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Disrupted mitochondrial morphology e

and function exacerbate inflammation
in elderly-onset ulcerative colitis
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Abstract

Background The characteristics of ulcerative colitis (UC) in the elderly are quite different from the young population.
Mitochondrial injury is a key mechanism regulating both aging and inflammation. This study aims to reveal the role
of mitochondrial damage in the pathogenesis of adult- and elderly-onset UC.

Methods RNA-sequencing of colonic mucosa from adult- and elderly-onset UC patients was performed. Mitochon-
dria-related differentially expressive genes (mDEGs) and immune cell infiltration analysis were identified and per-
formed in colonic tissues from UC patients. Mice aged 6-8 weeks and 20-24 months were administered 2% dextran
sodium sulphate (DSS) for 7 days to induce colitis. Mitochondrial morphological changes and ATP levels were evalu-
ated in the colons of mice. Mechanistically, we explored the association of key mDEG with reactive oxygen species
(ROS), oxygen consumption rates, NLRP3/IL-1(3 pathway in HCT116 cell line.

Results Thirty mDEGs were identified between adult- and elderly-onset UC, which were related primarily to mito-
chondrial respiratory function and also had significant correlation with different infiltrates of immune cells. Compared
with young colitis mice, DSS-induced colitis in the aged mice exhibited more severe inflammation, damaged mito-
chondrial structure and lower ATP levels in colonic tissues. ALDHILT was identified as a hub DEG through protein—pro-
tein interaction networks of RNA-seq, which was downregulated in UC patients or colitis mice versus healthy controls.
In tumor necrosis factor-alpha-stimulated HCT116 cells, mitochondrial ROS, NLRP3 and IL-1[3 expression increased

less and mitochondrial respiration had an upregulated trend after knocking down ALDHTL1.

Conclusion There are significant differences in mitochondrial structure, ATP production and mitochondria-
related gene expression between adult- and elderly-onset UC, which have a potential link with cytokine pathways
and immune microenvironment. The more prominent mitochondrial injury may be a key factor for more severe
inflammatory response and poorer outcome in elderly-onset UC.

Highlights

1. Aged DSS-induced colitis mice exhibit more severe disrupted mitochondrial morphology, ATP production
and more severe inflammation.
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onset UC.

2. Elderly-onset UC have significant differences in mitochondria-related molecules expression compared with adult-

3. ALDHTL1 expression is significantly increased in elderly-onset UC.
4. ALDH1LT regulates mitochondrial respiration, mitochondrial ROS, and NLRP3/IL-1(3 pathways.
Keywords Ulcerative colitis, Elderly, Mitochondrial damage, Inflammatory response, Immune infiltration

Introduction

Ulcerative colitis (UC) is traditionally considered to be
prevalent in young adults. However, in recent years,
elderly patients with UC are becoming more common
[1]. The characteristics of UC in the elderly are quite dif-
ferent from those in the young population. We reported
that elderly patients with moderate-to-severe UC present
more steroid treatment failure and increased risk of UC-
related colectomy, mortality, and severe infections [2].
Therefore, there is a need to identify the mechanisms of
“aging-colitis progression” to explain the disease behavior
and the poor treatment response in the elderly-onset UC.
However, the underlying mechanism of this difference
remains unclear. Our previous study found that intesti-
nal barrier dysfunction and gut microbial dysbiosis was
more serious in aged mice with dextran sodium sulfate
(DSS)-induced colitis than the young mice [3]. Notably,
gut barrier integrity and homeostasis rely substantially
on sufficient cellular energy, which is mainly supplied
by intracellular mitochondria [4]. And several studies
have revealed that mitochondrial dysfunction and exces-
sive oxidation are the key factors in the pathogenesis of
inflammatory bowel disease (IBD), regulating intestinal
epithelial stemness, barrier integrity, innate immunity
and gut microbiota [5-7]. Haberman Y et al [8]. demon-
strated that by transcriptome sequencing analysis, the
expression of genes associated with ATP production or
mitochondrial biosynthesis was significantly downregu-
lated in active UC patients, and mitochondrial respira-
tion and activity of electron transport chain complex was
also inhibited.

On the other hand, aging is closely associated with
cellular energy decline. Due to high energy demands,
the human gut is more susceptible to aging [9]. Cellu-
lar senescence is always accompanied by mitochondrial
alterations, including morphological changes, decreased
respiratory function and ATP production, oxidative
stress damage [9-11]. “Inflamm-aging” and immunose-
nescence are another two hallmarks of biological aging,
and are characterized by dysfunction of the immune sys-
tem to pathogens or self-antigens and pro-inflammatory
environment [12]. Immune infiltration analysis revealed
that a disproportionate number of immune cells from
innate and adaptive immune system play critical roles in

some aging-associated diseases [13, 14]. Therefore, we
speculate that the interaction between mitochondrial
dysfunction and inflammation-immune dysregulation
may be an important reason for “aging-colitis progres-
sion”. However, the immune infiltration characteristics
of elderly-onset UC remains unclear and it is unknown
whether mitochondrial alterations during aging increases
disease severity through affecting immune function in
aged patients with colitis. This study focused on eluci-
dating the relationship between mitochondrial dysfunc-
tion and inflammatory response in elderly UC, in order
to provide a theoretical basis for disease surveillance in
elderly-onset UC and novel interventions to alleviate the
inflammatory response or improve drug efficacy from the
perspective of mitochondrial function.

Here, this study aimed to elucidate mitochondria-
related transcriptomic changes and immune cell infiltra-
tion features of elderly-onset UC and comprehensively
investigated potential molecular mechanisms involved.
Moreover, we conducted DSS-induced colitis mice to fur-
ther validate the discrepancies in mitochondrial dysfunc-
tion between the young and aged mice. These findings
provide important insights into the mitochondria-related
biological pathways that may predispose elderly patients
to UC, suggesting a potential therapeutic approach for
treating UC in elderly individuals.

Methods

Patients and colonic biopsy

Colonic biopsies from 8 young UC patients and 8 elderly
UC patients were performed in this study, and the biopsy
site was assessed as endoscopic Mayo score ranging
from 2-3. We defined patients diagnosed with UC after
60 years of age as the elderly group, whereas patients
with a diagnosis of UC before 40 years of age were
defined as the young group. The diagnosis of UC was ful-
filled according to the third European Crohn’s and Colitis
Organization (ECCO) consensus guidelines [15]. Mean-
while, healthy controls who met the same criteria for age
were included, and normal colonic biopsy specimens
were collected from these controls. All included cases
had no history of comorbidities including malignant
tumors, severe hepatic and renal insufficiency, severe car-
diovascular and cerebrovascular diseases. Clinical data




Zhang et al. Immunity & Ageing (2025) 22:4

and samples were collected after patients signed written
informed consent.

RNA-sequencing analysis and identification of differential
genes

Colonic mucosal tissues from 3 young and 3 elderly
patients with UC were collected for RNA extraction
using RNeasy Plus Mini Kit (Qiagen), followed by RNA-
sequencing (RNA-seq) analysis. Library preparation was
performed using the NEBNext® UltraTM RNA Library
Prep Kit on an Illumina NovaSeq 6000 platform. HISAT2
(v.2.0.5) was used to map the clean reads to each gene,
with raw data normalized to fragments Per kilobase
of exon model per million mapped fragments (FPKM)
for subsequent analyses. Differentially expressed genes
(DEGs) were identified with the DESeq2 (v1.20.0) pack-
age with a cutoff of P<0.05 and |log(fold change)|> 1.0,
where Log2(FC)>1.0 indicated upregulated genes, and
log2(FC)< —1.0 indicated downregulated genes. The
DEGs between the young and elderly group were illus-
trated with a volcano plot generated via the R package
“ggpubr”. Functional enrichment analyses of the DEGs
were performed with the clusterProfiler package, with
the terms of Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG) and gene set enrichment
analysis (GSEA) identified with a cutoff of P<0.05.

Identification of mitochondria-related DEGs and functional
enrichment analysis

The Integrated Mitochondrial Protein Index (IMPI) of
the MitoMiner database (http:// mitominer.mrc-mbu.
cam.ac.uk/) provides 1626 human mitochondria-related
genes. Overlapping genes among DEGs from RNA-
seq and mitochondrial-related genes from the Mito-
Miner database were defined as mitochondria-related
DEGs (mDEGs). A heatmap of mDEGs expression in
adult- and elderly-onset UC patients was drawn based
on log,-transformed FPKM values from RNA-seq using
the "pheatmap" package in R. Different color indicated
the expression of the genes in different samples. As
mentioned above, the list of mDEGs was used for GO
and KEGG enrichment analyses via the clusterProfiler
package.

Immune infiltration analysis

Based on the RNA-seq results, we further used the CIB-
ERSORT algorithm to evaluate immune cell infiltration
and its relationship with mDEGs in adult- and elderly-
onset UC. The analysis was performed using the "CIBER-
SORT" package in R [16]. The FPKM data from RNA-seq
was used for the CIBERSORT algorithm. The validated
leukocyte gene signature matrix (LM22) was applied to
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quantify 22 phenotypes of human infiltrating immune
cells (https://www.nature.com/articles/nmeth.3337#
MOESM?207) [17]. The proportions of 22 immune cells in
each tissue sample were then calculated. As a reference
expression profile of human tissue, the LM22 signature
matrix defined 22 infiltrating immune cell components.
A heatmap was generated using R package “pheatmap”
to illustrate the proportions of different immune cells in
each sample. Comparative analysis of immune cell pro-
files between adult- and elderly-onset UC tissues was
conducted using the Kruskal test, and the results were
visualized as the boxplot using R package “ggplot2”. The
stacked bar plot figure was generated using R package
“ggplot2” to illustrate the composition of 22 immune
cell subsets in each sample. We subsequently evaluated
the correlations between the proportions of infiltrating
immune cells and the 30 mDEGs expression in the adult-
and elderly-onset UC group respectively using Spear-
man’s correlation coefficient with a significance threshold
of P<0.05. Similarly, the correlation between immune
cells was also analyzed. The results were visualized as a
correlation heatmap using R package “corrplot”

Protein-Protein Interaction (PPl) networks and hub gene
identification

A protein—protein interaction (PPI) network of the
mDEGs was constructed via STRING (version 12.0),
followed by visualization through Cytoscape (version
3.8.2). Then, cytoHubba and MCODE plugins were sub-
sequently used for the identification of gene clusters. The
hub gene was identified based on multiple factors includ-
ing the fold change and significance of differential expres-
sion, the degree of connectivity in the PPI network, and
subsequent validation of expression in tissue samples.

Young and aged DSS-colitis mouse model

Male C57BL/6N mice aged 6-8 weeks and
20-24 months, purchased from Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China), were main-
tained in a specific pathogen-free animal laboratory at a
constant temperature of 22°C with a fixed 12-h light—dark
cycle. After 1 week of adaptive feeding, the young and
aged mice were utilized to establish a colitis model. As
we previously reported [3], colitis was induced in mice
via the oral delivery of 2% dextran sodium sulfate (DSS)
(MP Biomedicals, USA) in drinking water for 7 days.
At the end of the treatments, mice were euthanized
by cervical dislocation. Deaths of mice not associated
with experimental intervention were excluded. All ani-
mal procedures were performed in accordance with the
guiding principles for the care and use of laboratory ani-
mals approved by the Animal Care Committee of Peking
Union Medical College Hospital.
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During DSS administration, body weight, stool features
and hematochezia were recorded daily, and the disease
activity index (DAI) was evaluated as previously reported
[18], as shown in the Supplementary Material. The mice
were sacrificed on day 8, and the length of the colon was
measured. The colon tissues were sampled using a Swiss
roll technique [19] and fixed in 10% formalin for 48 h
and then embedded in paraffin. 4-um slides were stained
with hematoxylin and eosin (H&E) for histopathological
analysis to assess the pathological score of experimen-
tal colitis as previously described [18] (Supplementary
Material).

Quantitative real-time PCR

The colonic samples collected from patients with UC and
DSS-colitis mice were immersed in the RNAlater (Ther-
mofisher) for RNA extraction. Among these 30 mDEGs,
we further selected 14 mDEGs (HK3, DACT2, SUGCT,
ECHDC3, ALDHILI, FASTKDI1, PYCRI, HMGCS2,
TIMM23B, TOMMZ20L, MTERFI, CLUH, PLINS,
P2RY12) that were reported in previous studies (not
limited to mitochondrial or inflammation-related stud-
ies) and 8 highly reported genes related to NAD(P)+/
NAD(P)H homeostasis (MEI, ME2), mitochondrial res-
piratory complex (Prkaa2, Pdha, NDUFS4, SDHA), mito-
chondrial biogenesis (PGCla, MFF) for qRT-PCR. Total
RNA was extracted and first-strand cDNA synthesis
was performed using FastPure® Tissue Total RNA Isola-
tion Kit (Vazyme) and the PrimeScriptTMRT Reagent
Kit with gDNA Eraser (Takara). Then, qRT-PCR was
performed with TB Green Premix Ex TaqTMII (Takara).
The primer sequences are summarized in Supplementary
Table 1 and GAPDH was used as an internal reference.
The relative expression of target genes was calculated by
the 2 AAC method. All PCR reactions were conducted
in triplicate.

Transmission electron microscopy

Fresh distal colon tissues were fixed with 2.5% glutar-
aldehyde for 4 h, followed by dehydration in increasing
concentrations of ethanol and propylene oxide. The sam-
ples were finally embedded in epoxy resin. Ultrathin sec-
tions were prepared following standard protocols and
mitochondrial morphology was observed with transmis-
sion electron microscope (TEM 1400 plus, Japan). Five
colonocytes were randomly selected from each sample
and the number of mitochondria in each colonocyte
was counted manually by 2 investigators blinded to the
groups. The average number of mitochondria in each
colonocyte was recorded.
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Assessment of tissue ATP content

Approximately 20 mg of fresh colon tissue was obtained
to measure the ATP concentration. According to
Enhanced ATP Assay Kit (Beyotime), colon tissue was
homogenized and the supernatant was collected to deter-
mine the ATP level. The detection solution was added to
a 96-well plate and incubated at room temperature for
5 min. The supernatants were then added to the wells
and mixed quickly before the luminescence signals were
determined via Varioskan Flash (Thermofisher). Total
ATP levels were subsequently calculated on the basis of
the luminescence signals.

Cell culture and treatment
The human colon cancer cell line HCT-116 was obtained
from the American Type Culture Collection (ATCC)
and was cultured in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin—streptomy-
cin under standard culture conditions (5% CO,, 37 °C).
HCT116 cells were seeded into 6-well culture plates
for 24 h to reach 70-80% confluence, after which the
cells were separated into two groups: the non-targeting
scrambled control siRNA (NC) group and the ALDH1L1-
siRNA (siALDH1L1) group. These reagents were
transfected into cells via Lipofectamine” RNAiMAX
(Thermofisher scientific) according to the manufacturer’s
protocol. Following siRNA transfection and 24 h incuba-
tion for 24 h, the medium was changed and the cells were
treated with TNFa (100 ng/ml) for 24h and collected for
RNA and protein extraction. The targeted sequences for
the siRNA experiments were as follows: siALDH1L1: 5'-
GACCCTCATTCACGGAGATAA -3’; negative control
(NC) siRNA: 5-TTCTCCGAACGTGTCACGT-3. The
efficacy of gene knockdown was validated through qRT-
PCR and Western blot analysis (Supplementary Fig. 1).
Tumor necrosis factor (TNF) is a major pathogenic
mediator and therapeutic target in IBD, and TNF-a can
be used to treat intestinal epithelial cells to induce cellu-
lar inflammatory processes, as previously mentioned [20,
21].

Mitochondrial ROS detection

Under exogenous TNF-a stimulation, cells treated with
siRNAs were assessed for reactive oxygen species (ROS)
production with MitoSOX Red (Invitrogen, Cat.no.
M36008), a fluorescent superoxide indicator that selec-
tively targets mitochondria. HCT116 cells were stained
with 5 pM MitoSOX Red for 30 min at 37 °C in a humidi-
fied environment with 5% CO,. The proportion of Mito-
SOX-positive cells and the fluorescence intensity were
detected via flow cytometry after the cells were washed
and suspended.
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Measurement of Oxygen Consumption Rate (OCR)
HCT116 cells transfected with negative non-targeting
scrambled control siRNA or ALDHIL1-siRNA were
seeded in an XF 24-well cell culture microplate (Sea-
horse Bioscience, Copenhagen, Denmark) at a density of
(6~7x10% and incubated overnight, followed by TNFa
(100 ng/ml) treatment for 6 h. The hydration of the sensor
probe plate and preparation of the mitochondrial stress
test kit (Cat.103015-100, Agilent) were then performed
according to the manufacturer’s recommendations. The
final concentrations of oligomycin, the uncoupler car-
bonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP), the complex III inhibitor rotenone, and anti-
mycin A (Rot/AA) were respectively 1.5 uM, 0.5 pM, 0.5
UM, respectively. The oxygen consumption rate (OCR)
was measured using Seahorse XFe24 extracellular flux
analyzer (Agilent, Santa Clara, CA, USA).

Western blotting

Total protein was extracted from tissue and HCT116
cells treated with siRNA with RIPA buffer (C1053,
APPLYGEN, China), and the protein concentration was
determined via BCA protein assay (A53226, Pierce).
Loading buffer was added to protein samples, followed by
denaturation in a water bath at 100 °C for 10 min. Sam-
ples containing the same amount of protein (30 pg) were
separated with NuPAGE Bis—Tris gels (Thermofisher).
The separated proteins were subsequently transferred
to polyvinylidene difluoride (PVDF) membranes. The
PVDF membranes were blocked in 5% bovine serum
albumin at room temperature and shaken gently for 1 h.
Then, the membranes were incubated at 4 °C overnight
with primary antibodies diluted with 5% BSA. These
primary antibodies included anti-ALDHIL1 (17,390-1-
AP, Proteintech, 1:2000), anti-NLRP3 (19,771, Pro-
teintech, 1:1000) and anti-IL1B (12,242, CST, 1:1000)
antibodies. The membranes were subsequently washed
with Tris-buffered saline-containing tween three times
and incubated with appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies at room tem-
perature for 1 h. The protein bands were detected by a
chemiluminescence detection system, and GAPDH was
used as the internal standard.

(See figure on next page.)
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Statistical analysis

Experimental data are expressed as the means + stand-
ard errors of the mean (SEMs). The significance of data
among the 4 groups was tested using one-way ANOVA
test followed by Tukey’s multiple comparisons test for
normally distributed data, and the Kruskal-Wallis test
for nonnormally distributed data. P<0.05 was consid-
ered statistically significant. GraphPad Prism (version
10.0, San Diego, USA) was used for statistical tests, and
R (3.6.2, R Foundation for Statistical Computing, Vienna,
Austria) was used for data processing and visualization as
described above.

Results

Identification of mitochondrial DEGs between adult-

and elderly-onset UC and functional enrichment analysis
In this study, transcriptome sequencing was performed
with colonic mucosa of 6 UC patients, including 3 adult-
onset UC patients and 3 elderly-onset UC patients.
There were 713 DEGs between adult- and elderly-onset
UC. A volcano plot depicting the distribution of DEGs
is shown in Fig. 1c. As is indicated in Fig. 1a, GO bio-
logical analysis showed that the DEGs and their encoded
proteins were involved in biological processes includ-
ing the regulation of inflammatory response, immune
response, leukocyte chemotaxis, and cytokine activity.
And functional analysis of DEGs revealed enrichment
in KEGG pathways (Fig. 1b) related to cytokines interac-
tion, chemokine, cell adhesion molecules, TNF signal-
ing pathway, and interleukin (IL-17) signal transduction
pathways. GSEA (Fig. 1d, e, f) revealed that, in addition
to the T-cell receptor or IL-17 signaling pathways, mito-
chondria-related pathways, including ATP synthesis, res-
piratory electron transport, and the NAD(P)"/NAD(P)H
balance, were also involved (P<0.05).

Subsequently, we identified 30 mDEGs that overlapped
with the DEGs identified via RNA-seq analysis and the
MitoMiner database. The heatmap, shown in Fig. 2b,
represents the 30 mDEGs expression in patients with
adult- and elderly-onset UC. As is shown in Fig. 2a, GO
functional annotation revealed that the mDEGs and their
encoded proteins were mainly related to the mitochon-
drial outer membrane, oxidoreductase activity and enoyl-
CoA hydratase activity. And in Fig. 2a, the enriched
KEGG pathways included biosynthesis of amino acids,

Fig. 1 The identification and gene-set enrichment analysis of differentially expressed genes (DEGs) between adult- and elderly-onset UC patients.
a. GO analysis of DEGs was performed to identify enriched biological process, molecular function, and cell component. b. The KEGG pathway
analysis of DEGs was performed using R package clusterProfiler. ¢. Volcano plot showed the down-regulated (blue) and up-regulated (red) DEGs
in colonic tissue of elderly-onset UC compared with adult-onset UC. d-f. GSEA based on MSigDB GO (d), KEGG (e) and Reactome (f) gene sets

was performed and depicted the enriched gene sets identified between adult and elderly-onset UC associated with mitochondrial function
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the peroxisome proliferator-activated receptor (PPAR)  (Fig. 2c). As illustrated in Fig. 2d, based on the cytoHubba
signaling pathway, hypoxia inductive factor (HIF) 1 sign- MCC algorithm, the top 10 hub genes were identified
aling transduction, one carbon pool by folate, etc. including ALDHIL1, HMGCS2, PLINS5, ASS1, VPS13A,

PPI protein network analysis revealed that there were = TOMMZ20L, PYCRI, BCL2, USP9Y, CLUH. Using the
close interactions among mDEGs at the protein level



Zhang et al. Immunity & Ageing (2025) 22:4

MCODE plug-in, two clusters containing six genes were
identified (Fig. 2e).

Mitochondrial abnormalities in young and aged colitis
mice

After being administered 2% DSS in the drinking water,
aged mice exhibited higher disease activity and histo-
logical scores than those in the young mice, as shown
in Fig. 3a, b, d, and e. qRT-PCR revealed a significant
increase in IL-1p in the colonic tissue of aged coli-
tis mice (Fig. 3c). The average number of mitochondria
per colonic epithelial cell was significantly reduced in
the colitis group, and notably, mitochondrial number
decreased more in aged colitis mice versus young coli-
tis group (Fig. 3g). Consistently, TOMM20L expression,
which is usually used as a surrogate for mitochondrial
content, was downregulated in patients with colitis, espe-
cially more significantly in elderly UC (Fig. 4). The mito-
chondrial morphology of colonic mucosa in young and
aged DSS colitis mice was observed via TEM (Fig. 3f), the
mitochondria in the colonic epithelial cells from young
control group were normal in size and shape, and the
mitochondrial outer membrane and ridge were intact.
The mitochondrial structure of the aged control mice was
almost normal, with some swelling and shallowing of the
matrix, whereas most mitochondria in the DSS-induced
colitis group exhibited swelling, shallowing of the matrix
and disarrangement or breaking of the mitochondrial
cristae. The mitochondria in epithelial cells from aged
colitis mucosa were relatively more damaged and the
cristae destruction was more serious.

ATP levels were measured in colon tissues of young
and aged DSS-induced colitis mice to assess mitochon-
drial respiratory function. As illustrated in Fig. 3h, com-
pared with the young control group (41.0+9.7 nmol/mg
protein), ATP levels were decreased in the young DSS-
induced colitis mice (37.5+9.9 nmol/mg protein) and
aged mice, most significantly in aged DSS-induced colitis
group (24.3 + 6.2 nmol/mg protein).

As mentioned above, 30 mitochondrial-related genes
(CLUH, SNPH, ASS1, PDE PLINS, TIMM?23B, HELZ2,
ALDHILI, HK3, ECHDC3, PYCRI, NUDTS, KLK6,
SUGCT, RPL31, TOMM20L, MTERF1, ADGB, PUSIO0,
VPS13A, FASTKDI1, CSorf63, CUTA, HMGCS2, BCL2,
USPYY, C3orf20, P2RY12, DUSP26, and DACT2) were
identified as mDEGs in the colonic mucosa of elderly
and adult UC patients by RNA-seq analysis and the
MitoMiner database. We further validated the mRNA
expression of mDEGs and several previously reported
mitochondria-related genes in human and mouse sam-
ples by qRT-PCR.

The endoscopic Mayo scores of colon biopsy sites
in adult and elderly UC patients were not significantly
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different. As shown in Fig. 4a and Supplementary
Fig. 2, qRT-PCR revealed that there were some dif-
ferences in the mRNA expression of some mitochon-
dria-related genes between adult and elderly healthy
controls. The mRNA expression of ALDHILI, a hub
gene, was decreased in UC patients compared with
healthy controls, and its downregulation in elderly
UC patients relative to elderly healthy controls was
less obvious than that in adult UC patients relative to
adult healthy controls. These mitochondrial-related
genes were also validated in young and aged colitis
mice in Fig. 4b and Supplementary Fig. 3. The changes
in ALDHILI expression in each group of mice were
consistent with the results in UC patients. Besides,
combined with the fold change and significance of
the RNA-seq data and gene clusters in PPT analysis,
one hub gene, ALDHILI, was selected for subsequent
study.

Potential mechanisms underlying mitochondrial
abnormalities and inflammation

(1) Hub molecule ALDH1L1 regulates the NLRP3/IL-1p
pathway.

The results of the WB and qRT-PCR validation of
HCT116 cells treated with siALDHI1L1 are presented
in Supplementary Fig. 1. ROS detection was performed
in HCT116 cells transfected with siALDHIL1 and the
results (Fig. 5a) showed that the mean fluorescence
intensity of MitoSOX-positive in the siRNA intervention
group was lower than that in the NC group after TNFa
stimulation, suggesting that the mitochondrial ROS level
in HCT116 cells decreased after ALDHI1L1 expression
was inhibited. The oxygen consumption rate of HCT116
cells treated with siALDHIL1 was subsequently meas-
ured to assess mitochondrial respiratory function. As
shown in Fig. 5¢c, the basal respiration, maximum res-
piration, backup respiration capacity and ATP levels of
the siALDH1L1 group presented increasing trends com-
pared with the NC group. The inflammatory phenotypes
of HCT116 cells after siALDH1L1 interference under
exogenous TNF-a stimulation were measured. Similarly,
as shown in Fig. 5b, WB showed that the expression of
NLRP3 and IL-1p in the siALDH1L1+TNEF-a group
was lower than that in the NC+TNF-a group (both
P<0.05). Therefore, we predict that after interfering with
ALDHI1L1 expression, the activation of NLRP3 and the
inflammatory factor IL-1p were inhibited under TNF-a
stimulation.
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Fig. 3 The inflammatory and mitochondrial comparison between the young and aged DSS-induced colitis mice. a. Body weight changes in young
and aged control and DSS-induced colitis mice (N=>5 ~8 mice per group). b. The DAI of mice during the indicated period (N=5~8 mice per group).
Statistical significance was tested with DAl on Day 7. c. gqRT-PCR analysis of IL-13 mRNA expression in colon tissues from the 4 groups (N=5). d.
Colonic H&E staining on Day 7 after DSS administration. Loss of crypt architecture and inflammatory cell infiltrations were both detected in colitis
groups, and the aged colitis mice presented more severe. Scale bars: 50um. e. Histological scores of the colon in each group (N=5~8 mice

per group). f. Transmission electron microscopy images of murine colonic tissues, which manifested swelling mitochondria, broken or disappeared
cristae, shallow matrix in colitis group, especially the aged colitis mice. Black arrows indicate the mitochondria. Scale bars: 500nm. g. Mitochondrial
number were quantified in each group (N=3, each point indicate one randomly selected colonocyte). h. ATP levels were measured in colonic
tissues of 4 groups (N=4). Values were expressed as means + SEM. Statistical significance was determined using one-way ANOVA followed

by Tukey’s multiple comparisons test (b, ¢, e, g) or Kruskal-Wallis test (h). *P < 0.05, **P<0.01, ***P<0.001, ****P < 0.0001. Abbreviation: gRT-PCR,
quantitative real-time polymerase chain reaction; SEM, standard error of the mean; DA, disease activity index
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(2) Association between mitochondria-related DEGs
and differential immune microenvironment.

The compositions of 22 types of immune cells in each
sample were presented in Fig. 6a and c. The results indi-
cated that activated mast cells, resting CD4* memory T
cells, MO macrophages, M1 macrophages, CD8* T cells,
plasma cells, and neutrophils were the main infiltrating
immune cells. There were some significantly different
infiltrates of immune cells, including NK cells, plasma
cells, and T follicular helper (Tfh) cells, between adult-
and elderly-onset UC patients in Fig. 6b (P<0.05). The
correlation between immune cells and the 30 mDEGs
was then evaluated (Fig. 6d). For instance, CLUH had
significantly positive correlation with memory B cells,
dendritic cells, activated memory T cells and yOT cells,
while NUDT8 was negatively correlated with those cells.
ALDHI1L1 was positively related to activated mast cells.
The above correlation between immune cells and mDEGs
did not occur in the young. Next, the correlation of 22
kinds of immune cells in elderly UC tissues was evalu-
ated (Supplementary Fig. 4b). Tth cells were positively
correlated with CD8* T cells, NK cells, and plasma cells.
yOT cells were negatively related to Tregs and M1 mac-
rophages. Neutrophils were negatively associated with
activated NK cells and M1 macrophages. The correlation
of immune cells in adult UC patients is illustrated in Sup-
plementary Fig. 4a.

Discussion

In this study, we identified that there were differences
in mitochondrial morphology, ATP production, and
expression of mitochondria-related molecules between
elderly- and adult-onset UC patients through mucosal
RNA sequencing and DSS colitis mouse model, which
were also proved to be correlated with abnormal
immune infiltration. At the cellular level, we observed
that the hub mDEG, ALDHILI, may affect inflammatory
responses by regulating mitochondrial respiratory func-
tion, mitochondrial ROS, and the NLRP3/IL-1p pathway.
These findings reveal the important role of mitochon-
drial dysfunction in the poor prognosis of elderly-onset
UC patients and provide a potential therapeutic target

(See figure on next page.)

Page 10 of 16

for alleviating the inflammatory progression in the aged
population with UC.

Mitochondrial dysfunction is a hallmark of aging. Our
study demonstrated that the role of mitochondrial dam-
age in adult- and elderly-onset UC involves the follow-
ing aspects: mitochondrial morphology, ATP production
and mitochondria-related gene expression. First, mito-
chondrial swelling and crista fragmentation are com-
mon manifestations of mitochondrial structural damage
in inflammatory lesions in IBD patients [22]. Mitochon-
drial shape and cristae are regulated mainly by mitochon-
drial fission- and fusion-related proteins, and are also
affected by cell type, energy demand and metabolic sta-
tus [23]. Normal mitochondrial structure is the basis of
their energy metabolism function. The outer membrane
of mitochondria contains various essential enzymes for
metabolism. The inner membrane is folded into cristae
attached by complexes of the respiratory chain and ATP
synthase to drive ATP synthesis through oxidative phos-
phorylation (OXPHOS). Madan S et al. [23] found that
longer mitochondria enhance respiratory function and
increase ATP output through increased crista formation,
whereas small, fragmented mitochondria have poor res-
piratory function. Our study revealed that the mitochon-
dria in the inflamed tissue were shortened and swollen
and the reduction or disappearance of cristae were con-
sistent with the decrease in ATP levels in epithelial cells.
Thus, it is speculated that mitochondrial decrease and
damage is the structural basis for ATP reduction in epi-
thelial cells from aged colitis mice. Of course the quan-
tification via mitochondria-specific staining could be a
more direct assessment of mitochondrial content, which
needs to be explored in the future.

Energy metabolism and maintaining the ROS balance
are the chief functions of mitochondria. We found that
ATP levels in aged colitis tissues decreased more sig-
nificantly compared with the young group. This find-
ing is consistent with several previous studies [9, 24].
Sakamuri SS et al. [25] revealed that the OXPHOS rate
of cerebral vascular endothelial cells in aged mice was
lower, and their spare respiratory capacity was impaired,
which made the aged group more vulnerable to injury.
Moreover, in aging cells, abnormal mitochondrial

Fig. 4 The mRNA expression of some mitochondria-related genes in colon tissues from UC patients and DSS-induced colitis mice. a. gRT-PCR
analysis of the mRNA expression of mitochondria-related molecules (HK3, DACT2, SUGCT, ECHDC3, ALDHI1L1, TOMM?20L, SDHA, NDUFS4) in colonic
tissues of adult- and elderly-onset UC patients and healthy controls (N=5). b. gRT-PCR analysis of the mRNA expression of the above molecules

in colonic tissues of young and aged colitis mice (N=5). Values were expressed as means + SEM. Each sample was performed with 3 independent
experiments. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01,
***P<0.001, ****P<0.0001. Abbreviation: gRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard error of the mean; NC, negative

control; UC, ulcerative colitis; DSS, dextran sodium sulfate
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turn aggravates mitochondrial dysfunction in a vicious
cycle and further activates multiple downstream inflam-

structure and continued damage to electron respira-
tory chain will lead to excessive production of intracel-

Therefore,

[11].

mation-related signaling pathways

lular ROS, causing oxidative stress damage, which in
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Fig.5 The potential mechanisms among ALDH1L1, mitochondrial dysfunction and inflammatory response. a. Flow cytometry histograms
of MitoSOX-positive HCT116 cells (left), percentage of MitoSOX-positive cells relative to NC (middle), quantification of MitoSOX-positive MFI relative

to NC (right) in each group (N=3). b. WB showed the changes of NLRP3 and

IL-13 in each group compared with the negative controls (N=4). c. The

OCR measurement of each group (left). The boxplots illustrated basal respiration, maximal respiration, spare respiration capacity, non-mitochondrial
respiration and ATP production in each group (N=3). Data are mean + SEM of biological triplicates, and are representative of 3 independent
experiments, analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test (a, ¢) or Kruskal-Wallis test (b). *P<0.05, **P < 0.01,

#*P< 0,001, ****P<0.0001. Abbreviation: NC, negative control; MFI, mean fluorescence intensity; OCR, oxygen consumption rate

mitochondrial dysfunction can be an important factor
contributing to a more severe inflammatory response in
aged individuals.

Subsequently, some mitochondria-related DEGs
were identified and validated between adult- and
elderly-onset UC. Of note, RNA-seq analysis was per-
formed in young- and elderly-onset UC with the same
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Fig. 6 Immune cell infiltration and its relationships with mitochondria-related DEGs in colonic tissues from adult- and elderly-onset UC. a. The
heatmap illustrating the proportions of different immune cells in each sample. Each row represents a sample, and each column represents a type
of immune cell. The different color indicated the ratio of specific immune cell in this sample. Activated mast cells, resting CD4* memory T cells, MO
macrophages, M1 macrophages, CD8." T cells, plasma cells, neutrophils were the main infiltrating immune cells in the elderly UC. b. The boxplot
showing the comparisons of immune cell profiles between adult- and elderly-onset UC tissues using the Wilcoxon test. ¢. The stacked bar plot
illustrating the composition of 22 immune cell subsets in each sample. d. The correlation heatmap between the proportions of infiltrating immune
cells and the 30 mDEGs expression in the adult- and elderly-onset UC group using Spearman’s correlation analysis. Red indicated the positive
correlation and blue indicated the negative correlation. Both N=3 in the adult- and elderly-onset UC group. *P<0.05, **P<0.01, ***P<0.001,
***¥%p 20,0001

degree of activity, indicating that expression discrep- expression between young and elderly healthy individ-
ancies are not secondary to different degrees of coli- uals can also partially validate this finding. In addition,
tis but that initial changes in the elderly contribute to  although the aged DSS mice presented more severe
more severe inflammation. The differences in mDEG  colitis, the young and aged mice were both received
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equal concentrations of DSS and their DSS intake per
unit body weight, as measured by water intake, was
comparable between the two groups. These findings
suggest that aging itself can cause mitochondrial dam-
age, which aggravates the vulnerability to injury and
the inflammatory response. Thus, even if there is no
difference in endoscopic Mayo activity, more predomi-
nant mitochondrial injury in the elderly UC may be an
important factor in their greater epithelial dysfunction
and slower mucosal recovery.

We found that ALDH1L1, a hub molecule that is differ-
entially expressed in young and aged UC or DSS-induced
colitis mice, played an important role in the regulation
of mitochondrial functions. ALDH1L1, a member of the
aldehyde dehydrogenase protein family, exists mainly in
the cytoplasm and catalyzes the conversion of 10-for-
myltetrahydrofolate to tetrahydrofolate (THF) and CO,
in the NADPY/NADPH-dependent pathway, regulating
the availability of one-carbon groups for folate-depend-
ent biochemical reactions and NADPH-dependent meta-
bolic pathways [26, 27]. To our knowledge, most studies
on ALDHIL1 have been in the oncology field and there
have been no related reports about ALDH1L1 expression
and inflammatory response.

We revealed that ALDHI1L1 is closely related to the
inflammatory process. In tissue samples, ALDHI1L1
expression was significantly downregulated in the inflam-
matory condition, while inhibiting ALDH1L1 in colono-
cytes with siRNA led to a relatively mild inflammatory
response under equivalent inflammatory stimuli. There
seem to be some inconsistencies between in vivo and
in vitro studies. We speculate that there may be some
possible reasons. Firstly, downregulated ALDHIL1
expression in DSS colitis mice may be a protective feed-
back under inflammatory stimuli. Cellular ALDHI1L1
inhibition can alleviate but not eliminate inflammation,
so reduced ALDHIL1 expression in the DSS group did
not alter the final inflammatory state. Then, the changes
in ALDHI1L1 may be affected by other molecules, as the
inflammatory response or mitochondrial function is reg-
ulated by multiple factors in mice, specifically, ALDH1L1
can regulate NADPH, and the downstream network of
NAPDH is very extensive. The overall effect of ALDH1L1
on cellular metabolism can extend beyond immediate
metabolic pathways controlled by ALDH1L1 itself [27].
There may be other mechanisms besides ALDHL1-asso-
ciated pathways involved in this process, which requires
further in-depth validation. Additionally, ALDHI1L1
may be influenced by phasic changes, although there is
no direct evidence to support this hypothesis. Krupenko
NI et al. [28, 29] reported that ALDHI1L1 contributed to
more control at a later stage of tumor progression. Like-
wise, inflammation is a constantly changing process, so
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it cannot be ruled out that ALDH1L1 also presents pha-
sic changes during the development of inflammation.
Although not significantly different, ALDHIL1 expres-
sion in the elderly UC patients tended to increase than
that in adult UC, which may explain their more severe
inflammatory response and poor prognosis.

Mitochondrial dysfunction and oxidative stress imbal-
ance mediate the crucial mechanism by which ALDH1L1
affects the inflammatory response. Our study showed
that low ALDHI1L1 expression can attenuate mitochon-
drial respiration and ROS production under inflamma-
tory conditions, which was consistent with previous
studies in the fields of cardiomyopathy, metabolic dis-
eases, etc [30, 31]. Mechanistically, it is reasonable that
ALDHIL1 can affect NAPDH and is further linked to
the ROS balance and ATP production [32-34]. NADPH
oxidases, a major source of ROS, and antioxidant glu-
tathione can also be affected by ALDH1L1 and change
NAPDH levels [33, 35].

Next, the NLRP3/IL-1p pathway and immune cell
abnormalities may be the key steps in the regula-
tion of colitis mediated by mitochondrial damage and
ALDHI1L1. We observed that lower ALDH1L1 expres-
sion in colonocytes presented less NLRP3 activation and
IL-1P increase after TNF-a stimulation. Similarly, in a
previous study on hepatocellular carcinoma, ALDH1L1
expression in liver tissue was proved to be closely
related to multiple proinflammatory molecules, includ-
ing NF-«B, IL-6, and chemokines [28, 29]. On the other
hand, through immune infiltration analysis, the ratio of
activated NK cells, plasma cells, and activated mast cells
were significantly higher in the colons of elderly UC
patients, while the ratio of Tth cells was lower. Plasma
cells constitute a major component of chronic inflam-
matory infiltrates in UC [36]. A previous study demon-
strated that plasma cell infiltration in the UC mucosa
was upregulated, associated with the accumulation of
oxidative stress [37]. Tfh cells play important roles in
B-cell activation and antibody production [38]. The gen-
eration of antigen-specific Tth cells has been reported to
be suppressed in the elderly [38, 39]. And Tfh cells can
regulate IgA production, thereby participating in intes-
tinal immune homeostasis and microbial symbiosis [38].
Therefore, these findings highlight the importance of
mitochondrial dysfunction in immunologic disturbances
in elderly UC patients.

From these findings in our study, we predict
ALDHI1L1-targeted therapy might be useful for moni-
toring or alleviating the “aging-inflammation progres-
sion” in UC. The ALDH1L1-targeted therapy has been
reported in the fields of tumor treatment. Despite the
validation in pre-clinical xenograft model, a combina-
tion treatment of gossypol (an ALDH inhibitor) with
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phenformin (mitochondrial complex I inhibitor), was
revealed to have potential therapeutic response to lung
cancer, via the induction of cell death and ATP depletion
[40]. And, it was reported that ALDH1L1 was correlated
with worsened clinical outcome for patients with gastric
cancer, and was a potential prognostic marker and thera-
peutic target [41]. However, due to the heterogeneity of
ALDHI1L1 in different tissues or cells, more studies are
demanded to validate. On the other hand, ALDH1L1 act-
ing substrate is 10-formyltetrahydrofolate, and further
regulates folate metabolism and DNA/RNA biosynthe-
sis. Folate metabolism can regulate the inflammatory
response and oxidative stress in IBD [42, 43]. From this
perspective, the combined treatment of ALDHI1L1 inhi-
bition with folic acid supplementation may be a promis-
ing therapeutic option for elderly-onset UC.

This is the first study to perform transcriptome analy-
sis of the colonic mucosa of elderly- and adult-onset UC
patients, and reveal the role of mitochondrial injury in
their pathogenesis via bioinformatics analysis and further
validation in DSS-induced colitis mouse model. For the
first time, we offer insights into the landscape of immune
cells and the correlation between mitochondrial dam-
age and immune cell differences in young and elderly UC
patients. However, there are some limits. While the OCR
provides an index of ATP production, the amount of ATP
produced per unit of oxygen consumed may vary greatly
[44], so more assessments of mitochondrial respiration
should be performed. Then, direct evaluation of mito-
chondrial function in the colonic tissue of UC patients
was unable to be achieved because of the limited amount
of tissue specimens. We did not obtain reliable results
from mitochondrial function tests using primary colono-
cytes isolated from DSS colitis mice, as the colonocytes
isolated from colitis mice, particularly the aged colitis
mice, were always extremely fragile and cannot maintain
stable cell viability. In addition, ALDHI1L1 is an enzyme
whose function may not be entirely dependent on its
expression. Therefore, measurement of ALDHI1L1 func-
tion is also required in subsequent work. So, in terms of
sample size and mechanistic study, our evidence is still
not sufficient and these questions urgently demand fur-
ther investigation and exploration. The validation in nor-
mal colon epithelial cells or human primary cells will be
more accurate.

In conclusion, our data suggest that there are signifi-
cant discrepancies in mitochondrial morphology, ATP
production and mitochondria-related gene expression
between adult- and elderly-onset UC patients. Promi-
nent mitochondrial injury may be a key factor for abnor-
mal immunity, a more severe inflammatory response
and poorer outcomes in elderly-onset UC patients. The
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exploration and development of mitochondrion-targeted
therapy will benefit elderly UC patients more.
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