 or K4 could prevent the interaction
between NLRP3 and ASC. As shown in Fig. 5¢, d, the nigericin-
induced endogenous NLRP3-ASC interaction was dramatically
inhibited by vitamin K3 or K4. Moreover, nigericin-induced ASC
oligomerization was suppressed by vitamin K3 in a dose-
dependent manner (Fig. 5e). These results indicate that vitamins
K3 and K4 block NLRP3-ASC complex formation and subsequent
ASC oligomerization to inhibit NLRP3 inflammasome activation.
Additionally, these results were confirmed by the overexpression
of NLRP3, NEK7, or ASC in 293T cells. The direct interaction
between NLRP3 and ASC was inhibited by treatment with vitamin
K3 or K4 (Fig. 5f, g), while neither the NEK7-NLRP3 nor NLRP3-
NLRP3 interaction was impacted by treatment with vitamin K3
or K4 (Fig. 5h-k). To further investigate the reversibility of vitamin
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K-induced inhibition of the NLRP3 inflammasome, LPS-primed
BMDMs were incubated with vitamin K for 15 min and washed
three times over a 15 min period to remove unbound vitamin K
before nigericin stimulation. The results showed that vitamin K
could not inhibit nigericin-induced IL-1 production after being
washed away, which indicates that the inhibitory effects of
vitamin K are reversible (Fig. 5l). Taken together, these results
demonstrate that vitamin K inhibits NLRP3 inflammasome
assembly and activation by directly and reversibly preventing
the NLRP3-ASC interaction.

Vitamin K3 and K4 suppress NLRP3 activation in vivo

Since vitamin K3 and K4 inhibit NLRP3 inflammasome activation
and IL-1pB secretion in vitro, we next determined whether vitamin
K could also exert anti-inflammasome effects in vivo. Gout and
pseudogout, which are associated with bioactive IL-1B-mediated
recruitment of neutrophils into the intraarticular and periarticular
spaces, result from MSU-induced NLRP3 inflammasome activa-
tion.”® Intraperitoneal injection of MSU, which has been used as a
mouse model to easily examine the extent of NLRP3 inflamma-
some activation in vivo, induces massive neutrophil influx and
peritonitis. Using this well-established model, the inhibitory effect
of vitamin K on NLRP3 inflammasome activation was investigated
in vivo. We measured the production of IL-1B and counted the
number of neutrophils in the peritoneal cavities of C57BL/6J mice
that were pretreated with vitamin K and then intraperitoneally
injected with MSU. Our results showed that both IL-13 production
and the number of neutrophils were significantly decreased in the
peritoneal cavities of C57BL/6J mice treated with vitamin K3 or K4

Cellular & Molecular Immunology (2021) 18:2422 -2430



Synthetic vitamin K analogs inhibit inflammation by targeting the NLRP3...

X Zheng et al.
2427
A B [CIsiNC C OsiNC
M si Ggex M si Ggex
NS NS
1000 2000
< 15 — NS NS
g = 80 = 1500
Es 4p S 600 E)
se = ~ 1000
8’% <@ 400 a
25 05 = 200 = 500
k]
Q
1 0 0 | — r-:-_l T L
VK3 (uM) - - 5 - 5 VK4 (uM)
& & Ny o
BN OQ‘ Nigericin - + o+ + o+ Nigericin - + o+ - + o+
>
D E Nigericin VK8 + Nigericin VK4 + Nigericin
5]
R 150 ?
2 wx 1]
& 100 = .
= “m
3 NS
g 50
£
0
®°€a" {\&}Q Q‘;\\é’\(\ &_&')\Q é
SR g
™
R
10 pm

Fig. 4 Vitamins K3 and K4 act downstream of K efflux and mitochondrial dysfunction to inhibit the NLRP3 inflammasome independent of
their coenzyme activities. a Ggcx mRNA in BMDMs transfected with control siRNA or Ggcx-specific siRNA. b—e BMDMs were primed with LPS
and then pretreated with or without vitamin K3 or K4 (5 pM) before stimulation with nigericin. b, ¢ ELISA analysis of mature IL-1p in the culture
supernatant of BMDMs transfected with control siRNA or Ggcx-specific siRNA. d Potassium efflux in BMDMs was quantified by inductively
coupled plasma optical emission spectrometry (n =4, mean = SEM). e Confocal microscopy analysis of BMDMs stained with MitoTracker Red
or MitoSOX. DAPI was used to stain the nuclei. Scale bars, 10 um. All data are from no fewer than three independent experiments. The data
shown in A are the mean = SEM, n =4. Unpaired t-tests (two-tailed) were applied to analyze statistical significance: ***P <0.001. ns not

significant

(Fig. 6a, b). Thus, vitamin K can indeed inhibit NLRP3 inflamma-
some activation in vivo.

DISCUSSION

Vitamin K refers to a group of structurally similar vitamins that play
crucial roles in blood coagulation.? Previous studies have indicated
that vitamin K may also have anti-inflammatory effects, although
little is known about the underlying mechanisms. In this study, we
found that two water-soluble forms of vitamin K, vitamins K3 and
K4, could specifically inhibit NLRP3 inflammasome activation both
in vitro and in vivo. Mechanistically, vitamin K can inhibit NLRP3
inflammasome assembly and ASC oligomerization by blocking the
interaction between NLRP3 and ASC. Our study indicates that
vitamin K3 supplementation may be a potential strategy for the
treatment of NLRP3-associated inflammatory diseases.

Our results show that water-soluble vitamins K3 and K4 target
the NLRP3 inflammasome to exert their anti-inflammatory effects.
Although a previous study indicated that vitamin K3 suppresses
LPS-induced NF-kB activation and TNF-a production,®® our data
suggest that vitamins K3 and K4 cannot inhibit LPS-induced TNF-
a production or pro-IL-13 expression. This contradiction may be
due to the different concentrations of vitamin K3 used. In
previous studies, macrophages were treated with 50 uM vitamin
K3, which is much higher than the concentrations used in our
study (1-5 uM).

Cellular & Molecular Immunology (2021) 18:2422 - 2430

Our data indicate that vitamin K3 or K4 can inhibit NLRP3
inflammasome assembly by reversibly blocking the interaction
between NLRP3 and ASC. However, how vitamin K prevents the
NLRP3-ASC interaction remains unclear. One possible mechanism
is that vitamin K inhibits the NLRP3 inflammasome by directly
targeting NLRP3. Another possibility is that vitamin K can target
other proteins that regulate the NLRP3-ASC interaction. The
detailed mechanisms by which vitamin K inhibits the NLRP3-ASC
interaction and whether vitamin K targets NLRP3 or other
inflammasome regulators need to be further investigated.

Although dietary vitamin K deficiency is extremely rare in
healthy adult individuals, it often occurs in infants and elderly
individuals.>'* In addition, a reduction in vitamin K can occur
under certain circumstances. For example, vitamin K production
has been shown to be reduced by nearly 74% in the gut in
patients who take broad-spectrum antibiotics to treat infection,
and this reduction may be caused by intestinal microbiota
killing.** In patients with inflammatory bowel disease, intestinal
damage results in the malabsorption of vitamin K, resulting in
vitamin K deficiency.®> In addition, vitamin K deficiency is
associated with multiple chronic inflammatory diseases, such as
type 2 diabetes (T2D), inflammatory bowel disease, osteoarthritis,
and chronic kidney diseases.2 %3¢ Both vitamins K3 and K4 have
been considered to be synthetic water-soluble forms of vitamin K.
Research that began in the 1990s demonstrated that vitamin K3 is
also a catabolic product of oral vitamin K1 produced in the
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Fig. 5 Vitamins K3 and K4 inhibit the interaction between NLRP3 and ASC. a, b Western blot analysis of the endogenous interaction between
NEK7 and NLRP3 in BMDMs primed with LPS and then pretreated with different doses of vitamin K3 or K4 before stimulation with nigericin.
¢, d Western blot analysis of the endogenous interaction between NLRP3 and ASC in BMDMs primed with LPS and then pretreated with
different doses of vitamin K3 or K4 before stimulation with nigericin. e Western blot analysis of cross-linked ASC in the NP-40-insoluble pellet
of BMDMs primed with LPS and then pretreated with different doses of vitamin K3 before stimulation with nigericin. f, g Immunoprecipitation
(IP) and immunoblot analysis of the interaction between Flag-ASC and VSV-NLRP3 in lysates from HEK-293T cells stimulated with different
doses of vitamin K3 or K4. h, i Immunoprecipitation (IP) and immunoblot analysis of the interaction between Flag-NEK7 and VSV-NLRP3 in
lysates from HEK-293T cells stimulated with different doses of vitamin K3. j, k Immunoprecipitation (IP) and immunoblot analysis of the
interaction between Flag-NLRP3 and VSV-NLRP3 in lysates from HEK-293T cells stimulated with different doses of vitamin K3. Input, cell extract
without immunoprecipitation. All data are from no fewer than three independent experiments. g ELISA analysis of mature IL-1f in the culture
supernatant of BMDMs treated with different doses of vitamin K3 for 15 min, washed three times, and then stimulated with nigericin

intestine that can be delivered to tissues and subsequently
converted to vitamin K2.37 Researchers can indeed detect vitamin
K3 in the serum following oral ingestion of vitamin K1.* Although
the measured concentration of vitamin K3 in serum is much lower
than the concentration we used in our study, the physiological
concentration of vitamin K3 in tissues has not been determined.
Whether physiological vitamin K3 can also inhibit NLRP3-related
inflammation in vivo needs to be further investigated. Moreover,
since anti-inflammatory vitamin K3 can also be converted into
vitamin K2, which has no effect on the activation of the NLRP3
inflammasome, whether the vitamin K1-K3-K2 axis acts as an
additional signaling cascade to maintain immune homeostasis
also needs to be further considered.

As described above, vitamin K refers to a group of structurally
similar vitamins that share a similar structure, with a 2-methyl-1,4
naphthoquinone ring and a variable aliphatic chain.' Both vitamin
K1 and K2 have a much longer aliphatic chain than vitamins K3

SPRINGERNATURE

and K4. Our data showed that unlike vitamins K3 and K4, dietary
vitamin K1 and K2 could not inhibit NLRP3 inflammasome
activation. Although further studies are needed to investigate
the different effects of vitamin K on NLRP3 activation, the longer
aliphatic chain of vitamin K1 and K2 may abolish the inhibitory
effect of vitamin K on NLRP3 inflammasome activation.

High-dose vitamin K3 has been shown to cause potential toxicity,
such as liver damage and hemolytic anemia, and it is only allowed
as an additive for pet feed in several countries.>” However, low-dose
vitamin K3 is still used to treat vitamin K deficiency in humans in less
developed countries. One of the reasons is that vitamin K3 can be
synthesized very easily, making it much cheaper than other natural
forms of vitamin K. In addition, unlike natural vitamin K, which can
be rapidly degraded by light, vitamin K3 is very stable.3®*° Given the
safety of low-dose vitamin K3 supplementation, whether patients
with these inflammatory diseases benefit greatly from vitamin K3
treatment needs to be further evaluated.

Cellular & Molecular Immunology (2021) 18:2422 -2430
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Fig. 6 Vitamins K3 and K4 suppress NLRP3-dependent peritonitis in vivo. a ELISA analysis of IL-1f in the peritoneal cavities of C57BL/6J mice
that were pretreated with vitamin K3 or vitamin K4 before intraperitoneal injection of MSU. b FACS analysis of neutrophil numbers in
the peritoneal cavities of C57BL/6J mice that were pretreated with vitamin K3 or vitamin K4 before intraperitoneal injection of MSU. All data
are from no fewer than three independent experiments. The data shown in a and b are the mean + SEM, n =6 or 5. Unpaired t-tests (two-

tailed) were applied to analyze statistical significance: ***P < 0.001
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