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Abstract
ZAKα-driven ribotoxic stress response (RSR) has been shown to trigger diverse biological effects. Nevertheless, its role 
in the pathogenesis of ulcerative colitis (UC) remained unclear. This study aimed to determine the role of ZAKα in the 
development of UC. Our study found that ZAKα expression was significantly increased in colonic epithelium of UC patients 
and DSS-colitis mouse models. Moreover, the expression level of ZAKα mRNA showed a positive correlation with disease 
activity. In the colitis model, Vemurafenib, the ZAKα inhibitor, treatment reduced colonic inflammation and ameliorated 
intestinal mucosal barrier damage, while Anisomycin, the RSR agonist, showed the opposite effect. In vitro experiments 
demonstrated that Anisomycin induced pyroptosis instead of apoptosis in C26 cell line. Western blot analysis revealed that 
Anisomycin triggered pyroptosis via the Caspase-11/GSDMD pathway. Further animal studies confirmed that Vemurafenib 
downregulated this pathway, reducing colonic epithelial cell pyroptosis. Finally, blocking Caspase-11 reduced severity of 
DSS-induced colitis in Anisomycin-treated mice. In all, ZAKα seems to play a crucial role in the pathogenesis of colitis, as it 
promotes pyroptosis in colonic epithelial cells and exacerbates colitis in part by upregulating the Caspase-11/GSDMD axis.
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Graphical Abstract
ZAKα, the key kinase driving the ribotoxic stress response (RSR), is highly expressed in colonic epithelium of UC patients, 
and the activation of ZAKα can upregulate the Caspase-11/GSDMD pathway to induce pyroptosis in colonic epithelial cells.

Keywords  Ulcerative colitis · Ribotoxic stress response · ZAKα · Pyroptosis · Caspase-11

Introduction

Ulcerative colitis (UC) is a subtype of inflammatory 
bowel disease, characterized by lifelong inf lamma-
tion impacting the rectum and colon to varying extents. 
Despite ongoing research, the exact etiology of UC 
remains elusive. It’s commonly linked to genetic predis-
positions, environmental factors, compromised intestinal 

epithelial barriers, microbiota dysbiosis, and immune sys-
tem irregularities [1].

Pyroptosis, as component of the innate immune response, 
acts as a cellular defense mechanism against extracellu-
lar pathogen-associated molecular patterns (PAMPs) and 
intracellular lipopolysaccharides (LPS). It operates through 
both canonical inflammasome-Caspase-1 pathway and non-
canonical endogenous LPS-Caspase-4/5/11 pathways [2], 



3237Inflammation (2025) 48:3235–3251	

both activating the pyroptosis effector protein Gasdermin 
D (GSDMD) [3].

Pyroptosis played a significant role in UC. Katarzyna et al. 
found increased GSDMD in intestinal epithelium of IBD 
patients and experimental colitis mouse models, while mice 
lacking GSDMD exhibited reduced DSS-induced colitis [4]. 
Another study showed that UC patients exhibited higher lev-
els of colonic Caspase-4 expression. Using inhibitors of Cas-
pase-4/11 to alleviate exacerbated colitis due to the lack of 
the oxidative stress sensor glutathione peroxidase 8 (GPx8) 
further supported this finding [5]. IRG1/itaconic acid also 
played a protective role in DSS-induced colitis by inhibiting 
GSDMD/GSDME-mediated pyroptosis [6]. Additionally, the 
gut microbiota can induce macrophage pyroptosis and affect 
colitis. For example, Desulfovibrio and its flagellin protein 
exacerbated colitis by activating NAIP/NLRC4 inflammas-
omes to induce macrophage pyroptosis [7].

In 1997, Iordanov et al. discovered that inhibitors of the 
peptidyl transferase could bind to and damage 28S rRNA, 
thereby activating SAPK/JNK1 and described this process 
as ribotoxic stress response (RSR) [8]. ZAK (also named 
MLK7 or MRK) is a protein kinase belonging to the mixed 
lineage kinase (MLKs) family, and functionally classified 
as MAP3K, also known as MAP3K20. ZAK has two splice 
variants, namely ZAKα and ZAKβ [9–11], it also can acti-
vate JNK/p38 in response to anisomycin and UV radiation 
stimulation [12]. Of note, Thorpe et al. further demonstrated 
that ZAK plays a crucial role in mediating the activation of 
SAPKinases by intoxicated ribosomes, the specific subtype 
of ZAK involved remains unclear [13]. Subsequent studies 
revealed that this process was primarily mediated by ZAKα 
[14]. ZAKα contains ribosome binding domains (RBDs). 
When the 3' end function of 28S ribosomal RNA (rRNA) in 
the cell is disrupted due to various factors, leading to ribo-
somal stalling and collisions during translation, ZAKα per-
ceives these stalling and collisions through its two C-termi-
nal RBDs. Consequently, it undergoes autophosphorylation 
and activates downstream JNK/SAPK pathways, as well as 
the p38 MAPK signaling pathway. This process is referred to 
as the RSR [11, 14, 15]. ZAKα-driven RSR can induce vari-
ous biological effects. For instance, the p38 MAPK signaling 
pathway, activated by ZAKα, can trigger cell cycle arrest, 
ultimately leading to apoptosis [16, 17]. Additionally, RSR 
play a role in metabolic regulation, where reactive oxygen 
species (ROS) generated during natural aging can trigger 
ribosomal damage and subsequent ZAKα activation, leading 
to metabolic abnormalities such as glucose intolerance, liver 
fibrosis, and white adipose tissue browning. In mice, dele-
tion of the ZAK gene has been shown to mitigate futures of 
metabolic aging [18]. Moreover, RSR can modulate AMPK 
and mTOR signaling, affecting survival during starvation, 
stress hormone production, and blood glucose levels, thus 
regulating metabolic responses. Zak−/− mice typically 

exhibit a lean phenotype characterized by decreased body 
weight, reduced adipocyte size, increased browning of adi-
pose tissue, and diminished liver fat content [19]. Of course, 
blocking RSR with kinase inhibitors demonstrates promis-
ing therapeutic potential for addressing certain pathological 
changes. For instance, the ZAK inhibitor DHP-2 effectively 
prevented anisomycin- and UV-induced apoptosis in COS-7 
cells [12]. Additionally, other high-affinity ZAK inhibitors, 
such as sorafenib and nilotinib, were shown to inhibit doxo-
rubicin-induced downregulation and apoptotic responses in 
HaCaT cells [20].

Previous studies have demonstrated that RSR can also 
induce pyroptosis. For example, Robinson et al. found that 
UV radiation can trigger RSR, subsequently driving hyper-
phosphorylation of the human-specific NLRP1 inflamma-
some (NLRP1DR) directly through MAP3K20/ZAKα kinase 
and its downstream effector molecule p38, thereby promot-
ing keratinocyte pyroptosis. Moreover, mutating a ZAKα 
phosphorylation site in NLRP1DR can abolish UV-induced 
pyroptosis [21]. Concurrently, a recent research has also dis-
covered that toxins secreted by human diphtheria pathogens 
and nigericin from Streptomyces hygroscopicus can induce 
keratinocyte pyroptosis through this mechanism, partially 
elucidating certain aspects of the pathogenic mechanisms 
induced by these pathogens [22, 23]. Overall, the activation 
of ZAKα and its downstream p38/JNK appears to be closely 
associated with pyroptosis.

So far, the role of ZAKα in the development and pro-
gression of UC remains unknown. We hypothesized that 
ZAKα is activated in colonic tissues of UC patients, and 
may induce pyroptosis to aggravate colitis. The aim of this 
study is to investigate the status of ZAKα in colitis and its 
possible mechanisms.

Methods

Ethics Statement

This study was approved by the Ethics Committee of Jinling 
Hospital (2021NZKY-011–01). All animal procedures were 
performed in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee of Jinling Hospital.

Patients and Human Samples

All patients were recruited from the IBD center of Jin-
ling Hospital between October 2022 through June 2023. 
Colonic tissues were collected from surgical specimen of 
UC patients. Control tissues were obtained from normal 
colon of colorectal cancer specimen. The inclusion and 
exclusion criteria are as follows: definite diagnosis of UC 
based on clinical, radiological, and endoscopic examination 
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and histological findings; while exclusion criteria involved 
patients who had taken RSR-interfering drugs within the 
past 4 weeks (such as Vemurafenib, Harringtonin, Adria-
mycin, and Daunorubicin, etc.). We included a total of 24 
UC patients and 24 control samples, and found that the 
control group was significantly older than the UC group 
(58.73 ± 6.14 vs 41.43 ± 7.32; p  = 0.031). The baseline char-
acteristics are described in Supplementary Table 1.

Mice

Eight-week old C57BL/6 female mice were used. Mice were 
housed in specific pathogen-free (SPF) environment under 
controlled conditions: 23 ± 1 °C, 45–65% humidity, and a 
12-h dark–light cycle, with unrestricted access to chow diet 
and water, unless specified otherwise.

To induce colitis, 2.5% DSS [36–50 kDa, MP Biomedi-
cals] were orally administered for 7 consecutive days [24]. 
Moreover, mice were administered (Vemurafenib) Vem 
[MedChemExpress, MCE] orally twice daily at a dose of 
50 mg/kg or (Anisomycin) ANS [MedChemExpress, MCE] 
once daily at a dose of 25 mg/kg, while Wedelolactone 
(Wed) [MedChemExpress, MCE] was intraperitoneally 
injected at a dose of 10 mg/kg. Assessments were made 
for body weight, rectal bleeding, and stool consistency, 
which were collectively used to compute disease activity 
index (DAI) scores [25]. Subsequently, after 7-day induc-
tion period, mice were anesthetized and euthanized. Colons 
were then harvested for subsequent analyses.

Histology Analysis

Tissue sections for histologic studies were immediately fixed 
in 4% buffered paraformaldehyde [Biosharp], followed by 
dehydration with ethanol and xylene, and embedded in 
paraffin. The paraffin-embedded tissues were sectioned at 
5 μm for histological staining. H&E staining was performed 
using the H&E Staining Kit [LEAGENE], and Alcian Blue 
(AB) staining was conducted with the Alcian Blue Staining 
Kit [Beyotime], according to the manufacturer's protocols 
after deparaffinization. Histological scores for epithelial 
damage and inflammatory cell infiltration were conducted 
in a blinded manner, as previously reported [26]. Immu-
nohistochemistry (IHC) staining was performed according 
to established protocols previously [27], with antibodies 
against TNF-α [1:200, Cell Signaling], IL-1β [1:200, Cell 
Signaling], IL-6 [1:200, Cell Signaling], F4/80 [1:200; Pro-
teintech] and MPO [1:200, Proteintech], respectively.

For immunofluorescence (IF) analysis, the following anti-
bodies were used: rabbit anti-ZAK [1:200, Proteintech], rab-
bit anti-Villin [1:200; Proteintech], rabbit anti-ZO1 [1:200, 
Aifang Biological], rabbit anti-Occludin [1:200, Proteintech] 
and rabbit anti-Muc2 [1:1000; Abcam]. Alexa Fluor 488 or 

546 conjugated secondary antibodies (1:200) were used. 
Images were acquire using confocal fluorescence microscope 
[Zeiss LSM980 laser].

RNA Isolation and Quantitative Real‑time PCR 
(qRT‑PCR)

Total RNA was extracted using TRIzol reagent [Invitrogen, 
Thermo Fisher Scientific]. 1 μg of RNA was reverse tran-
scribed into cDNA using the HiScript III RT SuperMix for 
qRT-PCR (+ gDNA wiper) kit [Vazyme]. PCR amplification 
was performed using the ChamQ SYBR qPCR Master Mix 
(High ROX Permixed) [Vazyme]. The qRT-PCR analysis 
was conducted using the Applied Biosystems StepOnePlus 
Real-Time PCR System [Thermo Fisher Scientific]. Each 
sample was tested in triplicate, and the experiment was inde-
pendently repeated three times. The average Ct value of the 
reference gene (GAPDH) was subtracted from the average Ct 
value of the target gene. The relative fold change in mRNA 
expression was measured by using 2−ΔΔCt method and nor-
malized accordingly. The primer sequences were available 
in Supplementary Table 2.

Western Blot

Tissue and cell samples were lysed in RIPA buffer [Beyo-
time] containing protease inhibitor PMSF [Beyotime]. 
Protein extracts were separated by SDS-PAGE, transferred 
to PVDF membrane, and then incubated overnight at 4 °C 
with primary antibodies against ZA[1:3000; Proteintech], 
JNK [1:3000; Proteintech], p-JNK [1:2000; Cell Signaling 
Technology], p38 [1:3000; Proteintech], p-p38 [1:3000; 
Proteintech], ZO-1 [1:1000, Aifang Biological], Occlu-
din [1:20,000; Proteintech], Caspase-1/Cleaved Caspase-1 
[1:1000, Wanlei Biotechnology], Caspase-11 [1:1000; 
Abcam], GSDMD [1:1000; Abcam] or GAPDH [1:10,000, 
Proteintech]. Horseradish peroxidase (HRP)-linked sec-
ondary antibody [1:2000, Proteintech] was used. The 
HRP signal was visualized using 4200SF [Tanon]. Protein 
expression levels were quantified using ImageJ, and the 
results are presented as relative fold change and normal-
ized accordingly.

Cell Culture

The mouse colon cell line C26 was purchased from 
ATCC [ATCC-1034], cultured in Dulbecco’s Modified 
Eagle’sMedium (DMEM) [Hyclone] supplemented with 
penicillin–streptomycin (Gibco) and 10% heat inactivated 
fetal bovine serum (CellMax). The cells were incubated at 
37 °C in humidified atmosphere with 5% CO2, and fresh 
medium was replenished every 2 or 3 days to maintain cell 
growth.
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Propidium lodide (PI)/Annexin‑V Staining

After completing intervention, the cell culture medium 
was removed, and rinsed twice with PBS. Then Annexin-
V/PI apoptosis reagent kit [SUNNCELL, Wuhan, China] 
was used for subsequent assays. After PI/Annexin-V solu-
tion incubation, the wells were rinsed 3 times with PBS. 
The cells were photographed under a microscope in dark 
environment.

siRNAs

Synthetic negative control [NC] siRNAs oligonucleotides 
[forward primer: UUC​UCC​GAA​CGU​GUC​ACG​UTT; 
reverse primer: ACG​UGA​CAC​GUU​CGG​AGA​ATT] and 
mouse Caspase-11 siRNAs [forward primer: GGA​UCA​GAG​
AGU​CUU​CAA​ATT; reverse primer: UUU​GAA​GAC​UCU​
CUG​AUC​CTT] were synthesised by Hanbio Biotechnology 
Co.Ltd [Shanghai, China].

TUNEL Staining

After de-waxing, the 5 μm colon sections were immersed 
in 0.1 M citrate buffer (pH 6.0) and placed in a thermostat 
water bath at 95 ℃ for 15 min. Next, the sections were incu-
bated with TUNEL reaction mixture [Aifang Biological] for 
1 h at 37 °C. The nuclei were counterstained with DAPI. 
Staining images were captured under a confocal fluorescence 
microscope [Zeiss LSM980 laser] at 400 × magnification. 
For each mouse, 3 to 5 random fields of the colon were 
captured per section.

ELISA

Colonic tissues were homogenized to extract the superna-
tant for cytokine analysis. ELISA kits were used to meas-
ure the levels of TNF-α, IL-1β, and IL-6 (all from Aifang 
Biological) in supernatant. The absorbance of the samples 
was measured at 450 nm using a microplate spectrometer 
[Varioskan LUX Multifunctional Enzyme Labeler (Micro-
plate Assay)].

Statistical Analysis

Continuous data were presented as Mean ± SEM or 
Mean ± SD, and the categorical variables were reported as 
frequency and percentage. Data were analyzed using Graph-
pad Prism 9 software. Data comparison between two groups 
was performed using the t-test for normally distributed data, 
otherwise, the Mann–Whitney test was used. For compari-
sons among multiple groups, one-way analysis of variance 

(ANOVA) was used. Correlation analysis was performed to 
assess relationships between variables. A p-value < 0.05 was 
considered as statistically significant.

Results

A Higher ZAKα Expression in Colonic Epithelium 
of UC Patients and Mouse Models of Colitis

Firstly, we sought to investigate the expression level of the 
key driving protein ZAKα of RSR in UC colon. IF stain-
ing was performed using Villin (an intestinal epithelial 
marker) and ZAK antibodies. The IF analysis showed that 
Villin expression did not exhibit significant changes between 
the UC and control groups; however, a marked increase in 
ZAK expression was observed in the UC colonic epithe-
lium (Fig. 1A). The expression level of ZAKα protein and 
mRNA were further confirmed by qRT-PCR and Western 
blot analysis (Fig. 1B, E and F). Moreover, a larger RNA-
seq dataset (335 controls vs 680 UC samples) was selected 
from GEO database to validate the level of ZAK expres-
sion, and the results showed a significant increase in ZAK 
expression in colonic biopsies of UC patients compared to 
controls (Fig. 1C). Furthermore, ZAK expression was sig-
nificantly higher in inflamed colonic tissues compared to 
non-inflamed colonic tissues in UC patients (Figure S1A). 
Meanwhile, we aimed to evaluate the impact of different 
biologics on ZAK expression in UC patients using the GEO 
database. The results indicated that treatment with Vedoli-
zumab, Ustekinumab, and Tofacitinib had no significant 
effect on ZAK expression in colonic tissues of UC patients 
(Figure S1C, D and E). Notable, the expression of ZAK 
in the colonic tissue appears to be reduced after Infliximab 
treatment (Figure S1B). ZAKα is a key protein in ZAKα-
driven RSR, prompting us to investigate whether the down-
stream pathways of RSR are activated in the colonic tissues 
of UC patients. We assessed the phosphorylation status 
of key downstream molecules, p38 and JNK. The results 
showed that the phosphorylation levels of JNK and p38 were 
significantly elevated in the colonic tissues of UC patients 
compared to the control group (Fig. 1E, F).

Subsequently, we examined the expression of ZAKα in 
colonic tissues of DSS-induced mice model of colitis. Simi-
larly, IF demonstrated high ZAK expression in colitis group 
(Fig. 1C), which was confirmed by Western blot analysis 
(Fig. 1G, H). Then, we assessed the phosphorylation status 
of p38 and JNK, and the results indicated that the phospho-
rylation levels of JNK and p38 were significantly increased 
in the colonic tissues of DSS-induced colitis mice compared 
to the control group (Fig. 1G, H).

To elucidate whether ZAKα expression was related to 
disease activity, we conducted correlation analyses. The 
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results indicated a positive correlation between ZAKα 
mRNA expression levels and Mayo scores in UC patients 
(Fig. 1I). Likewise, in the DSS colitis mice, ZAKα mRNA 

levels exhibited a significant correlation with the Disease 
Activity Index (DAI) scores (Fig. 1J).
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ZAKα Inhibition Alleviated DSS‑induced Colitis 
in Mice

To elucidate whether ZAKα is involved in the pathogenesis 
of colitis, we induced acute colitis in mice by DSS, concur-
rently administering either ZAK inhibitor (Vemurafenib, 
Vem) [28] or RSR activator (Anisomycin, ANS) [29]. The 
specific dosing regimen was outlined in Fig. 2A. Compared 
to DSS alone mice, those receiving Vem showed signifi-
cantly less weight loss (Fig. 2B) and decreased shortening 
of colon (Fig. 2C, E). In contrast, ANS exacerbated DSS-
induced colitis (Fig. 2 B-E). Histological analysis revealed 
that, mice treated with Vem exhibited reduced colonic 
epithelial damage, limited inflammatory cell infiltration, 
and lower histological scores, whereas mice in ANS group 
showed the opposite (Fig. 2F, G).

Inhibition of ZAKα Alleviated Inflammatory 
Response in DSS‑colitis Mice

Next, we aimed to investigate the effects of ZAKα inhibi-
tion on inflammatory cytokines and immune cell infiltration. 
DSS induced mRNA expression of various pro-inflamma-
tory cytokines in colonic mucosa, including TNF-α, IL-1β, 
IL-6, INF-γ, CCL-5, CXCL-16, and Hmgb-1, while the 
expression of anti-inflammatory cytokine IL-10 was mark-
edly suppressed (Fig. 3 A-H). However, following treatment 
with Vem, these pro-inflammatory cytokines were signifi-
cantly decreased, while the anti-inflammatory cytokines 
notably increased.

Notably, mice treated with ANS exhibited increased 
mRNA expression of colonic pro-inflammatory cytokines 
and decreased anti-inflammatory cytokines (Fig. 3A-H). 
Furthermore, we performed IHC analysis to further examine 
the expression of pro-inflammatory factors (TNF-α, IL-1β, 
and IL-6), and the observed trends were consistent with the 
mRNA expression (Fig. 3I). IHC staining for myeloperoxi-
dase (MPO) and F4/80 demonstrated that Vem treatment 
restricted the mucosal infiltration of neutrophils and mac-
rophages induced by DSS (Fig. 3J-M). Conversely, ANS 
treatment exacerbated the infiltration of these two cell types 
(Fig. 3J-M).

Inhibition of ZAKα Ameliorates Mucosal Barrier 
Disruption in DSS‑colitis Mice

Then, we examined the impact of ZAKα on mucosal barrier 
in DSS-colitis mice. Compared to control group, expression 
of tight junction proteins ZO-1 and Occludin were signifi-
cantly increased in Vem group and decreased in ANS mice 
(Fig. 4A, B). Western blot analysis further confirmed the 
above results (Fig. 4C, D). Alcian blue staining revealed 
that additional Vem therapy exhibited reduced loss of gob-
let cells, whereas ANS treatment showed increased loss 
(Fig. 4E, F), IFC staining of Muc2+ cells revealed similar 
results (Fig. 4G, H).

ZAKα Activation Induced Pyroptosis Via 
the Non‑canonical Pathway Involving Caspase‑11/
GSDMD In Vitro

Previous studies indicated that ZAKα can induced pyropto-
sis in human keratinocytes via NLRP1 inflammasome path-
way [21, 30], however, the murine cell lacks the connecting 
region containing both ZAKα and the p38 phosphorylation 
site of NLRP1 [22]. Additionally, activation of RSR can 
lead to various forms of cell death including apoptosis [22]. 
Firstly, we treated mouse colonic cell line C26 with 10 μM 
ANS, and after 5 h, stained with PI and Annexin V. The 
results showed a significant increase in PI+ cells in the C26 
cell line after ANS treatment (Fig. 5A, B), while the number 
of Annexin-V-positive cells showed no significant difference 
(Fig. 5A). This suggested that ZAKα activation can induce 
pyroptosis rather than apoptosis in mouse colonic cells.

Since pyroptosis primarily proceeds via the canonical 
pathway involving inflammasome-Caspase-1 or the non-
canonical pathway involving Caspase-11 [31], we exam-
ined the levels of total and cleaved forms of Caspase-1, 
Caspase-11, and GSDMD in cell lysates using Western blot 
analysis. ANS treatment led to a significant reduction in total 
Caspase-11 and GSDMD, accompanied by marked increase 
in cleaved active forms. However, there were no significant 
changes in total or cleaved Caspase-1 (Fig. 5C, D).

Fig. 1   ZAKα expression in colonic epithelial cells of UC patients 
and DSS-induced colitis models. A Immunofluorescence staining of 
human colonic tissues. ZAKα (red), Villin (green; an intestinal epi-
thelial cell marker), DAPI (blue). Scale bar = 50  μm; B qRT-PCR 
detection of ZAKα expression in control and UC patient colonic tis-
sues. Control group (n = 24), UC group (n  = 24); C The ZAK expres-
sion level from RNA-seq performed in colonic biopsies of healthy 
controls (n  = 335) and UC patients (n  = 680) from GEO datasets 
(GSE193677); D Immunofluorescence staining of colonic tissues 
from DSS-induced colitis mouse model. ZAKα (red), Villin (green; 
an intestinal epithelial cell marker), DAPI (blue). Scale bar = 50 μm; 
E, F Western blot detection and quantification analysis of ZAKα, 
p-JNK, JNK, p-p38 and p38 protein levels in control and UC patient 
colonic tissues; G, H Western blot detection and quantification analy-
sis of ZAKα, p-JNK, JNK, p-p38 and p38 protein levels in colonic 
tissues of control and DSS-induced colitis model mice; I Correlation 
analysis between ZAKα mRNA expression in human colonic tissues 
and Mayo scores. Control (n  = 24), UC group (n  = 24); J Correla-
tion analysis between ZAKα mRNA expression in mouse colonic tis-
sues and Disease Activity Index (DAI). Control group (n  = 24), DSS 
group (n  = 24). Data were analyzed using two-tailed unpaired t-tests 
for normal distribution, otherwise, Mann–Whitney test was used, and 
presented as Mean ± SEM. Correlation analysis was performed to 
assess relationships between variables. Representative data from at 
least 3 independent experiments are shown. * p  < 0.05, *** p < 0.001

◂
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Moreover, we aimed to further elucidate whether Cas-
pase-11 is involved in ZAKα induces pyroptosis. We 
employed siRNA-mediated knockdown of Caspase-11 

in C26 cell line, followed by treatment with ANS. PI 
staining revealed that, upon Caspase-11 knockdown, the 
number of PI-positive cells significantly decreased after 

Fig. 2   Inhibition of ZAKα attenuates DSS-induced colitis. A Sche-
matic representation of the mouse dosing regimen, outlining the 
experimental setup for DSS-induced colitis model experimenta-
tion and collection of colonic samples. Female mice were adminis-
tered 2.5% DSS in drinking water for 7 days, during which Vem was 
administered via oral gavage twice daily at a dose of 50 mg/kg each 
time, while ANS was administered once daily at a dose of 25 mg/kg 
each time, with each group consisting of six mice (n  = 6). Colonic 
samples were collected on day 7; B, C Monitoring of daily changes in 

mouse body weight during the experimental period and DAI score on 
the final day; D, E Isolation of colonic tissues on the final day of the 
experiment, providing representative images of colonic tissues from 
each group, and recording of colonic lengths; F, G H&E staining of 
mouse colonic tissues and histological analysis. Scale bar = 100 μm. 
Data were analyzed using one-way ANOVA and presented as 
Mean ± SEM, with representative data from at least three independent 
experiments, * p  < 0.05, ** p  < 0.01, *** p < 0.001, **** p < 0.0001
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Fig. 3   Inhibition of ZAKα attenuates the expression of pro-inflam-
matory cytokines and immune cell infiltration in DSS-induced colitis. 
A-H qRT-PCR analysis of the expression of inflammatory factors in 
colonic tissues from each group. Each group (n  = 6); I, J Immuno-
histochemical detection of TNF-α, IL-1β, and IL-6 in colonic tissues 
from each group of mice, and the staining intensity was quantitatively 
analyzed, Scale bar = 25  μm; K, O Immunohistochemical detection 
of MPO expression in colonic tissues from each group of mice and 

quantification of MPO+ cells, Scale bar = 50 μm; M, N Immunohis-
tochemical detection of F4/80 expression in colonic tissues from each 
group of mice and quantification of F4/80+ cells, Scale bar = 50 μm, 
each group (n  = 6). Data were analyzed using one-way ANOVA and 
represented as Mean ± SEM, with data representative of at least three 
independent experiments, * p  < 0.05, ** p  < 0.01, *** p < 0.001, 
**** p  < 0.0001
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Fig. 4   Inhibiting ZAKα can ameliorate colonic barrier damage in the 
DSS-induced colitis model. A, B Immunofluorescence staining was 
performed on the last day of the experiment to determine the locali-
zation of ZO-1 and Occludin in mouse colons, Scale bar = 100 μm; 
C, D Western blot analysis was conducted to measure the expression 
levels of ZO-1 and Occludin in mouse colons and quantitatively ana-
lyze the results; E, F Histological analysis and goblet cell counting in 

mouse colonic tissues were performed using Alcian blue staining; G, 
H Immunofluorescence staining was utilized to assess the localization 
of Muc2 in mouse colons and to quantify the number of Muc2+ cells, 
Scale bar = 50 μm. Data were analyzed using one-way ANOVA and 
expressed as Mean ± SEM, with representative results from at least 
3 independent experiments, * p  < 0.05, ** p  < 0.01, *** p  < 0.001, 
**** p  < 0.0001
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Fig. 5   Activation of ZAKα induces caspase-11-mediated pyroptosis. 
A, B Mouse colonic cells C26 treated with 10 μM ANS for 5 h were 
stained with Propidium Iodide (PI) and Annexin-V, and the number 
of PI + cells was quantified. Scale bar = 25  μm; C, D Western blot 
analysis of total protein levels and cleaved forms of Caspase-1, Cas-
pase-11, and GSDMD in C26 cells treated with 10 μM ANS for 5 h, 
with quantification; E, F PI staining to detect PI + cells in C26 cells 
treated with ANS or siRNA-Caspase-11, with quantification. Scale 

bar = 25  μm; G, H Western blot analysis of total protein levels and 
cleaved forms of Caspase-11 and GSDMD in C26 cells treated with 
10 μM ANS for 5 h, with or without siRNA-Caspase-11, with quan-
tification. Data were analyzed using one-way ANOVA and are pre-
sented as Mean ± SEM, with representative data from at least 3 inde-
pendent experiments, * p  < 0.05, ** p  < 0.01, *** p  < 0.001, **** 
p  < 0.0001
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ANS treatment (Fig. 5E, F). Western blot analysis further 
confirmed that, upon Caspase-11 knockdown, the cleaved, 
active form of GSDMD decreased after ANS treatment 
(Fig. 5G, H). These findings suggested that ZAKα, at least 
in part, induces pyroptosis via Caspase-11/GSDMD.

Inhibition of ZAKα Reduces DSS‑induced Colonic 
Epithelial Cell Pyroptosis in Mice

Then, we aimed to investigate whether ZAKα can trigger 
pyroptosis through Caspase-11/GSDMD pathway in vivo. 
In Vem treated DSS mice, there was a significant reduction 
in cleaved forms of Caspase-11 and GSDMD (Fig. 6 A, B). 

Fig. 6   Inhibition of ZAKα reduces intestinal epithelial pyroptosis in 
DSS-induced colitis mice. A, B Western blot analysis was employed 
to detect the total protein levels of Caspase-11 and GSDMD in each 
group of mice, as well as their respective cleaved forms, with statisti-
cal quantification performed; each group (n  = 6); C TUNEL staining 

was conducted on mouse colons in each group, with TUNEL (red), 
Villin (green), and DAPI (blue) staining shown; Scale bar = 50  μm. 
Data were analyzed using one-way ANOVA and expressed as 
Mean ± SEM, with representative results from at least 3 independent 
experiments, ** p  < 0.01, *** p  < 0.001, **** p < 0.0001
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Conversely, treatment with ANS significantly increased both 
(Fig. 6A, B). It is noteworthy that ANS alone also led to an 
increase in the cleaved forms of Caspase-11 and GSDMD 
in mice (Fig. 6 A, B). Additionally, since the late stage of 
pyroptosis can render cells positive for TUNEL staining 
[32], we performed TUNEL and Villin co-staining from 
each group of mice. Vem treatment reduced the number of 
TUNEL-positive cells induced by DSS, while ANS treat-
ment exacerbated this phenomenon (Fig. 6C).

Inhibitors of Caspase‑11 Alleviated the Exacerbation 
of Colitis Induced by ZAKα Activation in Colitis 
Models

Finally, we aimed to investigate whether inhibition of Cas-
pase-11 could alleviate the exacerbation of DSS-induced 
colitis in mice triggered by ZAKα activation. Mice were 
treated with 2.5% DSS to induce acute colitis, with or with-
out the use of a Caspase-11 inhibitor (Wedelolactone, Wed) 
[33] and ANS during this process (Fig. 7A). Compared to 
ANS treated DSS-colitis mice, additional administration of 
Wed resulted in a significant reduction in body weight loss 
(Fig. 7B), DAI scores (Fig. 7C), and shortening of colonic 
length (Fig. 7D, E). H&E staining results revealed that 
colonic crypt loss was reduced in mice treated with Wed, 
accompanied by lower histological scores (Fig. 7F, G).

The expression of inflammatory cytokines were also 
evaluated. Wed significantly reduced the mRNA expression 
of the inflammatory cytokines TNF-α, IL-1β, and IL-6 in 
ANS-treated DSS-colitis mice (Fig. 7H). This phenomenon 
was further confirmed by ELISA analysis (Fig. 7I). In sum-
mary, our experimental findings suggest that inhibition of 
Caspase-11 attenuates the exacerbation of DSS-induced 
colitis mediated by ZAKα activation.

Discussion

The traditional perspective suggested that ribosomal transla-
tion impairments on mRNA are presumed to result in mRNA 
and nascent protein degradation [34, 35]. However, recent 
investigations indicated that ribosomal stalling and colli-
sions can actually serve as pivotal signaling hubs, recruiting 
diverse participants to activate specific pathways based on 
the "severity" of the damage, ultimately determining cell fate 
[16, 17]. One significant pathway among these is the ZAKα-
driven RSR (ribosome-associated signaling response) [11]. 
This study revealed that the key protein kinase ZAKα, 
orchestrating RSR, exhibits increased expression in colonic 
epithelium of UC patients and DSS colitis mouse models. 
Moreover, inhibiting ZAKα alleviated DSS-induced coli-
tis. Activation of RSR consequently induced pyroptosis in 

mouse colonic epithelial cells via the Caspase-11/GSDMD 
non-canonical pathway.

Consistent with our findings, several studies have high-
lighted the role of ZAKα-driven RSR in triggering inflam-
matory responses. For instance, ultraviolet radiation can 
activate RSR leading to the activation of NLRP1 inflam-
masomes, or RSR can indirectly activate NLRP1 inflammas-
omes via p38 activation, resulting in pyroptosis of human 
keratinocytes and the subsequent releasing of mature IL-1β 
and IL-18, thereby initiating inflammatory reactions [21]. 
Meanwhile, reactive oxygen species (ROS) are recognized 
as pivotal factors in initiating inflammatory processes. Mito-
chondrial ROS, for example, can impede TFAM-mediated 
maintenance of mitochondrial DNA, resulting in diminished 
mitochondrial energy metabolism and subsequent inflamma-
tion [36]. Excessive ROS production is also implicated in 
UC, exacerbating its onset and progression through oxidative 
damage to DNA, proteins, and lipids [37]. Recent studies 
have indicated that ROS can trigger ribosomal damage and 
activate ZAKα [18], suggesting that ROS-induced colitis 
might be mediated through the ZAKα-driven RSR pathway, 
necessitating further investigation.

Other relevant evidences indicate that ZAKα-driven RSR 
can directly phosphorylate and activate p38 and JNK, both 
of which are closely linked to colitis. Galia et al. developed 
inhibitors targeting the binding regions of p38 and JNK to 
their input proteins. These inhibitors disrupt the interaction 
between p38 and JNK with input proteins, hampering their 
nuclear translocation and subsequent phosphorylation of 
nuclear substrates. Administering these inhibitors effectively 
attenuates inflammation in mice [38]. Furthermore, a study 
focusing on p38 revealed that a high-salt diet can exacerbate 
colitis in a mouse model through the p38/MAPK signal-
ing pathway [39]. Additionally, Stanniocalcin-1 (STC1) can 
interact with PARP1 to activate the JNK pathway, thereby 
increasing the susceptibility of mice to DSS-induced colitis. 
Inhibiting JNK can alleviate parthanatos and inflammatory 
damage induced by STC1 overexpression [40]. The afore-
mentioned evidence suggests that activation of p38 and JNK 
by ZAKα-driven RSR may exacerbate colitis, which is con-
sistent with our experimental findings.

Certainly, the non-canonical pyroptosis pathway also 
plays a crucial role in UC. In a study concerning the oxida-
tive stress sensor GPx8, researchers observed that cysteine 
79 of GPx8 forms a disulfide bond with cysteine 118 of 
Caspase-4, thereby covalently inhibiting the activation of 
Caspase-4/11. Deficiency of GPx8 leads to Caspase-4/11-in-
duced colitis and septic shock inflammatory responses [5]. 
Additionally, small molecule inhibition of Caspase-4/11 
activation can reduce the severity of colitis in GPx8 knock-
out mice [5]. Interestingly, in colonic tissues of UC patients, 
the expression levels of GPx8 are low, while the expression 
levels of Caspase-4 are high [5]. Moreover, it has been found 
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Fig. 7   Inhibition of Caspase-11 alleviates exacerbation of coli-
tis induced by ZAKα activation. A Schematic representation of the 
mouse administration protocol, detailing the experimental setup 
for inducing DSS-induced colitis and collecting colonic samples. 
Female mice were provided with drinking water containing 2.5% 
DSS for 7 days, with Wed administered via intraperitoneal injection 
at 10 mg/kg/day for 3 days prior to DSS treatment and continued until 
the end of the experiment, and ANS administered via daily oral gav-
age at 25 mg/kg/day starting from DSS treatment until the end of the 
experiment, with each group consisting of 6 mice (n  = 6). Colonic 
and blood samples were collected on day 7; B, C Monitoring of daily 
changes in mouse body weight throughout the experiment and the 

DAI score on the final day; D, E On the final day of the experiment, 
colonic tissues were isolated, representative photographs of colonic 
tissues from each group were provided, and colonic length was 
recorded; F, G H&E staining of mouse colonic tissues and histologi-
cal analysis. Scale bar = 250 μm. H qRT-PCR analysis of the expres-
sion of inflammatory cytokines (TNF-α, IL-1β, and IL-6) in colonic 
tissues from each group (n  = 6); I ELISA detection of TNF-α, IL-1β, 
and IL-6 expression in colonic tissues of each group of mice. Data 
are presented as Mean ± SEM and were analyzed using one-way 
ANOVA, with at least three independent experiments represented, * 
p  < 0.05, ** p  < 0.01, *** p  < 0.001, **** p  < 0.0001
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that pneumonia Klebsiella pneumoniae (KLP) exacerbates 
colitis and is closely associated with Caspase-11 activation. 
Further investigation revealed that KLP's lipopolysaccharide 
can bind to Caspase-11, activating it and inducing mature 
IL18 in mouse and human colonic organoids [41]. Another 
study found that human umbilical cord mesenchymal stem 
cell-secreted exosomes (hucMSC-Ex) containing miR-
203a-3p.2 inhibit Caspase-11 activation, reduce the secre-
tion of interleukin (IL)−1β, IL-6, and Caspase-11, thereby 
alleviating macrophage pyroptosis and reducing colitis in 
mice [42]. It is noteworthy that several studies suggest a 
protective role for Caspase-11 in colitis. For instance, Katar-
zyna et al. demonstrated in experiments with Caspase-11 
knockout mice that the increased susceptibility of Caspase-
11-deficient mice to DSS-induced colitis is attributed to 
impaired IL-18 generation, leading to reduced proliferation 
and increased cell death of intestinal epithelial cells [43]. 
Further experiments in hematopoietic and non-hematopoi-
etic cells revealed that the gene expression and function of 
Caspase-11 contribute to alleviating DSS-induced colitis 
in mice [44]. Despite standardizing the microbiota among 
experimental groups of mice, Caspase-11 knockout mice 
still exacerbated DSS-induced colitis [45]. Additionally, a 
study suggest that Caspase-11 can reduce pro-inflammatory 
Prevotella and shape the composition of the gut microbiota 
to resist colitis [46]. However, the latest relevant research 
indicated that Caspase-11 does not affect chronic experimen-
tal colitis, and its role in acute DSS colitis varies depending 
on environmental factors including the microbiota, particu-
larly the presence of clostridial spores [47].

In our study, we did not investigate the factors that acti-
vate ZAKα-driven RSR to exacerbate colitis. However, 
several studies have suggested that microbial factors can 
induce ZAKα-driven RSR. For example, Dakshina et al. 
demonstrated that Shiga toxins (Stxs) from Escherichia 
coli can cleave a single adenine residue on the alpha-sarcin 
loop of the 28S ribosomal RNA, activating ZAK-driven 
RSR [13, 48]. Diphtheria toxin produced by the human 
diphtheria pathogen can trigger ZAK-driven RSR, lead-
ing to NLRP1 phosphorylation and inducing pyroptosis 
in human keratinocytes [22]. Additionally, mycotoxins 
such as Anisomycin and Deoxynivalenol are known RSR 
agonists [11, 21]. Given the close relationship between 
gut microbes and UC, it is plausible that the activation of 
ZAKα-driven RSR in the colonic tissues of UC patients 
is linked to gut microbiota. Moreover, ZAK appears to 
play a significant role in immune cells. For instance, Yan 
et al. found that the KU complex recognizes accumulated 
cytoplasmic DNA in aged human and mouse CD4+ T 
cells, which facilitates the recruitment of DNA-PKcs and 
phosphorylation of the kinase ZAK, ultimately promoting 
CD4+ T cell proliferation and activation [49]. However, 
our study primarily focuses on the role of ZAKα and its 

driven RSR in the colonic epithelium in the pathogenesis 
of UC, though the involvement of ZAKα-driven RSR in 
immune cells presents an intriguing avenue for further 
research on the onset and progression of UC.

In this study, the following limitations were identified: 
Firstly, since the activation of the RSR is driven by colli-
sions or stalling of ribosomes on mRNA, leading to acti-
vation of ZAKα, we did not perform specific assays for 
ribosome stalling or collisions. Instead, we only examined 
the expression of ZAKα, thus lacking direct evidence of 
ribosome stalling or collisions; Secondly, we found that 
the control group was significantly older than the UC 
group in our included population. However, the effect of 
age on ZAKα has not been explored in depth, and this 
would be worth investigating in future studies. Thirdly, 
the inhibitor used in this study, including Vemurafenib and 
Wedelolactone, are not specific inhibitors, may have rela-
tively weak efficacy. Further validation using ZAKα and 
Caspase-11 knockout mice are necessary to confirm our 
study results; Fourthly, RSR activation can induce vari-
ous cellular effects. In our assessment of RSR activation's 
influence on cell death pathways, we only examined a sin-
gle indicator for pyroptosis and apoptosis. Other relevant 
indicators were not assessed, and other cell death pathways 
were overlooked; Fifthly, when detecting epithelial pyrop-
tosis in the mouse colon through Western blot analysis, we 
extracted total colon proteins for analysis without isolat-
ing epithelial cells or crypts for examination. Sixthly, we 
utilized only a DSS-induced colitis mouse model, which 
should be further validated using other models, such as 
TNBS-induced or IL-10 knockout mouse models.

In all, UC is a complex, multifactorial disease that likely 
involves multiple signaling pathways and mechanisms. How-
ever, the ZAKα seems to play a significant role in the patho-
genesis of UC, potentially triggering pyroptosis in colonic 
epithelial cells in part via the Caspase11/GSDMD pathway. 
Of note, our study established, for the first time, a mechanis-
tic link between ribosomal translational impairment medi-
ated by ZAKα and the pathogenesis of UC. Meanwhile, 
we observed that the administration of a specific structural 
inhibitor targeting ZAKα could ameliorate DSS-induced 
colitis in mice, thus presenting a promising avenue for the 
clinical management of UC and underscoring the need for 
further investigations in this direction.
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