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Abstract

The main mechanism of pyroptosis is Caspase-1-mediated GSDMD cleavage, and
GSDMD is also the executive protein of pyroptosis. Our previous study has shown
that mafenide can inhibit pyroptosis by inhibiting the GSDMD-Asp275 site to sup-
press cleavage. In this study, sulfonamide was used as the parent nucleus structure to
synthesize sulfa-4 and sulfa-20. Screening of drug activity in the pyroptosis model of
BV2 and iBMDM cell lines revealed the efficacy of five compounds were superior to
mafenide, which exerted a better inhibitory effect on the occurrence of pyroptosis.
For in vivo assay, Sulfa-4 and Sulfa-22 were intervened in the neuroinflammation APP/
PS1 mice. As a result, the administration of Sulfa-4 and Sulfa-22 could significantly
inhibit the activation of microglia, decrease the expression of inflammatory factors
in the central nervous system and simultaneously suppress the production of p30-
GSDMD as well as the expression of upstream NLRP3 inflammasome and Caspase-1
protein. Immunoprecipitation and Biotin-labelled assay confirmed the targeted bind-
ing relationship of Sulfa-4 and Sulfa-22 with GSDMD protein in the iBMDM model in
vitro. In this study, we investigated a new type inhibitor of GSDMD cleavage, which
exerted a good inhibitory effect on pyroptosis and provided new references for the
development of inflammatory drugs in the future.
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1 | BACKGROUND

Pyroptosis is a type of programmed death that depends on in-
flammatory. Intracellular inflammasomes through the classical
pyroptosis pathway of Caspase-1 or the non-classical pathway
of Caspase-4/5/11 to further cleavage the executive protein
GSDMD to form p30-GSDMD to open the cell membrane pores.l’2
Meanwhile, the inflammasome promotes the maturation, which are
released through membrane pores.® During the whole process of
pyroptosis, inflammasome and GSDMD are key factors. GSDMD is

a member of the Gasdermin protein family.*> NLRP3 inflammasome

can recruit ASC to form bodies, which is further served as a me-
dium to cleave pro-Caspase-1.°” GSDMD is formed under the
cleavage of Caspase-1. After GSDMD cleavage, p30-GSDMD is
formed. After p30 oligomerization, it can open the membrane pore.®
GSDMD cleavage is a critical step in the occurrence of pyroptosis. In
Alzheimer's disease (AD), f-amyloid deposition can activate NLRP1
inflammasome, mediate the occurrence of pyroptosis and trigger
local inflammation.®°

The cleavage of GSDMD is mainly formed at Asp275-276.
Previous studies have already demonstrated that mafenide can in-

hibit the cleavage of GSDMD by targeting GSDM-Asp275, thereby
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inhibiting the occurrence of pyroptosis. Virtual docking further
identified that the sulfonamide parent nucleus of the mafenide had a

good binding capacity with Asp275.11

2 | MATERIALS AND METHODS

2.1 | Design and synthesis methods of sulfonamide
compounds

Show in Supplementary material.

2.2 | Induction of pyroptosis and drug
intervention methods

iBMDM (Procell, China WUHAN) and BV2 (Procell, China WUHAN)
were obtained. iIBMDM were cultured in 10% supercalf serum with
1% antibiotic/antimycotic and puromycin (3 pg/ml). BV2 were cul-
tured in MEM containing 10% FBS and 1% antibiotic/antimycotic.

The pyroptosis of iBMDM and BV2 cells was induced by a com-
bination of lipopolysaccharide (LPS) (1 pg/ml) and Nigericin (10 pM).
iBMDM and BV2 cells of the logarithmic phase were divided into two
groups: one group was intervened with small molecule compounds
for 2 h, and the control group was added with DMSO. After chang-
ing into the serum-free medium, cells were induced by LPS (1 ug/ml)
for 4 h, followed by pyroptosis induction by Nigericin (10 pM) for
2 h. After cell intervention, cells and culture medium were collected,
followed by detection of the expression of IL-1p and TNF-a by ELISA
to calculate IC50.

Detection of the pyroptosis-inhibiting role and mechanism of

Sulfa-4 and Sulfa-22 small molecules in BV2 cells:

1. Lactate dehydrogenase (LDH) assay: cells were incubated with
Nigericin for 2 h to induce pyroptosis, performed LDH release
rate detection according to the operating instructions of the
kit (results were shown as %).

2. Pl absorption rate: After Nigericin intervention within 2 h, the PI
absorption rate was measured every 10 min. Cells were treated
with 1 pg/ml Pl, 120 nM NaCl, 5 mM Glucose, 1.5 mM CaCl,,
1 mM magnesium chloride and 0.1% bovine serum albumin (BSA).
Cells were tested for absorbance at 533/617 nm. Pl absorption
rate (%) = (OD oD /(OD oD

3. PIl, Hoechst 33258 staining: Cells were subjected to staining after

Sample - background) maximum background)'

Nigericin intervention for 2 h. For Hoechst 33258 staining, cells
were incubated with Hoechst 33258 staining solution (Beyotime
Biotechnology Co., Ltd.) for 15 min and washed with PBS. For PI
staining, cells were incubated with PI staining reagent (1 pug/ml)
for 30 min and washed with PBS. Observed the number of posi-
tive cells, calculated the number of positive cells in each field for
statistics

4. Western blot: BV2 cells were treated with Nigericin for 2 h, col-
lected, washed twice with PBS and lysed with pre-cool 1.0 ml

RIPA lysis buffer (Beyotime Biotechnology Co., Ltd.) on ice for
30 min. The protein sample was added with 5x loading buffer
to a final volume of 20 pl with and boiled for 8 min. The protein
samples were subsequently subjected to electrophoresis at 80V
voltage and further at 120V. The PVDF membrane was blocked
with 5% skimmed milk powder for 2h, incubated with primary
monoclonal antibody diluted with TBST, washed with TBST twice
and incubated with HRP-labelled goat anti-rabbit secondary anti-
body (Abcam), followed by ECL for visualization. The results were
expressed as the comparison of the optical density between the
target protein and the internal control. The monoclonal antibody
dilution ratio of GSDMD and p30-GSDMD (key pyroptosis pro-
tein) was 1:500 (Abcam); the monoclonal antibody dilution ratio
of NLRP3 and Caspase-1(key protein of NLRP3 inflammasome)
was 1:800 (Abcam); the dilution of HRP-labelled IgG antibody was
1:1000 (Abcam).

5. Detection of cytokine expression by ELISA: BV2 cells were
treated with Nigericin for 2 h, and the supernatant was thereaf-
ter collected every 30 min. The supernatant was subjected to the
detection of inflammatory factors taken for the detection of in-
flammatory factors. ELISA kits for IL-1p, IL-18 and TNF-a (Nanjing
Jiancheng Biotechnology Co., Ltd.) were used for detection ac-
cording to the manufacturer's instruction. The absorbance value
was measured at 450nm by microplate reader (BioTek), and the
results were expressed as pg/ml.

6. Immunofluorescence staining: The coverslip was placed in a 6-
well plate for IF staining. In brief, cells were fixed with freshly
prepared 4% paraformaldehyde (PFA) for 10 min, wash with PBS,
permeabilized with 0.2% Triton X-100, blocked them with 2% BSA,
incubated with monoclonal antibody against GSDMD and p30-
GSDMD (Abcam) (dilution 1:300) at room temperature for 1 h,
wash with PBS for three times, reacted with IgG antibody for la-
belling, subjected to 0.5 pg/ml DAPI staining reagent (Solarbio) for
nuclear staining, washed twice with PBS, mounted and observed
under fluorescence microscope. The expression of GSDMD pro-
tein was detected in both cytoplasm and cell membrane, while

p30-GSDMD was mainly expressed on cell membrane.

2.3 | The targeted binding relationship of
Sulfa-4 and Sulfa-22 small molecules with GSDMD

Co-immunoprecipitation (Co-IP) assay: BV2 cells were inoculated
into a 6-well plate and separately treated with DMSO, LPS+Nigericin
and Sulfa-4 or Sulfa-22 for 4 h. After washing with PBS, cells were
added with 120 pl lysis buffer on ice, followed by collection of cells
into EP tube. After centrifugation, the supernatant was transferred
to a new EP tube and subjected to BCA assay to detect protein con-
centration. The sample was added with anti-GSDMD monoclonal
antibody (Abcam) (200 pg antibody/2ul sample) at 4°C overnight and
reacted with protein G agarose affinity matrix in a shaker at 4°C for
4 h. The supernatant was collected and washed with pre-cooled PBS
for four times, followed by detection of GSDMD by WB.
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2.4 | Intervention effects of Sulfa-4 and
Sulfa-22 small molecules on APP/PS1 mice
2.4.1 | Intervention of Sulfa-4 and Sulfa-22 on APP/
PS1 mice

Thirty 4-month-old APP/PS1 mice were used for the experiment. Mice
in the Control group were conventionally raised, followed by gastric
administration of 5 mg/kg of Sulfa-4 or Sulfa-22. After 14 days, mice
were sacrificed by CO,. The cerebrospinal fluid (CSF) and peripheral
blood from the tail vein of mice were collected and centrifuged, fol-
lowed by the storage of the supernatant. After all samples were ob-

tained, ELISA kits were used to detect the expression of inflammatory

factors IL-1p, IL-18 and TNF-a. The cortex, hippocampus and striatum

tissue of mice were extracted for protein sample, followed by detec-
tion of the expression levels of GSDMD and p30-GSDMD by WB.

242 |

IBA-1 and CD11c by IF assay

The brain tissue of mice was fixed with 4% FPA. The brain tissue

was dehydrated with 15%-30% sucrose solutions. The slices were

washed with PBS, incubated with monoclonal antibodies against
CD11c (dilution 1:50) and IBA-1 (dilution 1:50) (Abcam) at 4°C
overnight, incubated with fluorescent antibody (d ilution1:50) in
the dark for 1 h, washed with PBS for three times and mounted
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FIGURE 1 Sulfa4/22 on pyroptosis in BV2 cells. (A) The structure of Sulfa-4 and Sulfa-22 compounds. (B) Results of LDH release
rate (n = 5): The LDH release rate was relatively high in the DMSO group, which was down-regulated in the MAF and Sulfa-4/22 groups
decreased. Comparison with the DMSO group, *p<0.05. (C) of Pl uptake rate (n = 3): The Pl uptake rate was relatively high in the
DMSO group, which was decreased in the MAF and Sulfa-4/22 groups. Comparison with the DMSO group, *p < 0.05. (D-E) PI staining
(n = 5): Positive cells were significantly higher in the DMSO group than that of MAF and Sulfa-4/22 groups. Comparison with DMSO
group, *p < 0.05. (F-G) Hoechst 33258 staining (n = 5): Positive cells was significantly higher in the DMSO group than that of MAF and
Sulfa-4/22 groups. Comparison with DMSO group, *p < 0.05
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FIGURE 2 Sulfa4/22 on the release of GSDMD and inflammatory factors. (A) Results of GSDMD IF staining (n = 5): The expression

level of GSDMD was relatively lower in the DMSO group, indicating the cleavage of GSDMD. While the expression of GSDMD protein was
significantly up-regulated in the MAF and Sulfa-4/22 groups, suggesting the suppressed cleavage. (B-C) Results of IL-1p and IL-18 release

(n = 3): The release of inflammatory factors IL-1p and IL-18 was up-regulated in the DMSO group, which was down-regulated in the MAF and

Sulfa-4/22 groups. Comparison with the DMSO group, *p < 0.05

with anti-fluorescence quencher, followed by observation under
microscope. Image-Pro Plus was used to count the number of posi-

tive cells.

2.5 | Statistical analysis

Measurement data were shown as x+s. SPSS 22.0 was used for data
analysis and processing. Two independent sample t test analysis was
used for comparison between two groups; LSD method was used
for the subsequent comparisons between the two groups. One-way
ANOVA was used for comparison among three groups and above,
and all the above-mentioned tests were two-sided, and p < 0.05 in-

dicated statistical significance.

3 | RESULTS
3.1 | The effect and mechanism of Sulfa-4 and
Sulfa-22 on pyroptosis in BV2 cells

In this study, Sulfa-4 (IC50 of 3uM) and Sulfa-22 (IC50 of 5uM) were
used for pretreatment in BV2 cells (Figure 1A), and 15uM mafenide
(MAF) was used as the positive control. LDH release rate assay
showed obvious LDH release in cells of the DMSO group, which was
significantly down-regulated in MAF group (positive control). In ad-
dition, the LDH release rate was down-regulated in BV2 cells after
Sulfa-4/22 small molecule treatment (Figure 1B). Pl uptake rate assay
revealed that the Pl uptake rate was significantly up-regulated in the

DMSO group, while the uptakerateinthe MAF group was significantly
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FIGURE 3 Sulfa4/22 on p30-GSDMD and TNF-a release. (A) p30-GSDMD IF staining (n = 5): p30-GSDMD was relatively high

in the DMSO group, while p30-GSDMD protein was significantly down-regulated in the MAF and Sulfa-4/22 groups, indicating the
suppressed cleavage of GSDMD. (B-C) Results of TNF-a release (n = 3): The release of TNF-awas up-regulated in the DMSO group, which
was down-regulated in the MAF and Sulfa-4/22 groups. Comparison with the DMSO group, *p < 0.05

down-regulated; meanwhile, Sulfa-4/22 small molecules could also
down-regulate the Pl uptake rate in BV2 cells (Figure 1C). Moreover,
Pl staining and Hoechst 33258 staining showed that the number of
positive cells was relatively more in the DMSO group, which was sig-
nificantly down-regulated in MAF and Sulfa-4/22 groups compared
to the DMSO group (p < 0.05) (Figure 1D-G). IF staining showed
that the fluorescence intensity of GSDMD in the DMSO group was
relatively low, which was significantly lower than that of the MAF
and Sulfa-4/22 groups, indicating that GSDMD was cleaved in the
DMSO group. In addition, p30-GSDMD had stronger fluorescence
intensity in the DMSO group, which was significantly higher than
that of MAF and Sulfa-4/22groups, and p30-GSDMD was mainly
expressed on the cell membrane (Figures 2A, 3A). Inflammatory fac-
tor release assay showed that the expression levels of inflammatory
factors IL-18, IL-1p and TNF-a in the DMSO group were increased

over time, indicating that the opening of cell membrane pores pro-
moted the release of inflammatory factors. However, the expression
level of inflammatory factors was significantly lower in the MAF and
Sulfa-4/22 groups than that of the DMSO group (Figures 2B,C, 3B).
Taken together, Sulfa-4 and Sulfa-22 could inhibit the cleavage of
GSDMD to play an anti-pyroptosis effect.

3.2 | Sulfa-4/22 on inhibiting pyroptosis in BV2
cell and the validation of targeting GSDMD

The expression of NLRP3 and Caspase-1 was up-regulated in the
DMSO group, while the expression of Pro-Caspase-1 was not signifi-
cantly changed. The expression of NLRP3 and Caspase-1 was down-
regulated in the MAF and Sulfa4/22 groups, which was consistent
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FIGURE 4 Sulfa-4/22 in inhibit pyroptosis in BV2 cells, and the binding validation with GSDMD. (A-C) Effects of Sulfa-4/22 on the
expression of key pyroptosis proteins (n = 3): NLRP3 and Caspase-1 were relatively high in the DMSO group. Sulfa-4/22 could inhibit NLRP3
and Caspase-1. In the DMSO group, GSDMD was relatively high, and p30-GSDMD was relatively low. Comparison with the DMSO group,

*p < 0.05. (D) Validation of the binding between GSDMD and Sulfa-4 by Co-IP: Sulfa-4 could directly bind to GSDMD, which had no binding
relationship with Caspase-1. (E-F) Validation of the binding between GSDMD and Sulfa-4 by pull-down assay: Sulfa-4 could directly bind to

GSDMD

with the IF results. For the DMSO group, the expression of GSDMD
was down-regulated, while the expression of p30-GSDMD was
up-regulated, indicating that GSDMD was cleaved. However, for
the MAF and Sulfa4/22 groups, the cleavage of GSDMD was in-
hibited, and the expression of p30-GSDMD was down-regulated
(Figure 4A-C). Co-IP assays revealed that Sulfa-4 and Sulfa-22 could
directly interact with GSDMD instead of Caspase-1. Caspase-1 can
bind to GSDMD and can cleave GSDMD to form p30-GSDMD
(Figures 4D, 5A-B). The pull-down assay on biotin-labelled Sulfa-4
and Sulfa-22 showed that Sulfa-4 and Sulfa-22 could combined
with GSDMD (Figures 4E, 5C-D). Competitive assay on the unla-
belled Sulfa-4 and Sulfa-22 showed that Sulfa-4 and Sulfa-22 could
compete with Biotin-labelled small molecules to bind to GSDMD,
which also indicated the binding relationship of small molecules
Sulfa-4 and Sulfa-22 with GSDMD (Figures 4F, 5E).

3.3 | Effects of Sulfa-4/22 on microglia and
inflammatory factor release in APP/PS1 mice

APP/PS1 is a commonly used mouse model of AD, with obvious
senile plagues and microglia activation at the age of 4 months.
Therefore, Sulfa-4 and Sulfa-22 were used for intervention. As a
result, after Sulfa-4 and Sulfa-22 intervention, the expression of mi-
croglia markers IBA-1 and CD11c was significantly decreased, and
the levels of inflammatory factors in peripheral blood and CSF were
down-regulated, indicating that Sulfa-4 and Sulfa-22 could attenu-
ate inflammatory response and microglia activation (Figure 6A-C).
The expression of p30-GSDMD in the cortex, hippocampus and
striatum was down-regulated, while the expression of GSDMD
was up-regulated, indicating the inhibitory cleavage of GSDMD
(Figure 6D-I).
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FIGURE 5 Validation of the targeted binding relationship between Sulfa4/22 and GSDMD. (A) Competitive assay showed that the Biotin-
labelled Sulfa-4 could be replaced by the unlabelled Sulfa-4, indicating that the two sites were both GSDMD. (B) Validation of the binding
between GSDMD and Sulfa-22 by Co-IP: Sulfa-22 could directly bind to GSDMD, which had no binding with Caspase-1. (C-D) Validation of
the binding between GSDMD and Sulfa-22 by pull-down assay: Sulfa-22 could directly bind with GSDMD. (E) Competitive assay revealed
that Biotin-labelled Sulfa-22 could be replaced by unlabelled Sulfa-22, indicating that the two sites were both GSDMD

4 | DISCUSSION

Alzheimer's disease is a degenerative disease and the main cause of

t.12

cognitive impairment.™ The pathological features of AD are mainly

B-amyloid protein deposition and Tau protein phosphorylation.*®%*
However, the exact pathological mechanism of AD has not yet been
revealed. In recent years, many studies have found that neuroinflam-
mation plays an important role in the occurrence and development
of AD. In neuroinflammation, microglia play an important role and
are also one of the main cells that release inflammatory factors.*>*¢
Pyroptosis is a type of cell death, which involves the activation of
Caspase-1-GSDMD. Caspase-1 is the key protein for pro-IL-1p cleav-
age and maturation; therefore, pyrolysis is mostly mediated by
Caspase-1. However, it is GSDMD protein that definitely mediates
the occurrence of pyroptosis.” The level of GSDMD in normal cells
is low, and GSDMD can be induced by LPS. The massive expression
of Caspase-1 can cleave GSDMD to form p30-GSDMD protein, and
the oligomerized p30-GSDMD is located on the cell membrane to
open the cell channel to promote the release of inflammation, which
is considered as the main cause of pyroptosis.}” Previous studies

have shown that inhibition of pyroptosis can inhibit the release of

inflammatory factors. The key to inhibition of pyroptosis is in the in-
hibition of GSDMD protein, which theoretically can inhibit the cleav-
age of GSDMD. Our team has previously shown that MAF can target
the GSDMD and inhibit the cleavage of GSDMD.

In this study, MAF was used as the lead compound, and we found
that the sulfonamide structure was the pharmacodynamic structure
of Asp275. Therefore, we tried to perform small molecule modifica-
tion at the binding sites by skeleton migration, aiming to supplement
the group to fill the binding cavity. In consideration of binding sta-
bility, the amino structure was converted to the cyano group, which
could, on the one hand, increase the binding of x-x bonds, and on
the other hand, improve the fat solubility. In vitro assays revealed
that Sulfa-4 and Sulfa-22 had better efficacy. The comparison of
compound efficacy showed that by detecting inflammatory factors
and GSDMD, we found that two molecules, Sulfa-4/22 had better
efficacy. To further verify its effect, we performed experiments in
BV2 cells. Consequently, Sulfa4/22 could significantly inhibit the
occurrence of pyroptosis, and the effect at low concentrations was
similar to that of MAF. Sulfa4/22 could effectively inhibit inflam-
matory factors at low concentrations. Pull-down assays and Co-
IP assays proved that Sulfa4/22 could bind with GSDMD instead
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FIGURE 6 Effects of Sulfa4/22 on microglia activation and the release of inflammatory factors in APP/PS1 mice. (A) Detection of IBA-1
and CD11c expression by IF staining: There was obvious activation of microglia, obvious expression of IBA-1 and CD11c in the Con group.
However, the expression of IBA-1 and CD11c was significantly down-regulated, and the activation of microglia was inhibited in Sulfa-4

and Sulfa-22 group. (B-C) Expression of inflammatory factors in peripheral blood and CSF: The expression levels of inflammatory factors

in peripheral blood and CSF were relatively high in Con group, which were significantly down-regulated in Sulfa-4 and Sulfa-22 group.
Comparison with Con group, *p < 0.05. (D-1) Expression level of GSDMD and p30-GSDMD in mouse cortex, hippocampus, and striatum: The
expression GSDMD was relatively low, while p30-GSDMD expression was relatively high in cortex, hippocampus and striatum. The cleavage
of GSDMD was inhibited in Sulfa-4 and Sulfa-22 groups, GSDMD expression level was significantly up-regulated, while the level of p30-
GSDMD was down-regulated. Comparison with the Con group, *p < 0.05

of Caspase-1. Because Caspase-1 and GSDMD interact with each
other, the results also demonstrate the target of Sulfa4/22. The IF
staining clearly showed that Sulfa4/22 increased the expression of
GSDMD and decreased the expression of p30-GSDMD. Because
p30-GSDMD is cleaved from GSDMD, the up-regulated expression
GSDMD fully indicated that Sulfa4/22 inhibited the cleavage pro-
cess. To further validate the role of Sulfa4/22 in neuroinflammation,
APP/PS1 mouse model, a common AD model, was used for inter-
vention.'® Sulfa4/22 intervention could decrease the level of inflam-
matory factors, especially in CSF. CSF communicates directly with
the central nervous system and intuitively reflects the inflammation
level of the central nervous system; therefore, detection of CSF
could help to determine that MAF has an effect on neuroinflamma-
tion. More interestingly, Sulfa4/22 could inhibit microglia activation

and decrease the expression of IBA-1 and CD11c. In addition, the in-
hibited GSDMD cleavage is also detectable in the hippocampus and
cortex. Collectively, it can be concluded that Sulfa4/22 can inhibit
pyroptosis to play an anti-inflammatory effect, and its mechanism is
associated with the cleavage of GSDMD.

5 | CONCLUSION

In this study, we designed Sulfa-4 and Sulfa-22 by using MAF as the
lead compound. In vitro activity screening revealed that the phar-
maceutical efficacy of two small molecules was superior to MAF. In
vivo and in vitro assays also fully demonstrated that Sulfa4/22 could
target the cleavage of GSDMD, inhibit the occurrence of pyroptosis
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and the release of inflammatory factors, exerting a certain effect on

the neuroinflammation of AD.
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