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Abstract: Necroptosis, a novel form of programmed cell death, was recently shown to be strongly associated with in-
testinal inflammation in mice and in pediatric patients with inflammatory bowel disease (IBD). Persistent inflamma-
tion of the colon is an important risk factor for colorectal cancer. Necrostatin-1 (Nec-1), known as a specific inhibitor 
of necroptosis, through preventing the receptor-interacting protein (RIP) 1 and RIP3 interaction. In the present 
study, the anti-inflammatory and antitumorigenic efficacy of necrostatin-1 was studied in mouse models of colitis 
and colitis-associated cancer (CAC). We found that in acute dextran sulfate sodium (DSS)-induced colitis, treatment 
with necrostatin-1 significantly suppressed colitis symptoms in mice, including weight loss, colon shortening, colonic 
mucosa damage and severity, and excessive production of interleukin-6. Necrostatin-1 administration inhibited 
the upregulation of RIP1 and RIP3 and enhanced the expression of caspase-8 in DSS-induced colitis. In addition, 
the anti-inflammatory effect of necrostatin-1 was confirmed by in vitro analyses. Necrostatin-1 treatment reduced 
the production of proinflammatory cytokine and extracellular HMGB1 release in HT-29 cells in active necroptosis. 
Furthermore, In a mouse model of colitis-associated tumorigenesis, necrostatin-1 administration significantly sup-
pressed tumor growth and development through inhibiting JNK/c-Jun signaling. Taken together, these findings sug-
gest that necrostatin-1 might be a promising therapeutic option for the treatment of colitis-associated colorectal 
cancer in patients with IBD. 
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Introduction

Chronic inflammation is considered a risk fac-
tor for many common malignancies including 
cancers of the breast [1], lung [2], and colon 
[3]. Colorectal cancer is the third most common 
type of cancer and the third leading cause of 
cancer-associated mortality in both males and 
females in the United States [4]. Inflammatory 
bowel diseases are a salient example of the 
link between chronic inflammation and cancer 
[5], and one of the most serious consequences 
of persistent inflammation of the colon is an 
increased risk for developing colorectal cancer 
[6]. Animal models that reproduce many 
aspects of the human disease have provided 
significant clues regarding the crucial roles of 
inflammatory mediators and related molecular 
events in promoting the development of CAC 
[7].

Traditionally, apoptosis and necrosis have been 
considered as the two main forms of cell death 
involved in the regulation of intestinal homeo-
stasis in the intestinal epithelium [8]. Recent 
evidence has suggested that necroptosis, a 
novel form of cell death that exhibits features of 
both apoptosis and necrosis, is associated with 
intestinal inflammation [9-12]. Mouse model 
experiments have shown that epithelial cell 
necroptosis induces intestinal inflammation, 
indicating that necroptosis could also contrib-
ute to the pathogenesis of IBD in humans [13, 
14]. A more recent study demonstrated that in 
the inflamed tissues of pediatric IBD patients, 
the expression of RIP3 and mixed lineage 
kinase domain-like protein (MLKL) is increased, 
whereas caspase-8 expression is reduced, indi-
cating that necroptosis is strongly associated 
with intestinal inflammation and contributes to 
strengthen the inflammatory process [15]. 
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Therefore, inhibition of necroptosis has been 
suggested as a novel therapeutic approach for 
reducing inflammation. 

Necroptosis can be induced by various stimuli, 
such as tumor necrosis factor-α (TNF-α) [16], 
which has been extensively studied, as well as 
toll-like receptors, intracellular RNA and DNA 
sensors, and other mediators [12]. Execution of 
necroptosis requires the assembly of a RIP1 
and RIP3 containing necrosome [17]. Upon 
activation of the TNF receptor, mutual direct 
and indirect phosphorylation of RIP1 and RIP3 
in the necrosome activates necrotic signaling, 
whereas caspase-8, a cysteine protease that is 
critically involved in regulating cellular apopto-
sis, is inhibited during this process [18, 19].

Necrostatin-1, 5-(1Hindol-3-ylmethyl)-3-methyl-
2-sulfanylideneimidazolidin-4-one, is a selec-
tive and potent allosteric inhibitor of RIP1 
kinase that has been confirmed to be a special 
inhibitor of necroptosis [10]. Nec-1 has been 
shown to be a cellular protectant in animal 
models of retinal detachment [20], intracere-
bral hemorrhage [21] and spinal cord injury 
[22]. However, the effects of Nec-1 in mouse 
models of colitis and CAC are still unknown.

In this study, we investigated for the first time 
the anti-inflammatory potency of Nec-1 and the 
effect of Nec-1 on the expression of RIP1, RIP3, 
MLKL and caspase-8 in mouse models of 
experimental colitis. To further establish an 
additional tumor-preventing capacity of Nec-1, 
colitis-associated carcinogenesis was studied 
in mouse models induced by azoxymethane 
(AOM) and DSS. Pathways possibly involved 
were assessed at the cellular level in vitro and 
ex vivo.

Materials and methods

Mice

Six-to-eight week old female C57BL/6 mice 
were purchased from the Fourth Military 
Medical University, Laboratory Animal Co. Ltd. 
Animal studies were approved by the Animal 
Experiment Administration Committee of the 
University.

Models of acute colitis

Acute colitis was achieved by feeding C57BL/6 
mice with 4% DSS (MP Biomedicals, molecular 

weight 35,000-50,000 Da) dissolved in sterile, 
distilled water ad libitum from day 1 to 5, fol-
lowed by 5 days of regular drinking water.

CAC protocol

CAC was induced as described [23]. Briefly, 
mice were injected intraperitoneally with 12.5 
mg/kg AOM (Sigma-Aldrich) and after 5 days, 
received drinking water containing 3% DSS for 
5 days. Mice were then given regular drinking 
water for 14 days, followed by two additional 
DSS treatment cycles (Figure 5A). Colons were 
removed on day 120 and flushed with PBS, and 
tumors were counted. Macroscopic tumors 
were measured with calipers and software for 
microscopic tumors. Portions of the distal 
colons were either frozen in liquid nitrogen or 
fixed with formaldehyde (4%) and paraffin 
embedded for histological analyses.

Treatment with necrostatin-1

In all experiments, Nec-1 (Sigma-Aldrich) was 
given simultaneously with the start of colitis 
and CAC induction. During the colitis regimen, 
10% DMSO (Sigma-Aldrich) or Nec-1 (4.5 mg/
kg) was intraperitoneally administered twice 
daily. Nec-1 (4.5 mg/kg) was intraperitoneally 
administered once daily during CAC induction.

Clinical assessment of colitis

Body weight, stool consistency and rectal 
bleeding were assessed daily. Values assessed 
prior to DSS exposure served as baseline. 
Weight changes were calculated in relation to 
the weight at baseline (100%). Stool consisten-
cy was scored as follows: 0, well-formed pel-
lets; 2, pasty and semi-formed stools; and 4, 
liquid stools that adhered to the anus. Rectal 
bleeding was scored as follows: 0, no blood 
using hemoccult (Beckman Coulter); 2, positive 
hemoccult; and 4, gross bleeding. Mice were 
sacrificed by cervical dislocation. The entire 
colon was removed, and the length was 
measured.

Histological scoring

Entire colons were excised postmortem. In DSS 
induced colitis, 4-6 rings from each colon were 
fixed with formaldehyde. From AOM-DSS-
treated mice, complete colons were fixed. 
Paraffin sections were stained with H&E. 
Histological signs of inflammation were evalu-
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ated as a combined score of inflammatory cell 
infiltration (0-3) and tissue damage (0-3), 
resulting in a score ranging from 0 to 6 as 
described previously [24, 25].

Cell culture

The colonic adenocarcinoma cell line HT-29 
was cultured in Dulbecco’s Modified Eagle’s 
Medium containing 10% fetal calf serum, 2 mM 
L-glutamine, 100 U/ml penicillin, and 100 μg/
ml streptomycin at 37°C under 5% CO2. In all, 
4.4×106 cells per well were seeded in six multi-
well plates for protein analysis. TNF-α (100 ng/
ml; R&D Systems), either alone or in combina-
tion with z-VAD-fmk (20 μM; Sigma), Smac (1 
μM; Selleckchem) (without serum), and necro-
statin-1 (100 μM) was added to culture medium 
to induce inflammation and cell death and to 
inhibit necroptosis.

Real-time quantitative PCR 

Expression of IL-8 and IL-1β was detected by 
real-time PCR. Total RNA was extracted with 
TRIzol reagent (OMEGA Bio-Tek) and reverse-
transcribed into cDNA by a PrimeScript RT 
reagent Kit (TaKaRa Biotechnology). The follow-
ing primers were used: IL-8 forward primer, 
5’-ATGACTTCCAAGCTGGCCGTGGCT-3’; IL8 re- 
verse primer, 5’-TCTCAGCCCTCTTCAAAAACTT- 
CTC-3’; IL-1β forward primer, 5’-GCACGATG- 
CACCTGTACGAT-3’; IL-1β reverse primer, 5’-AG- 
ACATCACCAAGCTTTTTGCT-3’; GAPDH forward 
primer, 5’-GCTCCTCCTGTTCGACAGTCA-3’; and 
GAPDH reverse primer, 5’-ACCTTCCATGG- 
TGTCTGA-3’. GAPDH mRNA was used as an 
internal control. Real-time PCR was performed 
using the SYBR Premix Ex Taq II Kit (TaKaRa 
Biotechnology).

Western blot analysis 

Tissue samples were lysed in RIPA lysis buffer 
(Beyotime, Shanghai, China) containing 1 mM 
PMSF and a cocktail of protease and phospha-
tase inhibitors. The protein quantification was 
determined by BCA Protein Assay Kit (Thermo 
Scientific), and equal amounts of proteins were 
subjected to SDS/PAGE (10% gels) under reduc-
ing conditions. After electrophoresis, proteins 
were transferred onto PVDF membranes 
(Millipore) in running buffer with 10% methanol. 
Non-specific sites were blocked with 5% (w/v) 
non-fat dried skimmed milk powder in PBST (10 
mM phosphate buffer, pH 7.4; 0.15 M NaCl; 

and 0.05% Tween-20) for 30 min at room tem-
perature (25°C). The membranes were then 
incubated overnight at 4°C with the following 
antibodies, which were diluted in PBST contain-
ing 5% (w/v) non-fat dried skimmed milk pow-
der: anti-RIP3 (dilution of 1:800; Abcam); anti-
RIP1 (dilution of 1:200; Biorbyt); anti-MLKL 
(dilution of 1:1000; Biorbyt); anti-caspase-8 
(dilution of 1:1000; Novus); anti-HMGB1 (dilu-
tion of 1:2000; Antibody Revolution); anti-JNK 
(dilution of 1:500; Proteintech); anti-c-Jun, anti-
p-JNK and anti-p-c-Jun (dilution of 1:1000; Cell 
Signaling); and anti-α-tubulin (dilution of 
1:1000; Santa Cruz). After three washes with 
PBST, the membranes were incubated with 
horseradish-peroxidase conjugated secondary 
antibodies (Pierce) for 1 h in PBST containing 
5% (w/v) non-fat dried skimmed milk powder 
(dilution of 1:5000). Protein bands were visual-
ized using enhanced chemiluminescence (ECL) 
Plus Western blotting detection kit (Amersham 
Biosciences) according to the manufacturer’s 
instructions. A PageRuler Prestained protein 
Ladder Plus (Fermentas Life Sciences) was 
used for sizing the proteins.

Immunohistochemistry analysis

Formaldehyde-fixed and paraffin-embedded 
sections of colon tissue were deparaffinized 
using xylene and alcohol and then subjected to 
antigen retrieval with citrate buffer (pH 6.0). 
The sections were subsequently incubated with 
0.3% H2O2 and normal goat serum for blocking. 
After washing with PBS, the sections were incu-
bated with primary antibodies at 4°C overnight 
in a moist chamber. Following incubation, 
immunoperoxidase staining was completed 
using a Streptavidin-Peroxidase Kit (Zhongshan 
Jinqiao Co., Beijing, China), and 3,3’-diamino-
benzidine (Zhongshan Jinqiao Co., Beijing, 
China) was employed to detect the target pro-
teins. The primary antibodies used in these 
experiments were anti-RIP1 (1:200; Biorbyt), 
anti-RIP3 (1:200; Biorbyt), anti-caspase-8 
(1:100; Novus), anti-Ki-67 (1:100; Abcam), anti-
p-JNK (1:60; Abcam), and anti-p-c-Jun (1:60; 
Abcam).

Enzyme-linked immunosorbent assay (ELISA)

IL-6 in serum and the cell medium was mea-
sured via ELISA. Serum IL-6 levels were 
assessed using a specific Mouse IL-6 precoat-
ed ELISA Kit (Dakewe Biotech Co., Shenzhen, 
China) according to the manufacturer’s proto-
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col. IL-6 levels in the cell medium were mea-
sured with a human IL-6 precoated ELISA Kit 
(Dakewe Biotech Co., Shenzhen, China). The 
concentration in each sample well was deter-
mined through interpolation from a standard 
curve. Each sample was tested in duplicate.

Statistical analysis

The data were expressed as the mean value ± 
SEM. Statistical differences were assessed via 
analysis of variance (ANOVA) followed by appro-
priate post hoc tests including Student’s t-test 

Figure 1. Nec-1 treatment suppresses inflammation in acute DSS-induced colitis. Mice exposed to DSS intraperito-
neally received Nec-1 or vehicle (10% DMSO) throughout the entire experimental period. A. Body weight was deter-
mined daily. B. The length of the excised colon was measured. C. Bleeding and D. Diarrhoea scores were determined 
at the end of the experiment. E. Mucosal histology was examined via H&E staining. Original magnification, ×200. F. 
Colitis severity scores were determined in a double-blind manner. G. IL-6 levels in serum were measured via ELISA. 
Data represent the mean (SEM), n = 6 per group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. DSS vehicle.
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and multiple comparison tests. All statistical 
analyses were performed using GraphPad 
Prism V5.0 software. Differences were consid-
ered statistically significant when P < 0.05.

Results

Treatment with the necroptosis inhibitor Nec-1 
reduces inflammation in acute DSS-induced 
colitis

The anti-inflammatory potency of Nec-1 was 
evaluated in a mouse model of DSS-induced 
colitis. Mice were subjected to a single 5-day 
course of DSS to induce acute colitis. The 
results showed that daily treatment with Nec-1 
significantly suppressed colitis symptoms in 
mice. Within 10 days, the weight curves of Nec-
1-treated mice were superimposed on those of 
DSS-fed mice that received vehicle only. 
Starting at day 5, Nec-1-treated mice lost mark-
edly less weight than the DSS-exposed control 
mice (Figure 1A), and the colons of Nec-1-
treated mice were significantly longer than the 
colons in the DSS control group (Figure 1B). 
Moreover, the Nec-1 treatment group exhibited 
decreased bleeding and diarrhea scores com-
pared with their control littermates (Figure 1C 
and 1D).

Accompanying these macroscopic findings, his-
topathological analysis of the DSS group 
revealed a severely damaged colonic mucosa 
with extensive loss of crypt structures and epi-
thelial cell denudation, large areas of ulcer-
ation, and extensive infiltration of inflammatory 
cells (Figure 1E). In contrast, treatment with 
Nec-1 markedly suppressed this colonic inflam-
mation, which was also reflected in the patho-
logical assessment of colitis severity scores 
(Figure 1F). In addition, Nec-1 treatment during 
DSS challenge resulted in a significant reduc-
tion of the proinflammatory cytokine IL-6 in 
serum compared with the DSS control mice 
(Figure 1G). These data suggest that treatment 
with Nec-1 caused a strong protection in the 
mouse model of DSS-induced colitis.

Effect of Nec-1 on changes of necroptosis-re-
lated protein expression in DSS-induced colitis 

Nec-1, a chemical inhibitor of the kinase activi-
ty of RIP1, prevents the RIP1/RIP3 interaction 
and blocks necroptosis [26]. To investigate the 
effect of Nec-1 on expression of necroptosis-
related protein in colitis, we first analyzed the 
protein expression levels of RIP1 and RIP3 

kinase, which function as a necrosome that is 
involved in the initiation of necroptosis [12]. 
Western blotting analyses were performed on 
colonic nuclear extracts from DSS-induced coli-
tis mice, Nec-1-treated mice and the control lit-
termates. Densitometric analysis showed a sig-
nificant upregulation of RIP1 and RIP3 in the 
inflamed colon of the DSS group compared with 
the controls. We then analyzed the expression 
of the 43 kDa active fragment of caspase-8, 
and the results showed a significant decrease 
of caspase-8 in the DSS group compared with 
the controls. However, in the DSS-induced 
inflamed colon, treatment with Nec-1 almost 
completely abrogated the large increases in the 
RIP1 and RIP3 proteins and prevented the 
decrease in the expression of caspase-8 
(Figure 2A). In agreement with these findings, 
immunohistochemistry analysis of RIP1, RIP3 
and caspase-8 revealed similar changes 
(Figure 2B). However, there were no significant 
differences in the expression of the MLKL pro-
tein (Figure 2A). 

Nec-1 attenuates inflammation in HT-29 cells 
after treatment with TNF-α + Smac + z-VAD

Necroptosis can be induced in HT-29 cells after 
treatment with TNF-α, Smac mimetic, and 
z-VAD-fmk [27, 28]. To confirm in vitro that 
Nec-1 attenuates mucosal inflammation, we 
analyzed the expression of three potent inflam-
matory mediators, IL-8, IL-1β and IL-6, after 
treating HT-29 cells with TNF-α + Smac + z-VAD. 
The results showed that the three cytokines 
were markedly increased (P < 0.001) compared 
with cells treated with TNF-α alone. However, 
this effect was significantly reverted after the 
co-treatment with Nec-1, indicating that necrop-
tosis strengthens inflammation, and inhibition 
of necroptosis causes a strong reduction (P < 
0.001) of inflammation (Figure 3A-C).

In addition, recent literature demonstrated that 
induction of necroptosis in the intestine pro-
vokes a strong inflammatory response through 
the release of intracellular components known 
as damage-associated molecular patterns 
(DAMPs) [29]. One of these components is rep-
resented by high mobility group box 1 (HMGB1), 
a non-histone nuclear protein that is passively 
released by necrotic cells, which can serve as 
an alarmin to drive the pathogenesis of inflam-
mation [30]. We analyzed the supernatants of 
HT-29 cells treated with TNF-α + Smac + z-VAD 
and found that extracellular HMGB1 was signifi-
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cantly augmented (P < 0.01) as compared with 
TNF-α-treated cells. However, the exposure of 
cells to Nec-1 significantly decreased (P < 0.05) 
the amount of secreted HMGB1, suggesting 
that Nec-1 can attenuate inflammation by 
reducing the release of HMGB1 (Figure 3D).

Nec-1 suppresses the activation of JNK signal-
ing during DSS-induced colitis

Activation of JNK signaling was recently 
described as a downstream mediator of RIP3-
driven necroptosis [17], and JNK signaling has 

Figure 2. Effect of Nec-1 on expression of RIP1, RIP3, caspase-8 and MLKL in DSS-induced colitis. Nec-1 inhibited 
the upregulation of RIP1 and RIP3 and enhanced the expression of caspase-8 in colitis. However, Nec-1 showed no 
effect on MLKL. A. The protein levels of RIP1, RIP3, caspase-8, and MLKL were analyzed by western blot. The blots 
were probed for α-tubulin to ensure equal protein loading. Western blot densitometric analysis for three indepen-
dent experiments. B. The expression of RIP1, RIP3, and caspase-8 was determined through immunohistochemistry. 
Original magnification, ×400. Data represent the mean (SEM). *P < 0.05, **P < 0.01.
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been strongly associated with intestinal inflam-
mation and colitis-induced tumorigenesis in 
murine models of colitis and CAC [31, 32]. To 
examine the effects of Nec-1 on JNK signaling 
pathway, we analyzed the levels of phosphory-
lated JNK and its main substrate, phosphory-
lated c-Jun, during DSS-induced colitis. 
Elevated levels of phosphorylated JNK were 
observed in the inflamed colon during DSS 
challenge. However, treatment with Nec-1 dra-
matically inhibited the activation of JNK. 
Concomitantly, Nec-1 administration also pre-
vented the increased phosphorylated c-Jun lev-
els in the colon induced by DSS treatment 
(Figure 4).

Treatment with Nec-1 prevents colitis-associat-
ed tumorigenesis

The following experiments directly investigated 
whether Nec-1 protects against colitis-associ-

has been shown to accelerate tumorigenesis in 
the mouse CAC model [32]. Immunohisto- 
chemical analysis revealed that phosphorylat-
ed JNK was strongly expressed in nuclei of the 
intestinal epithelial cells (IECs) of CAC adeno-
mas. Nec-1 administration significantly abol-
ished nuclear p-JNK staining in mouse tumors 
(Figure 5I). Similarly, the increased p-c-Jun 
staining observed in IECs of CAC adenomas 
was reduced after treatment with Nec-1 (Figure 
5J). These findings demonstrated that Nec-1 
decreases the activation of JNK/c-Jun signaling 
and suppresses the development of CAC.

Discussion

IBD is an increased risk of developing colon 
cancer [6]. Previous reports have demonstrat-
ed that activation of necroptosis contributes to 
the pathogenesis of IBD in humans [15], and 
mouse-model studies have revealed significant 

Figure 3. Treatment with Nec-1 significantly prevents the increases in IL-8, 
IL-1β, and IL-6 levels and extracellular HMGB1 release in HT-29 cells during 
necroptosis. mRNA expression of (A) IL-8 and (B) IL-1β in HT-29 cells after 
treatment with TNF-α/Smac/z-VAD or TNF-α/Smac/z-VAD/Nec-1. (C) IL-6 lev-
els were measured via ELISA in the supernatants of HT-29 cells treated with 
TNF-α/Smac/z-VAD or TNF-α/Smac/z-VAD/Nec-1. (D) Extracellular HMGB1 
protein expression in HT-29 cells after treatment with TNF-α/Smac/z-VAD or 
TNF-α/Smac/z-VAD/Nec-1. Data represent the mean (SEM). *P < 0.05, **P 
< 0.01, ***P < 0.001.

ated tumorigenesis in the 
colon. We injected mice with 
the procarcinogen AOM, fol-
lowed by three circles of DSS 
exposure to elicit colitis 
(Figure 5A). Compared with 
the vehicle-treated group, 
Nec-1 treatment significantly 
decreased the number and 
size of macroscopical tumors, 
with a concomitant decrease 
in tumor load (Figure 5B-E). 
There was also a notable 
reduction in adenomas with a 
high grade of dysplasia in 
Nec-1-treated mice compared 
with vehicle-treated mice 
(Figure 5F). To evaluate the in 
vivo antiproliferative proper-
ties of Nec-1, colon sections 
were stained for Ki-67. Robust 
proliferation was observed  
in vehicle-treated AOM-DSS 
mice, whereas there was a 
marked decrease in the num-
ber of Ki-67 positive cells in 
AOM-DSS Nec-1-treated ani-
mals (Figure 5G and 5H). 
These results suggested that 
Nec-1 also affects tumor 
growth and development.

This prompted us to examine 
the effect of Nec-1 on JNK/c-
Jun pathway activation, which 
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functions for necroptosis in intestinal inflam-
mation [12]. However, little is known about the 
inhibition of necroptosis in mouse models of 
colitis and CAC. The present study provided evi-
dence that inhibition of necroptosis in vivo com-
bines anti-inflammatory and antitumorigenic 
effects that attenuate intestinal inflammation 
and colitis-associated tumor growth in mice.

The in vivo anti-inflammatory efficacy of Nec-1 
was evaluated in models of DSS-induced coli-
tis. DSS-induced colitis is a widely used preclin-
ical model for IBD and is extremely beneficial 
for investigating the therapeutic efficacy of 
pharmaceutically active compounds [33]. Our 
work showed that treatment with Nec-1 sup-
pressed colitis symptoms in mice, including 
weight loss, colon shortening, colonic mucosa 
damage, and excessive proinflammatory cyto-
kine production (particularly IL-6). The suppres-
sion of intestinal inflammation suggested that 
necroptosis is strongly involved in DSS-induced 
acute colitis.

A recent study on the inflamed mucosa of IBD 
patients has shown that RIP3 and MLKL expres-
sion is upregulated and that caspase-8 expres-
sion is reduced [15]. The results of our research 
showed that the expression of RIP1 and RIP3 
was upregulated, whereas caspase-8 expres-
sion was downregulated in the inflamed colon 
tissue of murine colitis models. However, Nec-1 
significantly inhibited the upregulation of RIP1 
and RIP3 and enhanced the expression of cas-
pase-8 in colitis, suggesting the existence of 
active necroptosis in DSS-induced colitis. As 

necroptosis exhibits important functions in the 
pathogenesis of intestinal inflammation [12], 
our experimental results suggested that Nec-1 
suppresses intestinal inflammation during 
DSS-induced colitis by inhibiting necroptosis. 
Interestingly, we found that there were no sig-
nificant differences in the protein expression of 
MLKL among the three groups of mice during 
DSS challenge, which may have been due to 
the analysis of total MLKL protein and not phos-
phorylated MLKL protein. MLKL moved from 
the cytosol to the plasma membrane after 
phosphorylation by RIP3 during necroptosis. 
The level of phosphorylated MLKL protein is 
increased during necroptosis, however, the 
amount of total MLKL protein is not obviously 
altered [28, 34].

We then set up in vitro experiments to further 
assess the anti-inflammatory potency of Nec-1. 
Exposure of the colonic adenocarcinoma HT-29 
cell line to mixed treatment with TNF-α/Smac/
z-VAD is often used as a model of induced 
necroptosis [27]. To investigate whether Nec-1 
reduces mucosal inflammation, we first ana-
lyzed the expression of three potent inflamma-
tion markers, IL-8, IL-1β and IL-6, before and 
after treatment with Nec-1. The results showed 
that the expression of the three cytokines was 
significantly decreased in the presence of Nec-
1, suggesting that Nec-1 resulted in a strong 
reduction of inflammation. Because necropto-
sis leads to rapid plasma membrane permeabi-
lization and to the release of DAMPs, which 
contributes to the inflammatory response [29], 
we analyzed the amount of secreted HMGB1 

Figure 4. Nec-1 suppresses JNK/c-Jun signaling activation during acute colitis. The colonic expression of phospho-
JNK, JNK, phospho-c-Jun, and c-Jun was detected by western blotting. Quantitative analysis of the phosphorylated 
fraction relative to the total fraction is shown. Bars indicate the mean (SEM). **P < 0.01, ***P < 0.001.
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protein, a prototype DAMP. The results showed 
that cells exposed to the mixed treatment (TNF-
α/Smac/z-VAD) released more extracellular 
HMGB1 into the medium than cells treated with 
TNF-α alone. However, the exposure of cells to 
Nec-1 markedly decreased the amount of 
secreted HMGB1, suggesting that Nec-1 pre-
vented necroptosis-induced inflammation by 
inhibiting HMGB1 release.

In ulcerative colitis, the risk of developing 
colorectal cancer significantly increases after a 
disease duration of > 10 years in patients with 
pancolitis [35], in accord with the concept that 
chronic inflammation under certain circum-
stances represents a precancerous state [36]. 
We have chosen the AOM-DSS model of CAC to 
evaluate inflammation-mediated tumor growth 
[37]. AOM is a colonic genotoxic carcinogen 

Figure 5. Nec-1 prevents colitis-associated tumor development. (A) Schematic overview of Nec-1 administration 
during CAC induction. Mice were injected with AOM followed by three cycles of 3% DSS in drinking water. Vehicle or 
Nec-1 (4.5 mg/kg) was administered intraperitoneally daily from day 1 to day 120. Intestinal tumors were analyzed 
on day 120. (B) Tumor number, (C) Tumor size, and (D) Tumor load, the sum of the diameters of all tumors in a 
given mouse, were determined. (E) Macroscopic evaluation of the tumors. The colons were removed from mice on 
day 120 treated with Nec-1 or vehicle. Representative results from 10 independent animals are shown here. (F) 
The colons were processed for H&E staining, and representative histological sections from each group are shown 
here. Original magnification, ×200 (upper rows), ×400 (lower rows). (H) Proliferation was determined through Ki-
67 staining and (G) Percentage of Ki-67 positive cells within colonic crypts was calculated. Original magnification, 
×400. Immunohistochemical analysis of (I) Phospho-JNK and (J) Phospho-c-Jun in CAC tumors treated with vehicle 
or Nec-1. Original magnification, ×400. Data represent the means (SEM), n = 7-8 per group; *P < 0.05, **P < 0.01.
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that is extensively used for the investigation of 
colon carcinogenesis in rodents. Although AOM 
alone does not cause dysplasia or tumors in 
C57/BL6 mice, in combination with repeated 
cycles of DSS treatment, it increases the inci-
dence of dysplastic lesions [38]. The attenuat-
ed tumor growth observed in CAC models treat-
ed with Nec-1 raises the question of what the 
contributing mechanisms downstream of Nec-1 
inhibition may be.

Treatment with Nec-1 leads to suppression of 
proinflammatory cytokines in vivo, such as IL-6, 
which has been described as a critical tumor 
promoter during early CAC tumorigenesis [23, 
39]. The inhibition of proinflammatory IL-6 at 
the site of inflammation certainly contributes to 
the reduced tumorigenesis observed when 
Nec-1 is applied intraperitoneally.

A recent study strongly has suggested a sec-
ond, though related, mechanism being involved. 
Activation of the JNK pathway is thought to act 
as a downstream mediator of RIP3-driven 
necroptosis [17]. Another study has also ele-
gantly demonstrated the presence of a positive 
feedback loop between RIP3 and JNK-signaling. 
RIP3-dependent JNK activation promotes the 
release of proinflammatory mediators [40]. In 
addition, the specific JNK inhibitor SP600125 
significantly reduces inflammation in DSS-
induced colitis, suggesting that the JNK signal-
ing pathway contributes to intestinal inflamma-
tion [31].

Furthermore, the JNK pathway has been impli-
cated in oncogenic transformation and cell pro-
liferation during the pathogenesis of cancer in 
various tissues [41]. The role of the JNK path-
way in the promotion of colon carcinogenesis 
has been described recently. The JNK pathway 
and its main substrate, the c-Jun transcription 
factor, have been associated with increases in 
intestinal cell numbers through regulating the 
proliferation of intestinal progenitor cells. 
Activation of JNK/c-Jun signaling accelerates 
colitis-induced tumorigenesis, and inactivation 
of c-Jun leads to decreased progenitor cell pro-
liferation and delays tumorigenesis in mice 
[32]. Our work showed that the expression of 
both p-JNK and p-c-Jun in mouse models of 
colitis and CAC is significantly reduced in the 
presence of Nec-1. Thus, inhibition of the JNK 
signaling pathway via Nec-1 treatment could 
contribute to the suppression of inflammation 
and tumor growth.

In summary, the present study demonstrated 
that necrostatin-1, a specific inhibitor of necrop-
tosis, shows both anti-inflammatory and anti-
tumorigenic effects in murine models of colitis 
and CAC. However, further studies are required 
to reveal the detailed mechanism underlying 
inflammation-induced tumor growth to evalu-
ate the relevance of Nec-1 as a therapeutic 
option for the treatment of colitis-associated 
colorectal cancer in patients with IBD.
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