
Redox Biology 59 (2023) 102565

Available online 30 November 2022
2213-2317/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Xenobiotic-induced ribosomal stress compromises dysbiotic gut barrier 
aging: A one health perspective 

Junjie Sun a,1, Juil Kim a,1, Hoyoung Jeong a,1, Dasom Kwon a, Yuseok Moon a,b,* 

a Laboratory of Mucosal Exposome and Biomodulation, Department of Integrative Biomedical Sciences and Biomedical Research Institute, Pusan National University, 
Yangsan, 50612, South Korea 
b Graduate Program of Genomic Data Sciences, Pusan National University, Yangsan, 50612, South Korea   

A R T I C L E  I N F O   

Keywords: 
Gut aging 
Ribosomal stress 
Deoxynivalenol 
Gut barrier 
Microbiota 

A B S T R A C T   

Upon exposure to internal or environmental insults, ribosomes stand sentinel. In particular, stress-driven dys-
regulation of ribosomal homeostasis is a potent trigger of adverse outcomes in mammalians. The present study 
assessed whether the ribosomal insult affects the aging process via the regulation of sentinel organs such as the 
gut. Analyses of the human aging dataset demonstrated that elevated features of ribosomal stress are inversely 
linked to barrier maintenance biomarkers during the aging process. Ribosome-insulted worms displayed reduced 
lifespan, which was associated with the disruption of gut barriers. Mechanistically, ribosomal stress-activated 
Sek-1/p38 signaling, a central platform of ribosomal stress responses, counteracted the gut barrier deteriora-
tion through the maintenance of the gut barrier, which was consistent with the results in a murine insult model. 
However, since the gut-protective p38 signaling was attenuated with aging, the ribosomal stress-induced distress 
was exacerbated in the gut epithelia and mucosa of the aged animals, subsequently leading to increased bacterial 
exposure. Moreover, the bacterial community-based evaluation predicted concomitant increases in the abun-
dance of mucosal sugar utilizers and mucin metabolic enzymes in response to ribosomal insult in the aged host. 
All of the present evidence on ribosomal insulting against the gut barrier integrity from worms to mammals 
provides new insights into organelle-associated translational modulation of biological longevity in a one health 
perspective.   

1. Introduction 

In response to internal or external stresses, cellular ribosomes stand 
sentinels. Stress-driven dysregulation of ribosomal integrity triggers 
eukaryotic translation initiation factor 2 subunit α (eIF2α)-mediated 
global translational inhibition. In spite of the global translational arrest, 
the ribosome-inactivating stress (ribosomal stress) triggers the expres-
sion of genes important for cellular homeostasis, as well as those integral 
to a variety of pathogenic processes involved in cell death, inflamma-
tion, and other stress responses [1–3]. In particular, humans are inevi-
tably exposed to a specific ribotoxic (28S rRNA-damaging) stressor, 
deoxynivalenol (DON) which is the most frequently occurring myco-
toxin in the global food and environmental systems [4–8]. In addition to 
DON, other trichothecene mycotoxins, antibiotic anisomycin, and 
ribosome-inactivating proteins (including ricin, α-sarcin, restrictocin, 
and shiga toxins) interfere with peptidyl transferase activity by directly 

or indirectly modifying 28s rRNA at one site in the α-sarcin/ricin loop 
(A4256) or two other sites (A3560 and A4045) in the peptidyl trans-
ferase center [9–11]. This modification leads to peptidyl transferase 
dysfunction and subsequent global translational arrest [12–15]. Mech-
anistically, damages in the structure and functionality of 28S ribosomal 
RNA during gene translation lead to homeostatic or pathogenic cellular 
reprogramming via intracellular sentinel signaling pathways, which 
include mitogen-activated protein kinase (MAPK)-linked signaling cas-
cades as the primary platform in mammalian cells [1,16,17]. The 28S 
rRNA damage facilitates ribosomal binding to dsRNA-binding domains 
of protein kinase R (PKR) and induces enzymatic activation [18]. 
Following exposure to high levels of ribosomal stressors, activated PKR 
modulates stress-induced cell death processes via activation of MAPKs 
such as c-Jun N-terminal kinase 1 and 2 [19]. In contrast, low levels of 
exposure to the ribosomal insults may promote the expression of adap-
tive stress-responsive genes including pro-inflammatory genes via 
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PKR-mediated ribosomal recruitment and activation of MAPKs such as 
p38 16,18. The ribosomal 40S subunit serves as a scaffold for PKR under 
the ribosomal stress, which facilitates p38 mobilization and activation 
for target gene induction despite the global translational arrest. Such 
stress-sentinel pathways by ribosomal inactivation are potent etiological 
factors involved in epithelial inflammatory or malignant distress 
including inflammatory bowel diseases (IBD) and colorectal cancer in 
the experimental models [20–25]. Moreover, epidemiological studies 
suggest potent associations between ribosome-inactivating stress and 
human gastrointestinal illness [17,26–28]. 

Gastrointestinal epithelium is a sentinel line against pathogens and 
participates in the maintenance of host integrity and is imprinted with 
accumulated environmental and dietary insults which can damage the 
gut and other organs via circulation. Disruption of gut epithelial barrier 
integrity can allow increased translocation of noxious microbes and 
substances across the intestinal barrier, leading to a greater risk of sys-
temic infection, inflammation, and sepsis. The aging process can alter 
the integrity of the gut barrier and increase vulnerability to GI disorders. 
In particular, disorders of the gastrointestinal (GI) tract are particularly 
common in the elderly population, which may contribute to the overall 
vulnerability to sepsis-linked mortality in hosts with poor defenses [29]. 
Moreover, the epithelium-based defense in invertebrates, such as Cae-
norhabditis elegans, is important for the generation of evolutionarily 
conserved aspects of innate immunity, and the maintenance of epithelial 
integrity is associated with the lifespan of these organisms [30–33]. 
C. elegans are particularly dependent on the gut epithelial layer because 
they lack specialized leukocytes, such as macrophages and lymphocytes, 
for defending against pathogens [30,34]. This reduced complexity can 
be experimentally advantageous for the detailed characterization of 
innate immune signaling cascades. The present study is based on an 
assumption that ribosomal dysregulation may affect the lifespan via 
modulating sentinel organs. In addition to the mammalian aging model, 
the present study evaluated a gut model of C. elegans since it is an 
evolutionarily conserved responder to both endogenous and environ-
mental stressors. In particular, the stress signaling response from the 
ribosome was associated with gut distress during the aging process. Our 
results provide new insights into the roles of ribosomes in the regulation 
of human longevity and susceptibility to gut-associated chronic diseases. 

2. Materials and Methods 

2.1. Human transcriptome dataset analysis 

The Genotype-Tissue Expression (GTEx, V8) dataset was used for 
aging-associated gene expression analysis (17,382 sample entities of 54 
tissues from 948 donors). RNA-seq raw counts and normalized TPM 
matrices from the normal transverse colonic tissues were quantified for 
comparison among different age groups. 

2.2. Animal ethics statement 

The experimental protocols followed in this study were reviewed and 
approved by the Animal Ethics Committee of Pusan National University 
(PNU)-IACUC (PNU-2015-0786 and PNU-2013-0291). The animal study 
was performed in accordance with the guidelines for animal experi-
ments issued by PNU-IACUC. 

2.3. Murine insult experiments: aging rat model 

Sprague-Dawley rats (aged 6 and 19 months; N = 6 per group) were 
purchased from Samtako Bio Korea (Osan, Korea) and acclimated to the 
animal care facility for 7 days before beginning the experiments. Based 
on a previous report [35], animals were housed in an air-conditioned 
environment under a 12 h light/dark cycle and were given ad libitum 
access to standard rodent chow (Samtako) and water. Food intake and 
body weight were monitored every 5–8 days. The rats were euthanized, 

tissues collected, and perfusion was immediately fixed. Formalin-fixed 
and paraffin-embedded sections (thickness, 5 μm) were prepared from 
the small intestine. Slides were stored at room temperature until 
analysis. 

2.4. Murine insult experiments: mouse model 

Male C57BL/6 young (6 weeks) and old (19 months) mice from the 
Korean Distributor of Taconic Biosciences (DBL, Eumseong, Korea) were 
exposed to 25 mg/kg of DON for 12 h by oral gavage and then killed. 
Male C57BL/6 mice (8 weeks old) were caged in groups of 3–4 mice, and 
the cages were changed weekly. Briefly, mice were inoculated intra-
gastrically with streptomycin sulfate (single dose, 10 mg per mouse) to 
selectively eliminate intestinal facultative anaerobic bacteria. After 22 
h, the mice were inoculated with phosphate-buffered saline (PBS) or p38 
inhibitor (SB203580, 10 mg/kg) by intraperitoneal (I.P.) injection. After 
a further 2 h, the mice were inoculated intragastrically with either PBS 
or DON (25 mg/kg). After 24 h, the mice were inoculated intragastri-
cally with either sterile LB broth or EPEC bacteria (1 × 109 CFU). The 
mice were killed on the day 4 after bacterial inoculation, and their tis-
sues were fixed in Carnoy’s solution. 

2.5. Histological assessment 

Hematoxylin and eosin staining was performed using standard pro-
cedures described in our previous reports [36,37]. Scoring of disease 
severity was based on the following four parameters. Inflammatory cell 
infiltration was scored as follows: 0, rare inflammatory cells in the 
lamina propria; 1, increased numbers of granulocytes in the lamina 
propria; 2, confluence of inflammatory cells extending into the submu-
cosa; and 3, transmural extension of the inflammatory infiltrate. Crypt 
damage was scored as follows: 0, intact crypts; 1, loss of the basal half; 2, 
entire crypt loss; and 3, confluent erosion. Ulceration was scored as 
follows: 0, absence of ulcer; 1, one or two foci of ulcerations; 2, three or 
four foci of ulcerations; and 3, confluent or extensive ulceration. Edema 
was scored as follows: 0, absence of edema; 1, mild; 2, moderate; and 3, 
severe. 

2.6. Immunohistochemistry 

Methods are based on our previous reports [37–39]. Before immu-
nostaining, formalin-fixed paraffin-embedded tissues from mouse in-
testines were sectioned (5 μm), deparaffinized, and rehydrated. Tissue 
slides were heated in 10 mM sodium acetate (pH 6.0) for 5 min at 121 ◦C 
for antigen retrieval and were bathed in a 0.3% H2O2-PBS solution for 
15 min at room temperature in the dark to quench endogenous peroxi-
dase. After the samples were washed with Tris-HCl-Tween 0.5%, tissue 
sections (5 μm) were blocked with 5% fetal bovine serum in PBS, 
incubated in a 1:250 dilution of primary antibody overnight at 4 ◦C, and 
repeatedly washed using PBS. The primary antibodies used were 
anti-p-p38 (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) 
and anti-lysozyme (1:250 dilution, Biobyt, Cambridge, UK). The samples 
were incubated with secondary horseradish peroxidase-conjugated 
anti-mouse or anti-rabbit IgG antibody (1:250 dilution; Enzo Life Sci-
ences, Inc. Farmingdale, NY, USA) for 2 h at room temperature and were 
subjected to repeated washing with PBS. Bound antibodies were iden-
tified by incubation for 10 min with freshly prepared substrate buffer 
(0.05% diaminobenzidine [DAB; Sigma-Aldrich Chemical Co.] and 
0.015% H2O2 in PBS). After a final wash in PBS and dH2O, the slides 
were counterstained with Mayer’s hematoxylin for 5 min and dehy-
drated in a graded alcohol series (50%, 70%, 80%, 90%, 95%, 100%, 
and 100%). The sections were then examined at various magnifications 
using an Axio Imager (Carl Zeiss MicroImaging, GmbH, Oberkochen, 
Germany). To analyze the proportion of positively stained cells in the 
tissue, at least four representative areas were measured by 
computer-assisted analysis using HistoQuest image analysis software 
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version 4.0 (TissueGnostics, Vienna, Austria). The pixels of images 
viewed in this software are converted to grayscale and assigned an 
arbitrary number relating to staining intensity. HistoQuest image anal-
ysis software differentiates hematoxylin-positive and diaminobenzidine 
(DAB)-positive cells or areas that are recorded as events (cells/nuclei) or 
area of staining. The results allow determination of “how many cells 
express how much of a given marker”. Values were optimized by 
counting the numbers of DAB-positive events and hematoxylin-positive 
events. The graphs statistically compare the values among groups. 

2.7. Immunofluorescence staining of murine tissues 

Methods are based on our previous reports [37–39]. Small intestine 
samples were dehydrated, embedded in paraffin, and sliced into 5 μm 
sections for immunofluorescence analysis. Before immunostaining, 
formalin-fixed paraffin-embedded small intestines were sectioned (5 
μm), deparaffinized, and rehydrated. Tissue slides were heated in 10 mM 
sodium acetate (pH 9.0) for 5 min at 121 ◦C for antigen retrieval and 
bathed in 3% H2O2-PBS solution for 15 min at room temperature in the 
dark to quench endogenous peroxidase. After washing with 0.5% 
Tris-HCl-Tween, tissue sections were blocked with 3% fetal bovine 
serum in PBS with Tween 20 (PBST) and incubated with anti-mouse 
claudin 3 (CLDN3) antibody (1:200, Santa Cruz) at 4 ◦C overnight. 
Samples were then washed in PBST, incubated with 488-conjugated goat 
anti-mouse IgG (Bethyl Laboratories, Montgomery, TX, USA) for 2 h at 
room temperature, washed again in PBST, dehydrated through a graded 
alcohol series (50%, 70%, 80%, 90%, 95%, 100%, and 100%), and 
mounted in DAPI-containing mounting medium. Sections were exam-
ined at various magnifications using a fluorescence microscope (Eclipse 
Ts2R, Nikon, Tokyo, Japan). 

2.8. Alcian blue (AB) staining of murine tissues 

Methods are based on our previous reports [37,38]. For AB staining, 
sections were deparaffinized in xylene, rehydrated in ethanol, and 
incubated in dH2O for 5 min. AB 8GX (Biosesang Company) was applied 
to sections for 30 min at room temperature, followed by a 2 min wash 
under running tap water, and counterstaining with Nuclear Fast Red or 
hematoxylin. Stained sections were rapidly dehydrated in two changes 
of 95% ethanol, followed by two changes of absolute alcohol, cleared in 
xylene, and mounted in a synthetic mountant (Thermo Fisher Scientific, 
Seoul, Korea). 

2.9. Gram staining of murine tissues 

Gram staining was performed as follows: tissue sections were 
deparaffinized in xylene, rehydrated in ethanol, incubated in dH2O for 5 
min, stained for 1 min using crystal violet, and then washed under tap 
water [37,39]. Slides were then stained with Gram’s iodine for 1 min, 
rinsed under tap water, dipped in 95% ethyl alcohol for 5–10 s, and 
rinsed again under tap water. The slides were stained again for 1–2 min 
in safranin and rinsed under tap water. Stained sections were rapidly 
dehydrated in two changes of 95% ethanol, followed by two changes of 
absolute alcohol, cleared in xylene, and mounted in a synthetic 
mountant (Thermo Fisher Scientific, Korea). The safranin stains decol-
orized gram-negative cells red/pink, while the gram-positive bacteria 
remained blue. 

2.10. Gut epithelial F-actin staining 

Paraffin sections were treated in xylene and rehydrated in an ethanol 
and water gradient. To detect F-actin, sections were incubated with 
tetramethyl rhodamine B isothiocyanate-conjugated phalloidin (0.5 μg/ 
ml, Sigma-Aldrich, USA) for 2 h in the dark [37]. Sections were then 
washed and counterstained with DAPI to detect nucleic acid. 

2.11. Fluorometric assay of FITC-conjugated dextran in vivo 

Methods are based on our previous reports [37,38]. Intestinal 
permeability was evaluated in different groups of mice using orally 
administered permeability marker FITC-conjugated dextran dissolved in 
water (4 kDa, 50 mg/ml; Sigma-Aldrich) as described in our previous 
report [37]. The blood serum was collected 3 h later, and the serum 
concentration of FITC-conjugated dextran was determined using a plate 
reader (SpectraMAX M2e, Molecular Devices, Sunnyvale, CA, USA). The 
sample emission spectrum (535 nm) was recorded after excitation at 
490 nm. The concentration of FITC-conjugated dextran in the serum was 
determined using a FITC-dextran standard curve. 

2.12. Barrier integrity assessment in the intestinal epithelial cell 
monolayer 

For the measurement of TEER based on the previous study [40], 
intestinal porcine epithelial cell line-1 (IPEC-1; Leibniz Institute 
DSMZ-German Collection of Microorganisms and Cell Cultures, 
Braunschweig, Germany) was seeded at a density of 4 × 105 per well in 
24-well transwell filters with 0.4 μm pores (Becton-Dickinson Labware, 
Franklin Lakes, NJ, USA). The cells reached confluence within 2 days. 
For cell differentiation, complete DMEM/F-12 media containing 100 nM 
dexamethasone was used and changed every other day until complete 
differentiation [41]. At the end of the differentiation process (on the 
10th day after the addition of dexamethasone), cells were treated with 
1000 ng/ml DON. TEER was measured every 12 h using an EVOM2 
epithelial voltohmmeter (World Precision Instruments, Sarasota, FL, 
USA). Experimental TEER values were expressed as Ω cm2. All mea-
surements were performed in triplicate. For the paracellular tracer flux 
assay based on the previous report [40], differentiated IPEC-1 in 0.4 μm 
pore inserts (generated as described above) were treated with 1000 
ng/ml DON for 48 h. Next, 4 kDa FITC-dextran (Sigma-Aldrich Chemical 
Company) was dissolved in cell culture medium and added to the apical 
compartment with enterocytes at a final concentration of 2.2 mg/ml. 
After 1 h of incubation, the amount of fluorescence in the basolateral 
compartment was measured using a Victor3 fluorometer (PerkinElmer, 
Waltham, MA, USA). The excitation and emission wavelengths were 490 
and 535 nm, respectively. Data presented are representative of three 
independent experiments [42]. 

2.13. Worm culture conditions 

Methods for maintenance of C. elegans are based on our previous 
reports [37,38]. C. elegans Bristol N2 (Brenner 1974) and the mutant 
strains (AU1 [ag1, sek-1, homolog MAPKKK] and pmk-1 [km25]) (Cae-
norhabditis Genetics Center, University of Minnesota, Minneapolis, MN, 
USA), were maintained at 20–25 ◦C on nematode growth medium 
(NGM) agar (50 mM NaCl, 1.7% Agar, 0.25% peptone, 1 mM CaCl2, 5 
μg/ml of cholesterol, 1 mM MgSO4, and 25 mM KPO4 in distilled H2O 
[dH2O]) plates spread with Escherichia coli OP50 as a food source [37, 
38]. C. elegans were synchronized with a mixture of 500 μl 5 N NaOH, 1 
ml 5% solution of sodium hypochlorite (Yohanclorox, Seoul, Korea), and 
3.5 ml autoclaved dH2O. Synchronized eggs were seeded on NGM agar 
plates for growth, and worms at the L4 stage were seeded on new NGM 
agar plates spread with chemicals of interest (see below) and E. coli 
OP50 (OD600 = 0.6). To prepare C. elegans media for experimental 
treatments, chemicals were added to E. coli OP50 culture media, which 
was spread on the culture dishes. For lifespan assays, 30 synchronized 
worms were grown on NGM agar plates spread with E. coli OP50 with 
chemicals at 24 ◦C. The surviving worms that moved in response to 
touch with a platinum wire were scored each day. To prevent progeny 
production, worms were transferred to new NGM plates every 2 days. 
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2.14. Bacterial colonization assay in the worms 

To prepare for bacterial colonization assays, the worms were age- 
synchronized by bleaching, and embryos were incubated at 24 ◦C on 
NGM plates containing E. coli OP50 until the L4 stage, as previous 
described [37,38]. After exposure to DON for 48 h, 10 worms were 
selected and placed into a 2 ml tube containing 25 mM levamisole to 
induce paralysis and inhibit pharyngeal pumping. Then, LM buffer (25 
mM levamisole in M9 buffer) containing 100 μg/ml gentamicin was 
added, followed by incubation for 45 min to remove the surface bacte-
ria. The worms were then washed three times in LM buffer to remove 
bacteria and antibiotics. The washed worms were incubated with 1% 
Triton X-100 and mechanically disrupted using a motor pestle for 3 min. 
Worm lysates were diluted in M9 buffer, spread on Luria-Bertani (LB) 
agar containing 50 μg/ml streptomycin, and incubated overnight at 
37 ◦C. Colonies were quantified, and the number of bacteria per nem-
atode was calculated. For the fluorescence visualization, E. coli OP50 
were transformed with the GFP-UV vector (which is resistant to Ampi-
cillin, 100 μg/ml) for bacterial colonization assays [37,38]. The intes-
tinal GFP-UV-OP50 fluorescence of worms was examined by 
fluorescence microscopy using an Axio Imager M2 (ZEISS, Gottingen, 
Germany). The Multi Gauge V. 3.0 (Fusifilm Life Science, USA) program 
was used to measure intestinal GFP-OP50, bacterial distribution, and 
width and length of the intestines. 

2.15. Intestinal barrier function assay (Smurf assay) 

Methods for C. elegans are based on our previous reports [37,38]. 
After 24 h DON treatment, worms from the NGM agar plates were 
cultured for 3 h in the liquid media of UV-killed E. coli OP50 that was 
mixed with blue food dye (TCI, FD&C Blue #1, B0790, Portland, OR, 
USA; 5.0% wt/vol in NGM liquid solution). The worms were then 
washed in M9 buffer until the blue color was no longer visible and were 
anesthetized in M9 buffer containing 25 mM levamisole. The worms 
were then analyzed on a slide to determine the presence of blue food dye 
in the body cavity by using an Eclipse Ts2R microscope (Nikon, Tokyo, 
Japan) under 20 × magnification. Data were analyzed using GraphPad 
Prism software. 

2.16. DAPI staining of worms 

The worms washed in M9 buffer were mounted on slides. After 
wiping away surplus liquid using Whatman paper, 95% ethanol was 
added and allowed to dry. This procedure was repeated four times. The 
fixed worms were then added to fluorescent mounting medium con-
taining DAPI solution (IHC World, Woodstock, MD, USA). 

2.17. Quantitative PCR (qPCR) 

qPCR was conducted using a Rotor Gene Q instrument (Qiagen, 
Hilden, Germany) to measure the amplification of cDNA using SYBR 
green (Enzynomics) based on the previous report [38]. All experiments 
included three replicates to ensure reproducibility, and each indepen-
dent experiment was repeated three times. Relative quantification of 
gene expression was performed using the comparative threshold cycle 
(Ct) method. The Ct value is defined as the point where a significant 
increase in fluorescence is observed. The 5′ forward and 3′ reverse 
complement PCR primers for amplifying each gene were as follows: 
Act-1 (forward 5′-CCA AGA GAG GTA TCC TTA CC-3′, reverse 5′CTT 
GGA TGG CGA CAT ACA TG-3′), lys-7 (forward 5′- CGT CAA ACT TGG 
CAT CTT AT-3′, reverse 5′-CGT TAT TTG GCC AGT TAG TT-3′), T24B8.5 
(forward 5′- TCA TCG GAT TTG TGA TTG TG-3′, reverse 5′-GTC TAA 
CAT AGT TTG GGC AG-3′), and lys-8 (forward 5′-AAA TCA GTG GCT 
CTT TTG TC-3′, reverse 5′-CAT GTA GAT CTC TGT TCC GA-3′). 

2.18. Stool sample collection and DNA extraction 

After 24 h of DON administration, stool samples (5–6 pieces) (100 
mg) of fecal samples were collected before animal sacrifice. The 
collected stool samples were stored at − 150 ◦C prior to DNA extraction. 
Microbial DNA was extracted and purified from 100 mg of the fecal 
sample using Exgene Stool DNA mini kit (GeneALL, Seoul, Korea) ac-
cording to the manufacturer’s instructions. The extracted DNA was 
quantified using Qubit fluorometer and a high-sensitivity dsDNA re-
agent kit (Invitrogen, Carlsbad, CA, USA). 

2.19. Amplification of the 16S rRNA genes and library preparation 

A total DNA samples were pooled as treatment groups for a 16S 
metagenomic library preparation. The V4 region of the 16S rRNA genes 
was PCR-amplified with a primer set (533F, 5′- 
GTGCCAGCMGCCGCGGTAA-3’; 806R, 5′-GACTACHVGGGTWTCTAAT- 
3′) and Illumina sequencing adaptors (Illumina Inc.) using the KAPA 
HiFi HotStart Ready Mix (KAPA Biosystems, Wilmington, WA, USA) 
under the following cycling conditions: initial denaturation 95 ◦C for 3 
min, followed by 25 cycles of denaturation at 95 ◦C for 30 s, annealing at 
55 ◦C for 30 s, extension at 72 ◦C for 30 s, and a final extension at 72 ◦C 
for 5 min. After amplicon purification using AMPure® XP beads 
(Agencourt Biosciences, Beverly, MA), PCR products were validated for 
library size using a BioAnalyzer. Then, the PCR amplicon was subjected 
to indexing PCR using the Nextera XT Index Kit (Illumina, Inc.). The PCR 
cycling conditions were as follows: 95 ◦C for 3 min, followed by 8 cycles 
of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, extension at 
72 ◦C for 30 s, and a final extension at 72 ◦C for 5 min. The indexed PCR 
amplicons were purified using AMPure® XP beads, verified for size 
using a BioAnalyzer, and quantified using the Qubit fluorometer. The 
quantified amplicons were diluted to 1 nM and pooled together for 
sequencing on an Illumina iSeq platform (Illumina, Inc.), targeting 2 ×
150 bp paired-end sequence reads. 

2.20. Microbiome data processing 

All sequences were quality-filtered and the primers were trimmed 
using Trimmomatic (v0.39) [43] with the following parameters: 
LEADING:3 TRAILING:3 MINLEN:36 SLIDINGWINDOW:4:15). The read 
pairs passing the quality filter were further analyzed using the Quanti-
tative Insights Into Microbial Ecology 2 (QIIME2, v2020.2) pipeline 
[44]. Using the DADA2 algorithm [45], the 34 bases of the reverse reads 
were truncated for quality improvement. The read pairs were then 
joined, denoised, and dereplicated, and chimeras were removed. The 
detailed data were used to call ASVs. The 16S rRNA representative se-
quences were assigned to taxonomic groups using the QIIME2 naive 
Bayes classifier trained on 99% operational taxonomic units (OTUs) and 
the primer region from the SILVA rRNA database (v132) [46]. The 
taxonomic classification was visualized using the QIIME2 taxon barplot 
plugin. The 16S rRNA representative sequences were subjected to 
masked multisequence alignment using MAFFT [47,48]. A phylogenetic 
tree was constructed using FastTree [49]. A heatmap, depicting the 
percentage abundance of OTUs, the relative abundance of which was in 
the top 30 in any sample, was generated using the R package, QIIME2R 
(v0.99.22). A phylogenetic tree based on the abundant OTUs was con-
structed and visualized using the neighbor-joining algorithm with 
Jukes-Cantor correction using MEGA X [50]. Additionally, we used the 
CLcommunity™ software for analysis. 

2.21. Statistics and reproducibility 

Statistical analyses were performed using GraphPad Prism v. 8.4.2 
(La Jolla, CA, USA). For comparative analysis of two groups of data, 
Student’s t-test was performed. For comparative analysis of multiple 
groups, data were subjected to analysis of variance (ANOVA) with 
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Fig. 1. Involvement of the ribotoxic stress response and signaling in the aging process 
A-B. Expression of ribotoxic stress-responsive genes (PKR (A), ZAK (B)) were assessed in young and elderly subjects (GTEx V8, n = 148). Results are shown as mean 
values ± SD. Asterisks (*) indicate significant differences between groups (***p < 0.001). C. Survival of wild-type (N2) C. elegans grown on lawns of E. coli OP50 
containing different concentrations of DON. Age-synchronized young-adult worms were supplemented with different doses of DON, and the survival of the worms 
was monitored three times a day until all worms were dead. D-G. Survival of wild-type (N2), Sek-1 mutant (D), Pmk-1 mutant (Pmk-1 MT, E), ATF-7 mutant (ATF-7 
MT, F), and SKN-1 mutant (SKN-1 MT, G) C. elegans exposed to vehicle or the ribotoxic stressor (500 ng/ml DON). 
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Fig. 2. Human intestinal transcriptome-based evaluations 
A. Correlation of the ribosomal stress markers and gut barrier integrity-linked molecules in the nondiseased human population (GTEx dataset v8). For two gene 
correlation coefficient (R) determination in the IBD-based datasets, Pearson’s correlation analysis was performed. B–C. Results are depicted as box-and-whisker plots 
(Tukey) for expression of mucins (MUC3A or MUC4) in normal mucosal intestinal tissues (GTEx dataset v8). Values are presented as transcripts per million (TPM). 
Statistical significance of the expression variation with age is illustrated on the top of each plot (Kruskal–Wallis test). D-G. Based on PKR (D, F), or ZAK (E,G) levels, 
we chose the 150 highest and 150 lowest level samples, which were further evaluated for MUC3A or CLDN3 levels. Results are shown as mean values ± SD and 
asterisks (*) indicate significant differences between groups (***p < 0.001). 

J. Sun et al.                                                                                                                                                                                                                                      



Redox Biology 59 (2023) 102565

7

Fig. 3. Ribosomal insult disrupts the integrity of the worm gut barrier 
A-B. To visualize intestinal cell nuclei, C. elegans of different ages were treated with vehicle or the ribosomal stressor (500 ng/ml DON) for 24 h and stained with 
DAPI (blue) (A, × 100; scale bar(s), 100 μm). The graphs indicate the number of intestinal nuclei in worms exposed to the ribosomal stressor at different ages (B). 
Results are shown as a plot with Tukey whiskers. Different letters over each box represent significant differences between groups (p < 0.05). C-D. Representative 
images of N2, Sek-1, Pmk-1 mutant animals after 3 h of staining with blue food dye. Animals were exposed to 24 h of treatment with the vehicle or 500 ng/ml DON 
(C). Black arrows indicate areas where blue food dye has leaked from the gut lumen into the body cavity, giving rise to the Smurf phenotype. Microscopic analysis 
was performed at 200 × magnification; scale bar(s), 25 μm. Quantitative analysis of the relative leakage of the dye (D). Results are shown as a plot with Tukey 
whiskers. Different letters over each box represent significant differences between groups (p < 0.05). . (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Ribosomal insult disrupts mucosal and epithelial barriers in mice 
A-B. Young (6 weeks) and old (19 months) mice were exposed to chemical ribosomal stressor (25 mg/kg DON) for 12 h (N = 20). Small intestines were stained for 
immunohistochemistry using anti-p-p38 antibody with hematoxylin counterstaining (A), and expression levels were quantified using Histoquest analysis software ( 
× 200; scale bar(s), 100 μm) (B). Results are shown as a plot with Tukey whiskers. Different letters over each box represent significant differences between groups (p 
< 0.05). C. FITC-dextran concentration in blood samples from C57BL/6 mice exposed to vehicle or chemical ribosomal stressor (25 mg/kg DON) for 3 h (**p < 0.01, 
N = 6). Results are shown as a plot with Tukey whiskers. Asterisks represent a significant difference between groups (p < 0.05). D-F. Young (6 weeks) and old (19 
months) mice were exposed to vehicle or chemical ribosomal stressor (25 mg/kg DON) for 12 h (N = 20). Small intestines were isolated for the analysis of goblet cells 
and mucin production, which was visualized by staining with alcian blue ( × 200; scale bar(s), 100 μm) (D), and expression levels were quantified using Histoquest 
analysis software (E). Additionally, the numbers of the goblet cells per villus were compared in each group (F). Results are shown as a plot with Tukey whiskers. 
Different letters over each box represent significant differences between groups (p < 0.05). G-H. Epithelial permeability of differentiated IPEC-1 cells exposed to each 
combination of chemicals at different time points using TEER (G) and FITC-dextran (H). Different letters over each bar represent significant differences between 
groups (p < 0.05). Data represent three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Newman-Keuls method as a post hoc ANOVA assessment. For two gene 
correlation coefficient (R) determination in IBD-based datasets, Pear-
son’s correlation analysis was performed. All in vitro evaluations are 
representative of two or three independent experiments. Details of the 
number of biological replicates and the assays are given in each figure 
legends. 

3. Results 

3.1. Effect of ribosomal stress on the lifespan of C. elegans under the 
ribosomal stress 

Ribosomal stress responses were assessed in human aging using the 
transcriptome dataset of nondiseased tissue from the Genotype-Tissue 
Expression (GTEx) project. We assessed key sentinel molecules in 
response to ribosomal dysfunction in the gut. In particular, protein ki-
nase R (PKR) and leucine-zipper and sterile alpha motif containing ki-
nase (ZAK) are crucial upstream sentinel molecules during ribosomal 
stress responses [19,51]. Levels of PKR and ZAK transcript expression in 
elderly subjects were significantly higher than the young subjects 
(Fig. 1A and B), indicating the ribosomal stress increases with the aging 
process. Simulative assessment of the aging-associated effects of ribo-
somal stress was evaluated using C. elegans rather than mammalian 
models, since the average lifespan of a wild-type worm is approximately 
3 weeks. In terms of lifespan, the survival of wild-type worms (N2) 
decreased with exposure to a representative chemical ribosomal stressor 
(deoxynivalenol, DON) in a dose-dependent manner (Fig. 1C). Accord-
ing to the extensive survey in 7049 cereal samples sourced in North and 
South Americas, Europe, and Asia during 2009–2011, 59% of samples 
were contaminated with DON, and an average contamination level was 
1 mg DON/kg grain [52]. Therefore, in the present models, we used 
50–1000 ng/ml DON which corresponds to mammalian exposure levels 
(0.05–1.0 mg DON/kg diet), which is supposed to be realistic within the 
average contamination level [40]. Moreover, epithelial exposure to 
50–1000 ng/ml DON increases the proinflammatory cytokine expres-
sion in a dose-dependent manner despite ribosomal stress-induced cell 
cycle arrest [3,53]. In the present study, most of mucosal exposure was 
performed at 20% cell growth-inhibitory dose of the ribotoxic stressor 
(ID20, 500 ng/ml DON). In mammalian cells, p38 MAPK signaling is a 
central signaling mediator of cellular stress responses to ribosomal 
dysfunction [54–56]. On an assumption that stress-responsive p38 
MAPK signaling can be involved in the aging process, it was assessed in 
the nematode model. The involvement of the p38-activated pathway in 
the regulation of the lifespan was assessed in C. elegans under the ribo-
toxic stress. Sek-1 encodes a MAPK kinase (MAPKK) that phosphorylates 
the p38 MAPK Pmk-1 in C. elegans. Sek-1 and Pmk-1 mutant animals 
displayed shortened lifespan compared to the wild-type (N2) in response 
to the chemical ribosomal insult (Fig. 1D and E, respectively). Moreover, 
genetic mutation of Pmk-1 downstream signaling transcription factors 
including ATF-7 and SKN-1 also notably reduced the lifespan of the 
nematode (Fig. 1F and G, respectively). Taken together, these results 
indicate that the p38 MAPK signaling positively influences the lifespan 
of worms in both normal and ribotoxic stress states. 

3.2. Disruption of gut epithelial and mucosal barriers in intoxicated hosts 

Since the aging process is closely associated with deterioration of the 
gastrointestinal tract as mentioned in the introduction, we analyzed 
expression levels of human intestinal integrity biomarkers using the 
transcriptome dataset of nondiseased tissue from GTEx project. It was 
initially hypothesized that the host ribosomal stress is elevated with 
aging (Fig. 1A), which will influence the gut barrier integrity during the 
stress. We specifically evaluated correlation of the ribosomal stress 
markers (PKR and ZAK) and levels of components of the mucosal and 
epithelial layer, including mucins, antimicrobial peptides (AMPs), and 
tight junction-associated molecules. In particular, among the 

components, the most of mucins are negatively associated PKR and ZAK 
(Fig. 2A). In addition, the ribosomal stress marker levels displayed high 
correlation with expressions of the main intestinal claudins (CLDN3, 
CLDN7, CLDN8, and CLDN15), tight junction protein 3 (TJP3), and 
occludin (OCLN). Of note, expression of two mucins (MUC3A and 
MUC4) was assessed in different age groups. Compared to the levels in 
young age group (aged 20–29 years), expression of MUC3A and MUC4 
tended to decrease with age, which was prominent in elderly groups 
(aged 60–79 years) (Fig. 2B and C, respectively). Moreover, expressions 
of barrier-associated molecules (MUC3A and CLDN3) were down-
regulated in high PKR or high ZAK subjects (Fig. 2C–F), verifying the 
inverse correlations between ribosomal stress and barrier integrity. 
From human dataset-based evaluation, it was hypothesized that gut 
stress-induced barrier disruption may be a crucial cause of reduced 
longevity in aged organisms. The mechanism of ribosomal stress- 
associated regulation of the lifespan was investigated further in nema-
tode guts. Morphologically, the ribosomal insult caused a reduction in 
the number of intestinal nuclei in the gut luminal lining (Fig. 3A and B). 
Furthermore, Sek-1 and Pmk-1 mutants exhibited a more reduction in 
the number of intestinal nuclei than that in wild-type animals, which 
was gradually aggravated with time (day 5 and day 12) (Fig. 3A and B). 
Barrier integrity was tested using a non-absorbable blue food dye and 
was microscopically visualized. While the majority of staining was 
observed within the intact gut lumen, ribosomal stress led to partial 
spreading of the dye into their body cavity (Fig. 3C and D). In contrast, 
Sek-1 and Pmk-1 mutants experienced severe leakage of the dye into the 
body cavity in response to the ribosomal stress as the exposure time 
increases. Moreover, Sek-1 mutants displayed an extensive spread of the 
luminal contents in the body cavity via severe loss of the gut epithelial 
barrier integrity in response to DON at day 12. The relative permeability 
of the gut barrier was monitored by staining the fat under the intestinal 
epithelial layer using Nile red as a lipophilic fluorescent dye after 
epithelial barrier disruption (Oil red O was used to counterstain major 
lipid storage region in the nematodes, Supplementary Figs. 1A–1B). 
After 24 h exposure to chemical ribosomal stressor, permeability (rela-
tive ratio of Nile red/Oil red O) was confirmed, and there was a notable 
increase in gut permeability in sek-1 deficient animals in response to the 
ribosomal insult. Moreover, cross-sectional observation of the nematode 
gut barrier under an electron microscope demonstrated that Sek-1 
deficiency led to disruption of the gut epithelial layer in response to 
the ribosomal insult, although there were rare histological injuries in the 
horizontal gut epithelial layer of wild-type animals in response to the 
ribosomal insult in the early age (day 2) (Supplementary Fig. 1C). All of 
these evidences support the barrier-protective action of Sek-1/Pmk-1- 
linked signaling in response to the ribosomal insult. 

Consistent with the results in the nematode, comparative analysis in 
the murine model showed a similar pattern of gut barrier regulation. 
Aging-associated reduction of Sek-1-linked signaling was confirmed in 
the mouse intestine. In addition to the basal levels of p38 phosphory-
lation, levels of ribosomal stress-activated p38 MAPK were also atten-
uated in the guts of old mice (Fig. 4A and B). Functionally, aging- 
associated barrier responses were evaluated by measuring serum 
levels of luminally applied fluorescein isothiocyanate [FITC]-dextran in 
the mice (Fig. 4C). As in the nematode model, the ribosomal insult 
increased serum FITC-dextran in the mouse gut. Stress-induced barrier 
disruption was notably aggravated in the elderly subjects compared to 
the young group. In addition to the epithelial barrier, the mucosal layer 
and mucin secretions were impaired by the ribosomal insult in mouse 
gut lumen (Fig. 4D). Compared to young mouse guts, old mouse in-
testines exhibited similar levels of mucus secretion and goblet cells; 
however, mucus secretion and number of goblet cells in response to ri-
bosomal stress were severely attenuated in the old animal group, indi-
cating age-associated aggravation of barrier responses to gut insult 
(Fig. 4E and F). We further mechanistically evaluated the roles of the 
Sek-1/p38 MAPK signaling pathway in maintaining gut barrier integrity 
in response to mucosal insult using a porcine enterocyte monolayer 
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Fig. 5. Ribosomal insult changes gut bacteria colonization in C. elegans 
A-B. Fluorescence microscopy observation of N2, Sek-1, Pmk-1 mutant nematodes feeding on GFP-expressing E. coli OP50 containing vehicle or chemical ribosomal 
stressor (500 ng/ml DON) for 24 h (left panel) ( × 100; scale bar(s), 100 μm) (A). Relative density of GFP-labeled E. coli OP50 the gut lining (B). Results are shown as 
a plot with Tukey whiskers. All data represent three independent experiments (*p < 0.05, **p < 0.01). C. Number of viable intestinal E. coli OP50 after exposure of 
N2, Sek-1, Pmk-1 mutant nematodes in response to vehicle or chemical ribosomal stressor (500 ng/ml DON) for 24 h. Data represent mean ± SD (N = 3) and results 
are shown as mean values ± SD. Asterisks (*) indicate significant differences between groups (*p < 0.05, ***p < 0.001). D. mRNA levels of T24B8.5, lys-7, and lys-8 
worms exposed to vehicle or chemical ribosomal stressor (500 ng/ml of DON) for 48 h determined using qPCR. Data represent three independent experiments. 
Different letters represent significant differences between groups (p < 0.05). E. Longitudinal distribution of OP50 in the guts of nematodes exposed to vehicle or 
chemical ribosomal stressor (500 ng/ml of DON) for 48 h. Data represent three independent experiments. 
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culture. The ribosomal insult led to a reduction in transepithelial elec-
trical resistance (TEER) in monolayer cultures of porcine enterocytes 
(IPEC-1), which was exacerbated by the blocking of the Sek-1/p38 
MAPK signaling pathway (Fig. 4G). Moreover, measurements of intes-
tinal monolayer permeability using FITC-dextran confirmed the deteri-
oration of barrier integrity via the inhibition of p38 MAPK signaling in 
response to the ribosomal insult (Fig. 4H). Together, these data 
demonstrate the pivotal function of epithelial p38 MAPK in preventing 
gut barrier disruption in response to ribosomal insult. The old animals 
displayed low levels of p38 signaling, thus indicating their high sensi-
tivities to ribosomal stress-induced gut barrier disruption. 

3.3. Ribosomal insult increases bacterial exposure in the nematode gut 

The maintenance of gut barrier integrity is crucial for the control of 
microbial colonization during aging. Distribution of gut bacteria was 
monitored using GFP-labeled OP50. GFP-labeled microbes were quan-
tified in the gut lining, from the mouth to the anus (Fig. 5A–B). At the 
early age of day 2, gut bacterial levels were too marginal to detect. 
However, bacterial colonization increased with time of the aging, which 
was notable under the ribosomal stress at day 12. Moreover, Sek-1 and 
Pmk-1 mutants displayed significantly increased levels of bacterial 
colonization. In particular, Sek-1 and Pmk-1 mutants demonstrated 
increased transverse migration from the gut lumen to the inner body 
cavity in response to ribosomal insult relative to that in wild-type 
nematodes. Moreover, the quantitation of the gut bacteria verified the 
microscopic observation of bacterial colonization and translocation 
(Fig. 5C). The ribosomal stress increased the number of intestinal E. coli. 
More bacteria were detected in Sek-1 and Pmk-1 mutants than in the 
wild type animals, indicating the preventive roles of Sek-1/p38 MAPK- 
associated signaling against bacterial access and colonization in this 
nematode gut model. 

In response to bacterial access, C. elegans has evolved its defense 
against microbial exposure by producing lysozymes in addition to the 
epithelial barrier junction. In response to ribosomal stress, the animals 
suppress the production of lysozymes, other than lysozyme 7; however, 
Sek-1 mutants displayed attenuated induction of lysozymes, indicating 
the positive regulation of lysozyme expression by Sek-1 signaling 
(Fig. 5D). Moreover, GFP-labeled OP50 was quantified in the three 
segments of the gut lining, from the mouth to the anus during longitu-
dinal observation. Lysozyme-mutant animals were more susceptible to 
longitudinal translocation of the gut bacteria at the distal section of the 
gut in response to the ribosomal insult (Fig. 5E). Taken together, Sek-1 
signaling was found to be important in microbial regulation of the 
nematode gut in response to the ribosomal stress via lysozyme produc-
tion and enhanced integrity of the mucosa and epithelial lining. 

3.4. Disruption of the murine intestinal barrier allows greater microbial 
access 

Consistent with the results from the nematode gut model, ribosomal 
insult increased susceptibility to luminal bacterial translocation in the 

murine model. Enteropathogenic E. coli (EPEC) is a human enteric 
pathogen that attaches to the surface of intestinal epithelial cells and 
causes watery diarrhea; however, in mice, EPEC infections result in 
relatively mild symptoms, such as histological changes (e.g., increased 
numbers of lamina propria neutrophils) without diarrhea [57]. In the 
present study, EPEC infection did not cause diarrhea or intestinal 
shortening in the murine model (Fig. 6A); however, EPEC infection 
shortened colon length in ribosome-insulted animals, which was much 
more severe when p38 MAPK was inhibited. Moreover, inhibition of p38 
MAPK increased mouse mortality, implicating p38 MAPK-dependent 
resistance to EPEC infection (Fig. 6B). Similarly, the length of the in-
testinal villi was shortened in response to EPEC infection, and this 
phenomenon was particularly prominent in ribosome-insulted hosts in a 
p38 MAPK-associated manner (Supplementary Fig. 1D). In terms of 
pathological scoring, the ribosomal insult aggravated infection-linked 
disease severity in the gut. Moreover, p38 inhibition in the 
EPEC-infected gut with pre-exposure to the ribosomal stress resulted in 
severe epithelial loss, ulceration, and inflammatory lesions (Fig. 6C and 
D). Intestinal epithelial loss was further confirmed by the measurement 
of claudin 3 expression as a representative junctional molecule in 
response to the ribosomal insult. Epithelial claudin 3 was similarly 
regulated in the murine infection model. The ribosomal insult reduced 
the expression of claudin 3, which was severely reduced in host guts 
where p38 MAPK was inhibited during EPEC infection (Fig. 6E). F-actin 
is strongly localized to the apical surface of the epithelium, while the 
ribosomal insult exacerbated the disruption of this marker of epithelial 
polarity in response to EPEC infection, triggering the spread of F-actin to 
basolateral regions (Fig. 6F). Furthermore, the inhibition of p38 MAPK 
led to a complete loss of polarity and even distribution of F-actin 
throughout the epithelial cells, indicating the regulatory role of 
p38-linked signaling in the maintenance of enterocyte polarity in 
response to the ribosomal insult. 

In addition to influences on the epithelial barrier, the mucosal bar-
rier was assessed by evaluating mucus secretion by the gut epithelia. 
EPEC infection led to a slight decrease in mucus secretion, which was 
exacerbated by the ribosomal stress (Fig. 7A). Of note, p38 inhibition 
completely depleted mucus production in the guts of mice infected with 
EPEC after ribosomal insult. Along with a reduction in mucin produc-
tion, secretion of the antibacterial peptides such as lysozymes demon-
strated similar patterns in the murine model. The ribosomal insult 
significantly downregulated lysozyme expression in the guts of mice 
infected with EPEC, while p38 MAPK positively regulated lysozyme 
secretion in response to EPEC infection (Fig. 7B). The insult disrupted 
the mucosal barriers (mucus and lysozyme secretion) between luminal 
bacteria and epithelia, which are crucial for defense against luminal 
bacteria. Barrier disruption led to increased accessibility of the gut 
bacteria (Fig. 7C) and EPEC (Fig. 7D) to the gut epithelial layer. More-
over, p38 inhibition in EPEC-infected guts displayed complete loss of the 
mucosal barrier and subsequent access of luminal commensal and 
pathogenic bacteria toward the epithelial layer under the ribosomal 
insult (Fig. 7C and D), indicating a protective role of the p38 pathway 
against gut microbiota and enteric pathogens, consistent with findings in 

Fig. 6. Ribosomal insult exacerbates colitis and barrier disruption in a p38-dependent manner 
Mice pretreated with p38 inhibitor (P38I, SB203580, 10 mg/kg, I.P.) for 2 h were exposed to vehicle or chemical ribosomal stressor (25 mg/kg DON) via gavage for 
24 h then were orally infected with sterile LB broth or EPEC (1 × 109 CFU) for 4 days (N = 13). A. After treatment, colon lengths were compared between groups and 
were quantified (the right graph). Results are shown as mean values ± SD. Different letters over each bar represent significant differences between groups (p < 0.05). 
B. Survival proportion of exposed mice. C. Representative histologic observations of hematoxylin and eosin (H&E)-stained small intestine sections by microscopy (left 
panels) and pathological severity (right graphs) ( × 200; scale bar(s), 100 μm). Different letters over each bar represent significant differences between groups (p <
0.05). D. Extent of ulcerated areas in H&E-stained small intestine samples. Results are shown as a plot with Tukey whiskers. Different letters over each box represent 
significant differences between groups (p < 0.05). E. Images of claudin 3 (green) expression in the small intestine and the relative expression (%) of claudin 3 in tissue 
samples counterstained with DAPI ( × 400; scale bar(s), 50 μm). The right graph: quantification of claudin-3 in tissue samples. Results are shown as a plot with Tukey 
whiskers. Different letters over each box represent significant differences between groups (p < 0.05). F. F-actin (red) staining and DAPI nuclear staining (blue). White 
arrows indicate the altered localization of F-actin from apical distribution (left panel) and relative spreading of apical F-actin (%) (the right graph) ( × 400; scale bar 
(s), 50 μm). Results are shown as a plot with Tukey whiskers. Different letters over each box represent significant differences between groups (p < 0.05). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the nematode model (Fig. 5). Taken together, our data indicate that ri-
bosomal insult disrupts the integrity of both the epithelial and mucosal 
barrier in a p38 MAPK-dependent manner, which may account for the 
increased invasion of commensal and pathogenic bacteria in the murine 
model. 

3.5. Ribosomal stress-responsive microbiota predicts the mucin 
degradation in the aged animals 

In addition to stress-induced barrier disruption during the aging, we 
evaluated the effects of the chemical ribosomal stressor (DON) on the 
microbial community in the aged subjects. Since DON specifically binds 
to the eukaryotic ribosomes, the potent effect of DON on the bacterial 
community would be due to alterations in host pathophysiological states 
rather than a direct impact on the microbes. The alpha diversity based 
on the Shannon metrics showed that the microbial communities under 
the ribosomal stress had a lower degree of diversity than those in the 
aged control mice (Supplementary Fig. 2A). Moreover, the ribosomal 
insult caused pronounced changes in gut microbiota composition, such 
as an increased proportion of Phylum Bacteroidota with a decrease in 
Phylum Firmicutes (Supplementary Fig. 2B). Furthermore, the decrease 
in Firmicutes was due to reduction in Class Clostridia population 
whereas the increase in Phylum Bacteroidota was linked to the reduced 
population of bacteroidia in response to chemical ribosomal insult 
(Supplementary Fig. 2C). Closer observation of high abundant genus or 
species demonstrated that the abundance of Muribaculum and Dunca-
niella dubosii were notably elevated by the ribosomal stress (Fig. 8A). In 
terms of mucosal barrier disruption, members of the underexplored 
family Muribaculaceae were recently revealed as major mucin mono-
saccharide foragers [58]. In the present study, the concomitant increase 
in Muribaculaceae members such as Muribaculum and Duncaniella 
dubosii predicts the disruption of the mucosal layer over the epithelial 
lining in response to the ribosomal stress and altered bacterial com-
munity. Furthermore, the metagenomic prediction based on the 16S 
rRNA profile using PICRUSt2 demonstrated significant elevations in 
genes encoding mucin degradation-related enzymes in response to ri-
bosomal stress in the aged mice (Fig. 8B). In particular, genes for 
beta-galactosidase (EC:3.2.1.23), alpha-L-fucosidase (EC:3.2.1.51), 
beta-N-acetylhexosaminidase (EC:3.2.1.52), alpha-galactosidase 
(EC:3.2.1.22), alpha-glucosidase (EC:3.2.1.20), sialate O-acetylesterase 
(EC:3.1.1.53), exo-alpha-sialidase (EC:3.2.1.18), beta-mannosidase 
(EC:3.2.1.25), and alpha-N-acetylglucosaminidase (EC:3.2.1.50) were 
significantly enhanced by the chemical ribosomal stress in the aged 
mice. Taken together, the abundances in mucin metabolism-linked 
bacteria and enzymes were concomitantly increased with the mucosal 
barrier disruption by the ribosomal stress with aging. 

4. Discussion 

In response to internal or external insults, the ribosomes are crucial 
in managing the cellular integrity. Since levels of biomarkers for the 
ribosomal stress and dysfunction are elevated with aging in humans, we 
simulated the actions of the ribosomal dysfunction in the aging process 
using a most frequently-exposed ribosome-targeting agent in human 

environment. DON is the most frequently occurring ribotoxic stressor 
primarily produced by Fusarium species [59,60]. The molds colonize 
more than 60–70% of global agricultural commodities, including a va-
riety of cereal-based foodstuffs and animal feed [4,5]. In addition to 
contaminating crops, DON is released into surface soil water and 
drainage systems and is a micropollutant in soil and aqueous environ-
ments [6–8]. The aged hosts exhibit greater susceptibility to 
DON-induced disruption of the epithelial and mucosal barriers of the gut 
than that by young animals, which was concomitant with attenuation of 
Sek-1/p38-associated signaling during aging process. Since Sek-1 is 
positively involved in the maintenance of junctional molecules and the 
expression of antimicrobial lysozymes, its signaling attenuation in the 
aged subjects may account for their increased susceptibility to barrier 
disruption and subsequent microbial access. Moreover, the abundances 
in mucosa-foraging bacteria and genes for mucin metabolism-linked 
enzymes were elevated with the mucosal barrier disruption in the 
ribosome-insulted aged subjects (Fig. 8C). For longevity, it is crucial to 
maintain barrier-associated defenses against microbial access. A weak-
ened gut lining in aged hosts may allow exogenous or indigenous mi-
crobes to translocate through the barrier and evoke inflammatory 
responses, leading to sepsis and mortality, although the microbes 
themselves are hardly pathogenic. During the aging process, ribosomal 
stress-activated Sek-1/p38 MAPK-associated signals are considered 
beneficial for the defense against mucosal access and in counteracting 
gastrointestinal insult, including the barrier disruption. These endoge-
nous defense signals diminish during aging and may exacerbate gut 
toxicity and disease susceptibility with dysbiotic bacterial community in 
elderly hosts. We have no direct evidence that the ribosomal insult 
directly reduces human life expectancy; however, the ribosomal 
stress-associated molecular features are elevated with aging process, 
which is closely associated with increased disruption of gut barrier 
integrity. Deleterious effects of aging-associated ribosomal insult on gut 
barrier integrity may contribute to increased susceptibility to 
life-threatening microbial and inflammatory risks in a 
Sek-1/p38-inversed way, which function similarly in both worm and 
mouse models. Considering molecular and cellular pathways, there is a 
notably high level of conservation between C. elegans and mammals 
including humans. Among the available 18,452 C. elegans protein se-
quences, at least 83% (15,344 sequences) of worm proteome has human 
homologous genes [61]. Moreover, worms present evolutionary 
conserved signaling pathways including the Ras, the Wnt, the Smad, and 
the Notch pathway as well as MAPK-associated signals, which are 
involved in complex human diseases or biological processes such as 
aging. Toxicological consistency between worms and mammals in the 
present study suggests a usefulness of the worm exposure model to 
elucidate the causal effects of environmental and human health risk 
factors in a one health perspective (Fig. 8C). 

Among aging-associated molecular mechanisms, alterations of the 
translation machinery of the ribosomes can be a central module of the 
protein homeostasis during the aging process [62]. Excessive protein 
biosynthesis can lead to accumulation of erroneous malfunctional pro-
teins which are potently toxic to cellar integrity during aging. The 
disturbance in protein homeostasis can be minimized by global trans-
lational arrest via depletion of components of the translational 

Fig. 7. Ribosomal insult exacerbates EPEC infection via gut barrier disruption in a p38-dependent manner 
Mice pretreated with p38 inhibitor (P38I, SB203580, 10 mg/kg, I.P.) for 2 h were exposed to vehicle or chemical ribosomal stressor (25 mg/kg DON) via gavage for 
24 h then orally infected with sterile LB broth or EPEC (1 × 109 CFU) for 4 days (N = 13). A. Lysozyme expression in the small intestine with hematoxylin 
counterstaining ( × 200; scale bar(s), 100 μm). The relative lysozyme density was measured using Histoquest analysis software. Relative quantitation is shown as a 
plot with Tukey whiskers. Different letters over each box represent significant differences between groups (p < 0.05). B. Mucin secretion in small intestines (alcian 
blue, positive) ( × 200; scale bar(s), 100 μm). Right panel: mucus indices for images to the left. Relative quantitation is shown as a plot with Tukey whiskers. Different 
letters over each box represent significant differences between groups (p < 0.05). C. Gram staining to determine the ability of total bacteria to access the epithelial 
barrier ( × 100; scale bar(s), 100 μm). Relative quantitation of the mucosal thickness is shown as a plot with Tukey whiskers (the right graph). Different letters over 
each box represent significant differences between groups (p < 0.05). D. Measurement of GFP-labeled EPEC in the mucus to determine its ability to access gut 
epithelia, counterstained with DAPI ( × 200; scale bar(s), 100 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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machinery [63]. Therefore, longevity can be associated with the atten-
uation of the global protein synthesis. However, some proteins are 
needed to be upregulated for damage repair and cellular maintenance 
during aging process. This selective upregulation of the protective pro-
teins can be facilitated by stress-responsive signaling modules during the 
aging process. In the present study, we focused on ribosomal 
stress-activated Sek-1/p38 signaling as the protective platform in the 
epithelial cell integrity. p38 MAPK is an evolutionarily conserved MAPK 
subfamily that has four isoforms, α, β, δ, and γ. It can act as a direct 
sentinel for various stress factors, including oxidative stress, inflam-
matory cytokines and growth factors, and organelle-associated stress [1, 
2,64]. In response to external and internal insults, cells undergo 
reprograming processes associated with proliferation, differentiation, 
and cell death in response to cues from tissues or circulating factors, 
including growth factors, hormones, and cytokines, which leads to the 
activation of MAPK [1]. In particular, when ribosomal insults are 
recognized by the ribosomal scaffold, p38 MAPK signal transduction 
pathways are activated in human and murine cells [1,2]. In the present 
study, Sek-1/p38 MAPK signaling protected both mammalian and 
C. elegans model animals against aging-associated gut damage, whereas 
Sek-1/p38 MAPK signaling-mediated benefits were attenuated by the 
aging process. Aging is associated with a decline in the activity of the 
conserved p38 MAPK signaling pathway, which weakens innate im-
munity against luminal bacteria [65]. Among the downstream tran-
scription factors in C. elegans, activating transcription factor 7 (ATF7), 
an ortholog of mammalian ATF2/ATF7, mediates the regulation of genes 
involved in innate immunity, including C-type lectins, ShK toxins, and 
CUB-like genes [66,67]. In addition to its involvement in antimicrobial 
gene induction, Sek-1/p38 MAPK signaling contributes to prolonging 
animal lifespan through the regulation of oxidative stress responses 
[68]. Specifically, p38 MAPK mediates the activity of the oxidative 
stress-induced Cap-N-Collar transcription factor, SKN-1. In response to 
oxidative stress, enterocytes exhibit nuclear accumulation of the SKN-1 
protein, leading to the induction of a phase II detoxification enzyme 
involved in the maintenance of gut barrier integrity [68]. The p38 
MAPK-mediated regulation of oxidative stress has also been confirmed 
in a mammalian model [69]; therefore, diminished p38 MAPK signaling 
transduction in the aged host may aggravate oxidative injuries in the 
gut, while the production of antimicrobial mediators is reduced, 
allowing increased microbial invasion in the body. 

5. Conclusion 

Based on the genetic features of aging-associated ribosomal 
dysfunction in humans, we simulated the actions of the ribosomal stress 
in the aging process using DON, a ribosome-targeting xenobiotic agent. 
The aged hosts exhibit greater susceptibility to ribosomal stress-induced 
disruption of the epithelial and mucosal barriers of the gut than that by 
young subjects, which was concomitant with attenuation of Sek-1/p38- 
associated signaling during the aging process. Since Sek-1/p38- 
associated signaling is positively involved in the maintenance of junc-
tional and antimicrobial molecules, aging-associated attenuation of the 
protective signaling accounts for the increased barrier distress and sus-
ceptibility to dysbiotic community including muco-foragers in the aged 
hosts. In order to provide translational interventions against ribosomal 

stress-linked gut aging, a systematic network of the chronic adverse 
outcome pathway needs to be carefully addressed in the future 
investigations. 
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