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Purpose: Excessive necroptosis contributes to the pathogenesis of several inflammatory and neurodegenerative diseases. Here, using
a high-throughput screening approach, we investigated the anti-necroptosis effects of piperlongumine, an alkaloid isolated from the
long pepper plant, in vitro and in a mouse model of systemic inflammatory response syndrome (SIRS).

Methods: A natural compound library was screened for anti-necroptosis effects in cellular. The underlying mechanism of action of
the top candidate piperlongumine was explored by quantifying the necroptosis marker phosphorylated receptor-interacting protein
kinase 1 (p-RIPK1) by Western blotting. The anti-inflammatory effect of piperlongumine was assessed in a tumor necrosis factor o
(TNFa)-induced SIRS model in mice.

Results: Among the compounds investigated, piperlongumine significantly rescued cell viability. The half maximal effective
concentration (ECsg) of piperlongumine for inhibiting necroptosis was 0.47 uM in HT-29 cells, 6.41 uM in FADD-deficient Jurkat
cells, and 2.33 uM in CCRF-CEM cells, while the half maximal inhibitory concentration (ICso) was 95.4 uM in HT-29 cells, 93.02 uM
in FADD-deficient Jurkat cells, and 161.1 pM in CCRF-CEM cells. Piperlongumine also significantly inhibited TNFoa-induced
intracellular RIPK1 Ser166 phosphorylation in cell lines and significantly prevented decreases in body temperature and improved
survival in SIRS mice.

Conclusion: As a potent necroptosis inhibitor, piperlongumine prevents phosphorylation of RIPK1 at its activation residue Ser166.
Piperlongumine thus potently inhibits necroptosis at concentrations safe enough for human cells in vitro and inhibits TNFo-induced
SIRS in mice. Piperlongumine has potential clinical translational value for the treatment of the spectrum of diseases associated with
necroptosis, including SIRS.

Keywords: piperlongumine, natural product, drug repositioning, necroptosis, RIPK1

Introduction

Piperlongumine is a natural alkaloid compound found primarily in the long pepper and other Piper (pepper) plants.'~
Piperlongumine and its derivatives have many biological and pharmacological effects including neuroprotective, anti-
inflammatory, anti-platelet aggregation, immune, anti-aging, anti-tumor, and anti-diabetes actions. It is safe and has
minimal toxicity, and it has long been used as a traditional Chinese medicine. Of these biological actions, the anti-tumor
activities of piperlongumine and its derivatives have been most extensively studied.?

Necroptosis is a form of cell death initiated by activation of receptor-interacting protein kinase 1 (RIPK1), receptor-
interacting protein kinase 3 (RIPK3), and mixed lineage kinase domain (MLKL) to form the “programmed necrosome-
necrosome”.®* MLKL-related pore formation and membrane damage caused by osmotic shock release damage-associated
molecular patterns (DAMPs), which trigger a cascade of inflammation.” Necroptosis has now been implicated in several
pathologies including neurodegenerative disease, cardiovascular abnormalities, and inflammatory diseases such as

atherosclerosis, infectious disease, inflammatory bowel disease, ischemia-reperfusion injury, and hepatitis.*° Thus,
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necroptosis inhibitors are an exciting new class of agents for the treatment of many important acute and chronic diseases.
Many drugs have been developed from natural products and/or their active derivatives, inspiring modern drug research

1911 indeed, natural products account for over 60% of all new small molecule drugs.'?

and development efforts;
Therefore, here we conducted high-throughput screening of a natural compound library and in doing so identify

piperlongumine as an effective inhibitor of necroptosis.

Materials and Methods

Biological Reagents

Natural Product Library (Selleck Chemicals, Houston, TX; L1400), piperlongumine (Selleck Chemicals, S7551, CAS:
20069-09-4), Necrostatin-1 (Nec-1, Selleck Chemicals, S8037), Z-VAD-fmk (Selleck Chemicals, S7023); recombinant
murine/human TNF-a (Sino Biological, Beijing, China; 50349-MNAE); SMAC mimetic (SM-164, Beyotime
Biotechnology, Jiangsu, China; C0114-10 mM); dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO). Anti-
RIPK1 and anti-human phosphorylated RIPK1 antibodies for Western blotting were purchased from BD Biosciences
(Franklin Lakes, NJ) and Cell Signaling Technology (Danvers, MA), respectively.

Cells and Cell Culture

Minimal essential medium (MEM) was supplemented with 100 pg/mL antibiotics (100 U/mL penicillin and 100 mg/mL
streptomycin) (Gibco, Thermo Fisher Scientific, Waltham, MA), 10% fetal bovine serum (FBS; Zhejiang Tianhang
Biotechnology, China), and 1x non-essential amino acids (NEAA, Gibco). HT-29 cells and FADD-deficient Jurkat cells
purchased from the ATCC were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco). CCRF-CEM cells were
purchased from the ATCC and cultured in RPMI-1640 medium (HyClone Laboratories, Cytiva, Marlborough, MA)
supplemented with 10% FBS and glutamine. All cell lines were cultured at 37°C in a humidified atmosphere with 5% CO..

Necroptosis Induction and Cell Viability Analysis

Human TNFa (hTNFa) (50 ng/mL) solution was used to induce necroptosis in FADD-deficient Jurkat cells. HT-29 and
CCRF-CEM cells were pretreated with z-VAD-fmk (20 uM) and smac164 (200 nM) for 30 min before adding hTNFa
(20 ng/mL) to induce necroptosis. Compounds were added to cells at the indicated concentrations and incubated for
1 day. The Cell Titer-Glo Luminescent ATP Assay kit (Promega, Madison, WI) was used to measure cell viability.
Absorbance or luminescence was determined using a BioTek 312e microplate reader.

Animal Experiments

All animal care and experimental protocols were approved by the China Three Gorges University (CTGU) Laboratory
Animal Center’s Ethical Committee, and experiments were performed according to National Institutes of Health guide-
lines (NIH Publication No. 85-23, revised 1996). Mice were housed in the Laboratory Animal Center of the CTGU in
a specific pathogen-free (SPF) animal facility (55 £ 5% humidity and 23 + 2°C) with a light/dark cycle of 12:12
h. C57BL/6 J male mice used in the TNFa-induced systemic inflammatory response syndrome (SIRS) model were
purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). In addition, mice were
administered 200 pL of compound (piperlongumine or Nec-1) in solvent or an equal volume of solvent (2.5% DMSO +
45% PEG 300 + 52.5% ddH,0) by gavage followed by tail vein injection of TNFa (2 ng per mouse) to induce SIRS. The
rectal temperature of mice was then measured using an electronic thermometer. Mouse body temperature and signs of
death were observed every 2 h for the first 12 h and then every 12 h until 72 h unless they died.

Western Blotting Analysis

Human FADD-deficient Jurkat cells and HT-29 cells were stimulated with TNFa and pre-incubated with 10 uM
piperlongumine in the presence or absence of SM-164 + z-VAD for 30 min before induction of necroptosis. On
microscopic analysis, the cells in the control group underwent obvious cell death, but cells in the treatment group did
not. At this time, expression of the necrosis marker p-RIPK1 Ser166 was assessed by Western blot analysis. Cell samples
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were completely lysed in 1% NP-40 buffer, NaCl, Tris-base (pH 7.5), Pierce protease inhibitor tablets (Thermo Fisher
Scientific), phenylmethylsulfonyl fluoride (PMSF), and NaF/Na; VO, and the supernatant collected after centrifugation at
12,000 g for 15 min at 4°C. A 95°C water bath was then used to heat the supernatant and loading buffer for 10 min.
Proteins were separated on SDS-PAGE gels and transferred to PVDF membranes (Millipore, Sigma, Burlington, MA).
Membranes were washed three times in TBS containing Tween 20 and blocked with 5% skimmed milk before incubation
with specific primary antibodies overnight at 4°C. Primary antibodies were all diluted to 1:1000. After three washes,
membranes were incubated with HRP-conjugated secondary antibodies (Servicebio) at room temperature for 2 h. Blots
were developed using a Tanon-4800 345 instrument (Tanon Science & Technology Co., Ltd., Shanghai, China).

The ADP-Glo™ Kinase Assay

To test the inhibition of RIPKI1 kinase activity for piperlongumine, we followed the protocols for the RIPK1 kinase
system (Promega, Cat# VA7591) and ADP-Glo™ Kinase Assay (Promega, Cat# V6930).

Statistical Analysis

One-way ANOVA and Student’s #-tests were used for comparisons of more than two or two groups, respectively. Results
are expressed as means and standard deviations (SD). The Mantel Cox Log rank test was used to analyze differences in
survival curves using GraphPad Prism 8.0 (GraphPad Prism, La Jolla, CA), and a P-value < 0.05 was considered
statistically significant.

Results

In Cellular Drug Screening Identifies Piperlongumine as a Necroptosis Inhibitor

To search for novel necroptosis inhibitors, we screened a library consisting of 256 chemicals derived from natural products.
Cultured HT-29 cells were pre-treated with each chemical prior to TSZ treatment (Figure 1A). Of the compounds
investigated, piperlongumine most significantly rescued cell viability (Figure 1B and Supplementary Table 1).

Necrostatin-1 (Nec-1) is a well-established specific inhibitor of the necroptosis-related RIPK1 kinase activity, so it was
used here as a positive control. As expected, both Nec-1 and piperlongumine blocked necroptosis in HT-29 (Figure 1C),
FADD-deficient Jurkat T cells (Figure 1D), and T-lineage leukemia CCRF—CEM cells (Figure 1E). Also, piperlongumine
could both time-dependently (Figure 1F) and dose-dependently (Figure 1G) inhibit necroptosis induced by TSZ using
SYTOX Green to detect cell death directly. Therefore, piperlongumine could be a potent and effective inhibitor of
necroptosis.

Piperlongumine Efficiently Blocks Necroptosis

We next performed dose-response assays to obtain the effective concentration producing 50% inhibition of necroptotic
cell death for piperlongumine. The half maximal effective concentration (ECsg) of piperlongumine for the inhibition of
necroptosis was 0.47 uM in HT-29 cells (Figure 2A), 6.41 pM in FADD-deficient Jurkat cells (Figure 2B), and 2.33 uM
in CCRF-CEM cells (Figure 2C). To assess piperlongumine toxicity, the half maximal inhibitory concentration (ICsg)
was determined, which was 95.4 uM in HT-29 cells (Figure 2D), 93.02 uM in FADD-deficient Jurkat cells (Figure 2E),
and 161.1 uM in CCRF-CEM cells (Figure 2F). Overall, the ECsy was much lower than the ICs,, characterizing
a therapeutic window for necroptosis inhibition. Thus, piperlongumine efficiently inhibited necroptosis at
a concentration safe enough for human cells.

Piperlongumine Inhibits Phosphorylation of RIPK| at Serl66

We next explored the molecular mechanism underlying piperlongumine-mediated inhibition of necroptosis. Necroptotic
signaling begins with TNFa-induced phosphorylation of RIPK1 at Ser166, which further promotes RIPK3 and MLKL
activation to induce cell death.'*'* Phosphorylation of RIPK1 at Ser166 has been identified as a biomarker of RIPK1

15,16

activation, so RIPKI1 activation was analyzed by immunoblotting using anti-p-RIPK1 Ser166 antibodies.

Piperlongumine, like Nec-1, significantly inhibited TNFa-induced intracellular p-RIPK1 Serl166 expression in HT-29
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Figure | In cellular drug screening identifies piperlongumine as a necroptosis inhibitor. (A) Workflow diagram for a drug screen. (B) Inhibition values were calculated for
different drugs on HT-29 cells (DMSO=0, Nec-1 (25 uM) =100) treated with SM164 (200 nM) and z-VAD-fmk (20 uM) followed by hTNFa (20 ng/mL). Values represent
mean valuet S.D. for 256 drugs assayed at 10 uM in duplicates, respectively. See Supplementary Table | for raw cell viability data of drug screen. For viability tests, (C) HT-29
cells (D) FADD-deficient Jurkat cells (E) CCRF-CEM cells were pretreated with piperlongumine (10 pM) plus SZ for 30 min, and then stimulated with hTNFa for 24 h to
induce necroptosis (DMSO = 100). ATP (Cell Titer Glo) was used as a luminescence-based cell viability assay throughout the experiment. ****P <0.0001, a significant
difference was shown between the TSZ-induced cells and the drug pretreated cells. (F) HT-29 cells were pretreated with PL (10 uM) in the presence of SM-164 (200 nM)
and z-VAD-fmk (20 pM) for 30 min followed by human TNF-a (20 ng/mL) for 8h to induce necroptosis. Dead cells were monitored in the presence of the cell membrane
impermeable SYTOX Green (2.5 uM). The fluorescence was evaluated every | h from each cell. Triton X 100 (0.1%) for 3 h as maximal fluorescence intensities were taken
as 100% dead cells. Data are represented as a percentage of dead cells after normalization to total cell number for each group. (G) Cell death was assessed using sytox green
by dose-dependent protection of piperlongumine (0.1 pM-20 pM) against TSZ-induced necroptosis in HT-29 cells for 24 h.

cells (Figure 3A) and FADD-deficient Jurkat cells (Figure 3B). Accordingly, piperlongumine likely inhibits necroptosis
by inhibiting RIPK1 phosphorylation at Ser166.

Piperlongumine Protects Mice from TNF-a-Induced SIRS

TNF-o-induced systemic inflammatory response syndrome (SIRS) is an animal model of sepsis, and its pathogenic
mechanism involves cell death.'” SIRS was induced in mice by intravenous injection of murine TNF-o, and mice
developed cell death in lung epithelial cells, hepatocytes, and vascular endothelial cells.'® As an inhibitor of cell death,
Nec-1 effectively prevents reductions in body temperature and death in SIRS mice,'® confirming that TNF-a-induced
SIRS mice are a suitable animal model for preclinical studies of cell death inhibitors.?’
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Figure 2 Piperlongumine efficiently blocks necroptosis. The viability of EC50 in HT-29 cells (A), FADD-deficient Jurkat cells (B), and CCRF-CEM cells (C) was determined
24 h after the stimulation of hTNFa to induce necroptosis followed by pretreating with various concentrations of piperlongumine plus SZ for 30 min. The viability of IC50
was measured 24 h following incubation with different concentrations of piperlongumine in (D) HT-29 cells (E) FADD-deficient Jurkat cells and (F) CCRF-CEM cells.
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Figure 3 Piperlongumine inhibits phosphorylation of RIPK| at Serl166. (A) HT-29 cells were pretreated 30 min using 10 uM piperlongumine, 25 yM Nec-1, or 0.2% DMSO
incubating with SM164 (200 nM) and z-VAD-fmk (20 uM), and then stimulated by hTNF-o (20 ng/mL) to induce necroptosis for the specified time. (B) FADD-deficient Jurkat
cells were pretreated with 10 pM piperlongumine, 25 uM Nec-1, or 0.2% DMSO for 30 min and incubated with hTNF-a (50 ng/mL) for the indicated times. The levels of
p-RlPKlSI“ were determined via Western blotting. The RIPKI inhibitor Nec-| was used as a positive control. Each lane of protein band density was normalized with the
corresponding tubulin protein density. Scan gray scale of the bands and calculate relative expression level. The Image-processing software (Image J) was used as the image

quantification software.
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Figure 4 Piperlongumine protects mice from TNF-a-induced SIRS. Piperlongumine (50 mg/kg) or Nec-1 (30 mg/kg) was pretreated via gavage for 30 min, followed by
mTNF-a injections (2 pg per mouse) to induce SIRS in |0-week-old male C57BL/6] mice. These images demonstrate (A) the survival curves and (B) the body temperature
changes for the vehicle (PEG300), piperlongumine and Nec-| treated mice (n = 9 for each group). **P < 0.05, a significant difference was shown between the vehicle control
group and the experimental group.

We examined whether piperlongumine could prevent the death of SIRS mice following oral gavage with piperlongu-
mine compared with controls without piperlongumine treatment. Piperlongumine, like Nec-1, significantly improved
survival (Figure 4A) and prevented decreases in the body temperature (Figure 4B) in SIRS mice. These results
demonstrate that piperlongumine effectively protects against TNF-a-induced SIRS in vivo.

Discussion

Here we discovered piperlongumine as a novel anti-necroptosis agent using a cell-based high-throughput screening
approach. We found that piperlongumine efficiently inhibits necroptosis, which has been implicated in the development
of inflammatory and neurodegenerative diseases. Our findings suggest that piperlongumine may be a highly potent
inhibitor of RIPK1 and therefore a new drug candidate for the treatment of RIPK1-related diseases.

Piperlongumine was a significantly more efficacious inhibitor of necroptosis than the other 2658 natural compounds
assessed. The ECsq of piperlongumine for inhibiting necroptosis was also far less than its ICs, values. Piperlongumine
therefore shows the critical advantages of high safety and high efficacy in inhibiting necroptosis in human-derived cell
lines. These data suggest that piperlongumine may have translational value as a drug for the spectrum of diseases
associated with necroptosis, including SIRS.

Septic shock and death can be rapidly induced by systemic over production of TNFo and other proinflammatory
cytokines.?! Intravenous injection of TNFa in mice results in shock and death accompanied by necroptosis in multiple
organs and an inflammatory factor storm. Our study confirmed that piperlongumine could rescue SIRS mice from death
while improving their hypothermia status. Sepsis and SIRS remain major causes of death in intensive care unit

patients,> >4

and our findings now suggest that piperlongumine has potential as a therapeutic agent for sepsis and SIRS.

In the necroptosis pathway, RIPK1 plays a central role in inducing cell death. RIPK1 activity can be regulated by its
tyrosine phosphorylation, and preventing autophosphorylation of RIPKI at Serl66 inhibits RIPK1-mediated cell
death.'>'® We found that piperlongumine inhibits phosphorylation of RIPK1 Ser166, suggesting that piperlongumine
inhibits RIPK1 kinase activity-dependent cell death, providing a potential anti-inflammatory mechanism of action.

A previous study suggesting that piperlongumine can inhibit apoptosis and block NF-kB signaling in ischemic
cerebral injury models.*” It has been also demonstrated that piperlongumine inhibits cancer growth by inhibiting NF-«xB
activation in vitro.”*?” Our results presented some conflicts with other findings that piperlongumine activates RIPK1 to
trigger necroptosis in bladder cancer cells.*®

There have also been reports that piperlongumine can pass across the blood-brain barrier into the central nervous
system (CNS).?’ Therefore, piperlongumine, as a novel necroptosis inhibitor, holds promise not only for the treatment of

systemic diseases such as sepsis, psoriasis, rheumatoid arthritis, inflammatory bowel disease, and vitiligo but also CNS
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and neurodegenerative diseases such as stroke, Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis
(ALS), and multiple sclerosis.

This study has limitations. First, TNF-a triggers several signaling pathways leading to NF-kB activation, RIPK1-
independent apoptosis, RIPK1-dependent apoptosis, and necroptosis. Our findings showed that piperlongumine specifi-
cally inhibited TSZ-induced necroptosis (Supplementary Figure 1A), but did not protect against TS-induced apoptosis in

HT-29 (Supplementary Figure 1B). Furthermore, piperlongumine did not inhibit RIPK1 kinase activity directly in vitro

ADP-Glo kinase assays (Supplementary Figure 1C). Thus, the exact mechanism and pathway by which piperlongumine

inhibits necroptosis requires further clarification. More studies on the effects of piperlongumine on TNF-a-induced TNF
receptor 1 (TNFR1) complex formation, NF-xB activation, and caspase activation are warranted. Second, given its
favorable pharmacological activity and unique chemical structure, piperlongumine and its derivatives are promising lead
clinical drug candidates, and further structural studies need to be performed to pave the way for its clinical application for
the targeted treatment of diseases characterized by abnormal activation of necroptosis.
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