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Abstract

Background and objectives: Oral microbiota dysbiosis and altered salivary cortisol levels have been linked to depression and
anxiety. Given that bacterial transmission can occur between spouses, this study aimed to investigate whether the transmission
of oral microbiota between newlywed couples mediates symptoms of depression and anxiety.

Methods: Validated Persian versions of the Pittsburgh Sleep Quality Index, Beck Depression Inventory-II, and Beck Anxiety
Inventory were administered to 1,740 couples who had been married for six months. The researchers compared 268 healthy
control spouses with 268 affected cases in a cross-sectional study. Data were analyzed using appropriate statistical methods.

Results: After six months, healthy spouses married to an insomniac with the depression-anxiety (DA) phenotype scored sig-
nificantly higher on the Pittsburgh Sleep Quality Index, Beck Depression Inventory-II, and Beck Anxiety Inventory compared
to their baseline scores. This indicates that their sleep quality, depression, and anxiety scores became more similar to those of
their affected spouses. Additionally, the composition of their oral microbiota changed significantly, becoming increasingly
similar to that of their spouses. Specifically, in couples where one partner had the DA phenotype, the oral microbiota of the
healthy spouse mirrored that of the affected partner (p < 0.001). These microbial changes correlated with alterations in salivary
cortisol levels as well as depression and anxiety scores. Linear discriminant analysis revealed that the relative abundances of
Clostridia, Veillonella, Bacillus, and Lachnospiraceae were significantly higher in insomniacs with the DA phenotype compared to
healthy controls (p < 0.001).

Conclusions: Oral microbiota transmission between individuals in close contact partially mediates symptoms of depression
and anxiety.

Introduction tion of the oral microbiota is significantly associated with depres-
sion in young adults who met the criteria for depression outlined
in the Diagnostic and Statistical Manual of Mental Disorders, 5th
edition (hereinafter referred to as DSM). They found that 21 bac-
terial taxa exhibited significantly different levels of abundance
in depressed young adults. Specifically, there was an increase in

Prevotella nigrescens and Neisseria spp., while 19 taxa showed

Oral microbiota dysbiosis is significantly correlated with various
neuropsychiatric disorders, including autism spectrum disorder,
dementia, Parkinson’s disease, schizophrenia, anxiety, epilepsy,
and depression.! Wingfield et al.> demonstrated that the composi-

Keywords: Oral microbiome; Bacterial transmission; Depression; Anxiety; Salivary
cortisol; Psychology; Bacterial establishment.
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a decrease in abundance. Oral microbiota exhibits variability in-
fluenced by individual factors, including oral hygiene practices,
substance use, and tobacco consumption.!

Recently, Simpson et al.> demonstrated that the composition
of the oral microbiota significantly correlates with symptoms
of anxiety and depression in adolescents. Similar patterns have
been observed in other populations, including pregnant women,*
patients experiencing burning mouth syndrome with psychiatric

© 2025 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License (CC BY-NC 4.0), which
permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided. “This article has been published
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at https://www.xiahepublishing.com/journal/erhm™.
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symptoms,’ individuals with anxiety, mood disorders, trauma- and
stress-related disorders,® and those with irritable bowel syndrome,’
among others.

Salivary cortisol does not directly cause depression or anxiety
but serves as an indicator of these disorders. The suggested mecha-
nism of action is that the oral microbiota may directly compromise
the blood-brain barrier or exert indirect effects through the oral
microbiota-brain axis.!

On the other hand, a diminished cortisol awakening response
is linked to an increased likelihood of experiencing a negative and
persistent progression of depression and/or anxiety disorders.®?

The first author has previously discussed how closeness may
facilitate bacterial transmission and, consequently, impact micro-
biota-related research.!® In various statistical simulations, I dem-
onstrated significant differences in the occurrence of microbiota
phenotypes between two groups of otherwise healthy spouses of
individuals with a specific disease condition. These differences
can largely be attributed to varying levels of social closeness. It
is important to note that social closeness refers to one’s sense of
belonging and physical and psychological bonds in personal rela-
tionships. More specifically, it is defined as the average distance
from a given node (a small group of individuals) to all other nodes
(a higher number of small groups or nodes). A network consists
of a collection of nodes (representing variables or the same small
group of individuals) and edges (representing connections between
or among these small groups) that link the nodes. The width of an
edge indicates the strength of the relationship between the con-
nected nodes, with wider edges signifying stronger associations.
To assess the significance of each node within the network, three
centrality measures—strength, betweenness, and closeness—are
utilized.!!

Prior research has identified various forms of physiological
synchrony between couples, including synchrony in diurnal corti-
sol patterns,'? cardiac synchrony,'? and sleep concordance.'* The
bidirectional associations between sleep disturbances and ocular
surface parameters,!>!% in conjunction with other physiological
synchronies observed in couples,!>'* lead the authors to hypoth-
esize that the transmission of oral microbiota partially mediates de-
pression and anxiety. Furthermore, cortisol is recognized as a bio-
marker for anxiety and depressive states in couples and partners.3?

Based on these interconnected premises, we hypothesized that
oral microbiota partially mediates psychometric parameters in
newlywed couples through person-to-person contact. To assess this
hypothesis, the researchers enrolled couples in which one spouse
simultaneously experienced depression and insomnia (referred to
as the depression-anxiety (DA) phenotype,!” see Psychometric
assessments under Materials and methods). To facilitate contact,
the spouses lived in the same household. We aimed to investigate
whether oral bacterial transmission among newlywed couples par-
tially mediates depression and anxiety.

Materials and methods

Participants

This is a cross-sectional longitudinal study. Data were collected
prospectively from two private sleep clinics in Tehran, Iran, be-
tween February and October 2024. Our primary outcome meas-
ures included the Beck Depression Inventory (BDI), Beck Anxiety
Inventory (BAI), Pittsburgh Sleep Quality Index (PSQI), serum
cortisol levels, and the composition of oral microbiota.

The sample size required for subgroup comparisons was deter-
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mined by Placzek et al.'® Accordingly, 422 samples (211 in the
case group and 211 in the control group) were deemed sufficient.
However, we enrolled 268 participants as cases and 268 as con-
trols, as we had sufficient budget and resources. This ensured even
greater statistical power than initially calculated.

We sent invitations to all 1,740 couples at the two private clinics
to attend briefing sessions about the study. Data were collected us-
ing paper-based self-administered questionnaires, which were dis-
tributed by a healthcare assistant. Both otherwise healthy controls
and individuals with insomnia and/or hypersomnia were screened
based on their scores on the BAI, BDI, and PSQI at baseline and at
the six-month follow-up.

Screening for insomnia, depression, and anxiety

For the case group, inclusion criteria consisted of having insom-
nia and/or hypersomnia, as determined by the self-administered
PSQL!? and experiencing depressive or anxiety states based on the
validated Persian versions of the BDI-II and the BAL2%?! Exclu-
sion criteria included the use of medications known to affect gut,
oral, or ocular microbiota composition, pregnancy, divorce during
the study, antibiotic use in the past month, ongoing active ocular in-
fections (including conjunctivitis), and a lack of prior history with
dry eye disease (DED). Otherwise healthy controls were included
based on a comprehensive clinical examination. Participants were
asked to specify the exact date of their official marriage and to
indicate whether they were cohabiting in the same household.

Participants who had been married within the past six months
and were in a cohabiting relationship were screened for the pres-
ence or absence of insomnia. Those selected were enrolled in the
study along with their official spouses. Two hundred ninety-six
couples were selected, comprising healthy spouses and insomniacs
with a DA phenotype.

Three couples were excluded from the study because the wom-
en were either taking antibiotics known to affect the composition
of oral microbiota or were pregnant. None of the female spouses
were using medications known to interact with the hypothalamic-
pituitary-adrenal axis. Seventeen participants were excluded due
to low readings (n = 10) or missing data (n = 7). Additionally, one
couple had divorced and had spent significant time living apart,
while seven couples who had relocated to another city were also
excluded.

The remaining 268 couples lived together in the same house-
hold. All spouses were instructed to maintain their baseline di-
etary habits, oral hygiene practices, and exercise routines. On
Day 1 and Day 180, all couples participated in a study meas-
uring oral microbiota composition and salivary cortisol levels.
Data collected from the 268 couples were analyzed. A diagram
illustrating the categorization and enrollment of participants is
shown in Figure 1.

Psychometric assessments

The validated Persian versions of the BDI-IL,'* BAI,2! and PSQI,2°
were utilized to assess depression, anxiety, and sleep quality, re-
spectively. Participants were then categorized into two groups: (i)
healthy spouses and (ii) insomniac spouses. Each group was fur-
ther divided based on BDI-II and BAI scores into categories of
“moderate depression” and “moderate anxiety”. A combined DA
phenotype was defined as having a BAI score between 16 and 25
and a BDI-II score of 14 or higher.!?

The BDI-II is a widely used 21-item self-report inventory de-
signed to assess depressive symptoms experienced over the past
two weeks. Higher scores indicate more severe depressive symp-
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A total of 1,740 newly married couples (i.e., 870 pairs of spouses)
were consecutively enrolled in two sleep clinics.

Couples were screened for the presence of the DA phenotype.

296 spouses were selected as
healthy controls.

296 spouses were identified as
exhibiting the DA phenotype.

Couples excluded (n = 28):

Two couples were excluded from the study due to antibiotic use.

One couple was excluded because of pregnancy.

Seventeen couples were excluded due to insufficient or missing data.
One couple was excluded due to divorce.

Seven couples moved to another city.

Oral microbiota composition analysis
and salivary cortisol measurements
were conducted in 536 spouses, with
268 spouses in each group.

Fig. 1. Diagram showing the categorization of participants based on sleep disturbance status and depression-anxiety (DA) phenotype.

tomatology. In this study, depression was defined as a BDI-II score
of 14 or higher.??

The self-administered PSQI questionnaire assesses sleep qual-
ity over the past month. Scores range from 0 to 21, with lower
scores indicating better sleep quality. A score higher than 5 is con-
sidered indicative of poor sleep quality. Insomnia, defined as the
coexistence of difficulty resuming sleep and daytime dysfunction,
is referenced in the literature.??

The BAI questionnaire consists of 21 items, each scored on a
scale from 0 to 3. A score of 0 indicates “not at all”, 1 indicates
“mildly, but it did not bother me much”, 2 indicates “moderately,
it was not pleasant at times”, and 3 indicates “severely, it bothered
me a lot” for all the items. The total score can range from 0 to 63,
reflecting varying levels of anxiety. Scores from 0 to 7 indicate a
minimal range (no anxiety), scores of 8—15 indicate mild anxiety,
scores of 16-25 indicate moderate anxiety, and scores >26 repre-
sent severe anxiety. Furthermore, in comparison to the category
of no anxiety, the three categories of mild, moderate, and severe
anxiety are collectively considered as “yes”.2*

We did not include any spouses with severe symptoms who
would require additional support.

Oral parameters

Oral samples were collected during clinic visits from enrollment
until five to six months after marriage, as briefly described below.

DOI: 10.14218/ERHM.2025.00013 | Volume 10 Issue 2, April 2025

Oral microbiota

We adhered to the guidelines established by Brzychczy-Sroka et
al.®® Accordingly, oral samples were collected from the palatine
tonsils at the end of the examination, prior to the collection of pos-
terior pharyngeal swabs. Swab samples were obtained from both
the palatine tonsils and the pharynx. The samples were preserved
in saline, placed in ziplock bags, and stored in portable freezer
bags at —20 °C before being promptly delivered to the laboratory
(within a maximum of 1-2 h). Samples were collected on three
occasions: at baseline and again six months later.

The samples were then frozen at —80 °C until analysis. One
of the researchers (RR) secured the collected materials in MoBio
buffer and placed them in a small ice-filled cooler for transport,
without specifying a precise transport temperature, as recommend-
ed by Brzychczy-Sroka et al.?® The final materials were delivered
to the laboratory within 3—4 h.

Bacterial DNA was extracted from each clinical sample. The
subsequent step involved amplifying the bacterial DNA using
polymerase chain reaction, specifically targeting the V3-V4 re-
gion of the 16S ribosomal RNA subunit. The resulting amplicons
were utilized to create a genomic library through several stages:
purification of the polymerase chain reaction products, indexing
of the samples, and re-purification. Following this, the samples
were quantified using fluorometry, and the genomic library was
combined for next-generation sequencing on the MiSeq platform
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Table 1. Baseline characteristics of participant spouses

Rastmanesh R. et al: Microbiota influence on psychology

Healthy spouses (n = 268) Insomniacs with depressive-anxiety phenotype* (n =268) p-value
No (%) 268 (50) 268 (50) -
Age (years) 34.02+8.1 34.70 + 8.80 NS
Males 37.41+7.96 38.02 £8.02 NS
Females 31.08+8.5 32.11+9.01 NS
Body mass index (kg/m?) 23.33+3.82 23.25+3.60 NS
Males 24.98 +£4.03 23.80+4.24 NS
Females 23.10+2.90 23.90+3.51 NS
Beck depression inventory Il 6.60 + 2.20 15.60+9.10 0.004**
Beck anxiety inventory 12.10£4.90 24.80 + 3.40 0.0001**
Global PSQl score 5.40+2.80 8.10 £ 3.20 0.0001**
Salivary cortisol (ng/mL) 10.40 £ 13.20 39.10+11.65 0.0001**
Socioeconomic status
High 8(2.70) 10 (3.37) NS
Medium-high 291 (97.30) 282 (96.63) NS

*A combined DA phenotype in this study was defined as the simultaneous presence of a Beck Anxiety Inventory score of 16—25 and a Beck Depression Inventory-Il score of 14 or
higher. Insomnia (sleeplessness) was defined as the coexistence of both difficulty resuming sleep and daytime dysfunction. **The Student’s t-test revealed that insomniacs exhib-
iting a depressive-anxiety phenotype scored significantly higher on measures of depression (test statistic T = -15.7374), anxiety (test statistic T = -34.8601), and insomnia (test
statistic T=-10.3952), and had notably elevated salivary cortisol levels (test statistic T = -26.6867) compared to their healthy spouses. DA, depression-anxiety; NS, non-significant;

PSQl, Pittsburgh Sleep Quality Index.

(Illumina, San Diego, California, United States). The process of
developing the genomic library for sequencing has been detailed
in previous work.2¢

Salivary cortisol

Salivary samples were collected from participants using Oragene
0G-500 kits (DNA Genotek, Ontario, Canada), which facilitate
self-collection and stabilization of DNA at room temperature. Par-
ticipants were instructed to refrain from consuming any food or
drink, except water, for at least 30 m prior to sample collection.
Salivary cortisol was measured using liquid chromatography-tan-
dem mass spectrometry as previously described.?”

All saliva specimens were stored at —80 °C for subsequent anal-
ysis. We utilized samples collected immediately upon awakening,
prior to drinking, eating, or performing oral hygiene.

Covariates

Gender, age, body mass index (BMI), alcohol consumption and
smoking status, total dietary sugar intake, and the presence of
chronic kidney disease or hypertension were considered as co-
variates. Hypertension was defined as an average systolic blood
pressure of >140 mmHg and an average diastolic blood pressure
of >90 mmHg, or the use of antihypertensive medications, or a
physician’s diagnosis. Chronic kidney disease was defined as an
estimated glomerular filtration rate of <60 mL/m/1.73 m?.

Statistical analysis

Statistical analyses were conducted using SPSS software (version
17.0; SPSS, Chicago, IL). Differences between groups and sub-
groups were analyzed using Student’s t-test for continuous param-
eters and the y? test for categorical parameters. Where appropriate,
the Bonferroni correction was applied to adjust for multiple test-
ing. Intragroup changes were compared using a paired t-test. Pri-

80

mary and secondary endpoints were analyzed using analysis of co-
variance, with groups as fixed factors and baseline measurements
as covariates. Furthermore, Pearson’s and Spearman’s correlation
tests were employed to explore correlations between oral micro-
biota, anxiety, depression, and insomnia. Oral microbiota analysis
was conducted using QIIME 2 version 2019.07.28 Processed data
were imported into phyloseq version 1.28.024 for further analy-
sis.? Beta diversity was evaluated using Shannon’s diversity in-
dex and Bray-Curtis dissimilarity. For a detailed description of
the methodology used for bioinformatic processing, please refer
to Wingfield B. et al.’s study.? To determine which taxa may be
correlated with the DA phenotype, we performed L2-regularized
logistic regression using the mikropml package in R,* a com-
monly applied methodology for conducting differential abundance
analysis of microbiota data.’!

Socioeconomic status was evaluated utilizing data on family
size, parental educational qualifications, possession of a vehicle
and particular household appliances, the square footage of the
family’s dwelling, and the average monthly income of the house-
hold.*?

Results

Table 1 presents the baseline characteristics of the participants.
Demographic factors, including gender, age, BMI, and socioeco-
nomic status, were comparable between the healthy control group
and the DA phenotype group. The mean =+ standard deviation for
age among male and female spouses was 37.20 + 8.01 years and
31.02 £ 9.30 years, respectively. Couples had been married and
cohabiting for an average of 5.91 + 2.03 months. As expected,
there were significant differences in salivary cortisol levels, global
PSQIL, BDI-II, and BAI scores between the healthy controls and the
insomniacs in the DA phenotype group at baseline.

DOI: 10.14218/ERHM.2025.00013 | Volume 10 Issue 2, April 2025
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Table 2. The healthy spouses who married an insomniac with a depressive-anxiety phenotype had higher psychopathology and salivary cortisol com-

pared to their own baseline

Healthy spouses

Same healthy spouses married to an insom-
niac with depressive-anxiety phenotype*

p-value
Baseline values (n = 268) Six-months values (n = 268)

Depression (BDI-I1) 6.60 +2.20 9.40 £ 8.20

Males 6.50 £ 2.40 9.00+7.70 0.0001°

Females 8.20+£4.70 10.80 £ 1.20 0.00012
Anxiety (BAI) 12.10+4.90 17.60 + 4.90

Males 11.90 +5.30 15.10+£1.70 0.00012

Females 14.20 +6.90 19.40+5.30 0.0001°
Global PSQl score 5.40 £ 2.80 7.80+5.70

Males 5.20+1.90 7.50 £5.30 0.0001°

Females 6.10 +3.20 8.10+4.80 0.00012
Salivary cortisol (ng/mL) 10.40 £ 13.20 17.50 £ 18.30

Males 9.60 + 14.10 12.10+16.20 0.052

Females 11.30 + 8.40 20.80 £ 13.50 0.00012

*A combined depression-anxiety phenotype in this study was defined as the simultaneous presence of a Beck Anxiety Inventory (BAIl) score between 16 and 25 and a Beck De-
pression Inventory-Il (BDI-I1) score of 14 or higher. Moderate depression was characterized by a BDI-Il score of 14 or higher, while moderate anxiety was indicated by a BAI score
between 16 and 25. 2The paired t-test for intra-group comparisons indicated that six months after marrying an insomniac with a DA-phenotype, healthy spouses exhibited signifi-
cantly higher scores for depression, anxiety, and insomnia compared to their own baseline measurements. These differences were more pronounced in females than in males. DA,

depression-anxiety; PSQJ, Pittsburgh Sleep Quality Index.

Psychometric parameters

Table 2 shows that after six months, healthy spouses married to
an insomniac with the DA phenotype scored significantly higher
on PSQI, BDI-II, and BAI compared to their own baseline values.
This indicates that sleep quality, depression, and anxiety scores
changed and became more similar to those of their insomniac
spouses, although they remained significantly lower than those
of the insomniac group (all p-values <0.001). After six months,
insomniacs with the DA phenotype exhibited a trend of increased
salivary cortisol levels, as well as higher global PSQI, BDI-II, and
BAI scores; however, these values did not reach statistical signifi-
cance (non-significant differences are not shown).

In the gender subgroup analysis, the worsening of insomnia se-
verity, an increase in salivary cortisol levels, and heightened de-
pression and anxiety scores were more pronounced among female
spouses after six months (Table 2).

In the crude model, insomnia severity was positively associated
with anxiety and depression scores (odds ratio (OR): 1.62, 95% con-
fidence interval (CI): 1.32-2.19, p < 0.001 for anxiety; OR: 2.30,
95% CI: 2.10-2.75, p < 0.001 for depression). After adjusting for
age, gender, BMI, and education, insomnia continued to show a pos-
itive correlation with depression and anxiety scores, indicating a 1.8-
fold and 2.1-fold increase, respectively, in odds compared to healthy
spouses with normal sleep (OR: 1.8, 95% CI: 1.40-2.52, p < 0.001
for anxiety; OR: 2.1, 95% CI: 2.01-2.73, p < 0.001 for depression).

Salivary cortisol differences

Table 2 presents the results of a t-test analysis of salivary cortisol
levels. In both male and female spouses with the DA phenotype,
salivary cortisol was significantly higher in insomniac spouses at
baseline compared to healthy control spouses (p < 0.0001). Af-
ter six months, the salivary cortisol levels in spouses married to
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an insomniac with the DA phenotype were significantly elevated
compared to baseline values (p <0.001). This finding suggests that
healthy spouses were likely to resemble their insomniac partners
with the DA phenotype. Gender subgroup analysis indicated that
the increase in salivary cortisol levels was more pronounced in
female spouses than in male spouses.

Oral microbiota characteristics

From the perspective of taxa composition, a total of 33 bacterial
phyla were identified. Linear discriminant analysis (LDA) of oral
microbiota composition showed that the relative abundances of
Clostridia, Veillonella, Bacillus, and Lachnospiraceae were sig-
nificantly higher in the DA phenotype spouses than in healthy con-
trols (p < 0.001, LDA scores >2, alpha error = 0.01).

A high-level analysis of phyla differences revealed that the
composition of oral microbiota in healthy spouses with normal
sleep patterns was significantly altered, becoming similar to that
of their partner. Specifically, if one spouse exhibited a DA pheno-
type, the oral microbiota composition of the other spouse mirrored
that of the DA phenotype partner (p <0.001, LDA scores >2, alpha
error = 0.01) (Table 3).

The relative abundance of Fusobacteria (r = +0.49-0.57),
Patescibacteria (r = +0.38-0.42), Campylobacterota (r = +0.32—
0.36), Spirochaetota (r = +0.42-0.52), and Gracilibacteria (r =
+0.29-0.37) in the oral microbiota was positively correlated with
the severity of insomnia in individuals with the DA phenotype (all
p-values <0.01).

We applied an L2-regularized logistic regression model to next-
generation sequencing data to investigate potential associations
between the oral microbiome and the DA phenotype. This model
indicated that Fusobacteria, Patescibacteria, Campylobacterota,
Spirochaetota, and Gracilibacteria may be associated with the DA
phenotype.
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Table 3. Baseline and six-month comparison of oral microbiota in healthy spouses and spouses married to individuals with depression-anxiety pheno-
type*

Oral microbiota in healthy

. Oral microbiota in healthy spouses six months after marriage
spouses at baseline

p-value
Phyla % of abun- Phyla % of abun- The absolute percent differ-
dance dance ence between the two groups
Order of rank abundance
Firmicutes 36.10 Firmicutes 31.42 4.68 0.0052P Nscd
Bacteroidetes 17.88 Bacteroidetes 27.81 9.93 0.0012b NS©d
Proteobacteria 17.42 Proteobacteria 20.60 3.18 0.012> Nsed
Actinomycetota 11.33 Fusobacteria 8.03 e e
Spirochaetes 7.67 Actinomycetota 5.30 5= 3=
Fusobacteria 5.40 Patescibacteria 3.47 e e
Six above-mentioned phyla contain ~96% of the taxa. The rest of phyla contain approximately 4% of the taxa
T™M7 12 1.88 Campilobacterota 1.40 © ®
Synergistetes 1.62 Spirochaetota 1.02 e e
Chlamydiae 0.20 Gracilibacteria 0.03 e e
Other rare phyla 0.50 Other rare phyla <0.92 0.42 0.012b<0.001¢
g;i;?:;ﬁﬂ?:::;::::g Spouses Oral microbiota in insomniacs six months after marriage
p-value
Phyla % of Phyla % of The absolute percent differ-
abundance abundance ence between the two groups
Order of rank abundance
Firmicutes 30.20 Firmicutes 31.50 1.3 0.005%P Nscd
Bacteroidetes 28.93 Bacteroidetes 27.51 1.42 0.0012b, NS&d
Proteobacteria 20.60 Proteobacteria 20.89 0.29 0.012b, NScd
Fusobacteria 7.98 Fusobacteria 8.14 0.16 Nsa<d 0.01P
Actinomycetota 5.69 Actinomycetota 5.12 0.57 0.00012b, NS<d
Patescibacteria 3.40 Patescibacteria 3.23 0.17 0.00052b, NS&d
Six above-mentioned phyla contain ~96% of the taxa. The rest of phyla contain approximately 4% of the taxa
T™M7 12 1.40 Campilobacterota  2.38 -e -e
Spirochaetota 1.02 Spirochaetota 1.04 0.02 0.00012 b, NSed
Gracilibacteria 0.03 Gracilibacteria 0.05 0.02 0.012bcd
Other rare phyla <0.75 Other rare phyla <0.14 0.61 0.012b, 0.001¢, 0.0005¢

*The DA phenotype is defined as the simultaneous presence of a Beck Anxiety Inventory score between 16 and 25 and a Beck Depression Inventory-Il score of 14 or higher.2Com-
parison of the healthy group versus insomniacs at baseline. PComparison of the healthy group versus itself after six months. cComparison of healthy individuals versus insomniacs
after six months. 9Comparison of insomniacs versus insomniacs after six months.eThe columns are left blank, indicating that the corresponding rankings for the phylum do not
match. The composition of oral microbiota in the group of healthy spouses with normal sleep patterns was significantly altered, becoming similar to that of their respective
partners. Specifically, if a spouse exhibited a DA phenotype, the oral microbiota composition of the other spouse also resembled that of the DA phenotype partner (all p-values
<0.0001). At baseline, the three most abundant phyla in both healthy and insomniac spouses were Firmicutes, Bacteroidetes, and Proteobacteria, followed by Actinomycetota,
Spirochaetes, and Fusobacteria in healthy spouses, and Fusobacteria, Actinomycetota, and Patescibacteria in insomniac spouses. Six months after marriage, the ranking of phyla
changed; however, the top three phyla maintained their positions, albeit with some variations in their relative abundances. In healthy spouses, the phyla Fusobacteria and Patesci-
bacteria were competitively displaced by Actinomycetota and Spirochaetes, respectively, after six months. The remaining ten phyla (i.e., TM7, Synergistetes, Chlamydiae, and
other rare phyla) typically remained unchanged between the two groups of healthy spouses and insomniacs after six months. In terms of ranking, after six months of marriage to
an insomniac, the most significant microbial shift was observed in the phyla Fusobacteria, Patescibacteria, and Spirochaetes among healthy spouses (p-value <0.01). In terms of
percentage change, the most significant alterations were observed in the phyla Bacteroidetes (11.05% increase), Proteobacteria (3.18% increase), Spirochaetes (6.65% decrease),
Firmicutes (5.9% decrease), Actinomycetota (5.64% decrease), and Fusobacteria (2.58% increase). In individuals with insomnia, after six months, both the ranking and percentage
of the top ten phyla remained nearly unchanged (not significant). DA, depression-anxiety; NS, non-significant.
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Gender differences

LDA and multivariable association analysis revealed multiple dis-
tinct bacterial genera that were significantly different in abundance
between female and male spouses with the DA phenotype (p <
0.001, LDA scores >2, alpha error = 0.05). The phylum Proteobac-
teria was significantly more abundant in female spouses with the
DA phenotype compared to their male counterparts. Additionally,
certain members of the phyla Firmicutes and Bacteroidetes were
also significantly more abundant in these female spouses. Inter-
estingly, the genus Dialister (family Firmicutes) was found to be
significantly more abundant in female spouses with the DA pheno-
type than in male spouses (all p-values <0.001).

Mediation analysis

To better understand the role of oral microbiota in salivary corti-
sol levels and DA phenotype status, we conducted an assessment
of interaction effects and mediation analyses. We hypothesized
that there are interaction effects among these three variables,
with oral microbiota status serving as the potential mediator in
the relationship between salivary cortisol and DA phenotype
status. Indeed, the oral microbiota pattern is a predictor of DA
phenotype status (B = 0.37, p < 0.001), which, in turn, is also a
relevant predictor of salivary cortisol levels (3 =0.15, p <0.001).
The mediation analysis accounted for 35% of the variability in
the data (R% = 0.35).

Discussion

Oral microbiota transfer between individuals in close contact,
such as couples in the present study, may mediate depression and
anxiety. Although there are no directly comparable human stud-
ies, there is substantial evidence of bacterial exchange between
humans and dogs and livestock.3*3* It is important to note that the
results of studies investigating bacterial transmission from animals
to humans may not be directly applicable to human studies. Never-
theless, there are reports of penile and genital microbiota exchange
between partners.3S These findings underscore the significance of
bacterial exchange as a potential mediating mechanism for mood
synchrony between spouses and partners. Various forms of physi-
ological synchrony between couples have been documented, in-
cluding cardiac synchrony,'? diurnal cortisol pattern synchrony,!?
and sleep concordance. 1436

We found that changes in oral microbiota composition are as-
sociated with changes in the severity of insomnia, salivary cortisol
levels, and depression and anxiety scores. Our findings align with
previous studies on salivary cortisol levels as well as depression
and anxiety scores.? 7123741

Recently, in a large cohort of couples who had been married and
living together for an average of 5.91 months, we demonstrated
that sleep disturbances can be partially attributed to changes in the
gut microbiota.' Additionally, in another study, we identified a
significant association between ocular microbiota and DED in in-
dividuals with insomnia, which may have been mediated through
person-to-person contact.!® In that study, we found that six months
after marriage, spouses married to an insomniac exhibiting the
DED phenotype were significantly more likely to develop DED
during the six-month follow-up. Supporting our initial hypothesis,
these changes occurred in parallel with alterations in ocular micro-
biota composition.!6

The oral and gut microbiomes are interconnected,*? exhibiting
both distinct similarities and differences.** Additionally, estab-
lished connections exist between oral microbiota and ocular mi-
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crobiota.** Overall, these findings suggest that these networks are
interrelated. Current literature supports this conclusion, indicating
that the frequency and prevalence of DED in individuals with de-
pression or anxiety are significantly higher than in healthy indi-
viduals, and vice versa.*3 Therefore, our findings have important
implications for holistic medicine, family medicine, and personal-
ized medicine. The practical and theoretical implications of this
study encompass a wide range of areas, including sleep therapy
and psychological states.

This research was a non-invasive, prospective observational
study; however, there is compelling preclinical evidence support-
ing our hypothesis that transplantation of fecal microbiota from
patients with depression to microbiota-depleted rats can induce
physiological and behavioral characteristics typical of depression
in the recipient animals.*® Furthermore, Lee ef al.*” demonstrated
that fecal microbiota-induced insomnia, immobilization stress,
and depression-like behaviors in a mouse model can be alleviated
by microbiota-modulating probiotics. These two reports strongly
suggest a causal association between changes in microbiota and
psychometric parameters such as depressive states and anxiety. 647
However, caution is necessary when translating findings from
animal models to human studies. Taken together, our preliminary
findings provide evidence that the association between changes in
oral microbiota and mood alterations, or their synchrony in hu-
mans, is causally related.*”

Future research should further evaluate this hypothesis.

Strength

Firstly, this study employed a robust methodology, utilizing a large
sample size to ensure an effective follow-up program. Secondly,
to our knowledge, this is the first study of its kind to investigate a
wide range of variables simultaneously. Lastly, while the partici-
pants were not homogeneous, the focused choice of this specific
group allowed us to examine the short- to medium-term impacts
of bacterial transmission on depression and anxiety in a real-life
setting.

Limitations

After six months, the worsening of insomnia severity, depression,
and anxiety scores was more pronounced in female spouses. It is
possible that we underestimated or underreported the frequency
of insomnia, depression, and anxiety in male spouses, as we used
PSQIL, BDI-II, and BAI to estimate insomnia, depressive, and anxi-
ety symptoms, respectively. It is important to acknowledge that
our participant couples were aware of the study’s purpose due to
ethical constraints. Previous well-controlled and well-conducted
research has identified a main effect of condition, indicating that
both males and females reported significantly higher levels of in-
somnia severity,*® depression,?? and anxiety symptoms in the cov-
ert condition.*® This suggests that we may have underestimated or
underreported the frequency of insomnia, depression, and anxiety
in male spouses, while potentially overestimating or overreport-
ing these parameters in female spouses. Despite controlling for the
most significant covariates, additional residual confounding may
still exist. For instance, dietary intake is an important factor influ-
encing the composition of the gut microbiome. Since couples were
not randomly selected, the results may not be fully generalizable
to all circumstances. We only measured morning salivary cortisol,
and measuring salivary cortisol over three consecutive days could
improve accuracy. While the primary sampling sites within the oral
cavity include saliva, the supragingival region, the subgingival/
submucosal area, infected root canals, and mucosal surfaces, our
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assessment was limited to the palatine tonsils and pharynx due to
financial constraints.

It can be argued that deriving a conclusive understanding
from our preliminary findings is challenging without control-
ling for confounders (e.g., shared diet, stress exposure, and fre-
quency of intimacy). Additionally, it is possible that the spouses
may have underlying health issues that have not been verified
through evaluations, which could affect the results. We acknowl-
edge that the BDI-II has been criticized for its limitations in the
absence of psychiatric assessments. However, the BDI-II is
widely employed in non-clinical samples,® and in the present
study, we did not include any spouses with severe symptoms re-
quiring psychological care. Finally, we only employed the BDI-
IT and BAI, whereas clinical diagnoses of anxiety and depression
based on the DSM would be a more precise method. We suggest
that these important variables should be fully considered in fu-
ture studies.

Future directions

Future research may involve the recruitment of clinical samples.
Furthermore, since the body microbiota is implicated in many
other diseases, it will be necessary to investigate the possibility
of bacterial involvement in other seemingly non-communicable
psychological and neurological conditions, as well as in other
non-neurological conditions. Additionally, animal models will
be instrumental in determining whether such relationships are
causal. We also suggest that future research account for the pos-
sibility of bias in the study design due to the potential confound-
ing effects created by bacterial transmission among individuals.

Conclusions

The transmission of oral microbiota plays a partial role in me-
diating depression and anxiety among couples. Since this study
is associational, further research is needed to establish whether
this association is causal. If it is determined that this associa-
tion is indeed causal, it could have significant implications for
contemporary research. We propose that, within the framework
of diagnostic, predictive, preventive, and personalized medicine,
the practical and theoretical implications of this study may en-
hance our understanding of various aspects of microbiota-host
interactions.
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Abstract

Background and objectives: circPVT1 has emerged as a key regulator in disease progression and clinical outcomes. However,
its prognostic relevance and association with clinicopathological parameters in solid malignancies remain to be fully eluci-
dated. To address this, we conducted a meta-analysis to elucidate the clinical significance of circPVT1 in solid tumors.

Methods: A comprehensive literature search was conducted across multiple databases, including PubMed, Web of Science,
Embease, the Cochrane Library, and CNKI, with a cutoff date of December 31, 2024. Statistical analyses were conducted using
STATA 12.0 to calculate pooled hazard ratios (HRs) and odds ratios (ORs) with 95% confidence intervals (Cls), assessing the
impact of circPVT1 expression on overall survival (OS) and its association with clinicopathological characteristics.

Results: This analysis included 27 clinical studies encompassing a total of 2,219 patients. Elevated circPVT1 expression was sig-
nificantly associated with poorer OS in patients with solid tumors (HR =1.68, 95% CI: 1.39-2.02, P < 0.001). This association was
particularly notable in lung cancer (HR = 2.08, 95% CI: 1.51-2.88, P < 0.001) and osteosarcoma (HR = 1.65, 95% CI: 1.38-1.97, P
<0.001), with similar trends observed in hepatocellular carcinoma, colorectal cancer, and papillary thyroid carcinoma. Further-
more, the increased circPVT1 level was correlated with larger tumor size (OR =1.36, 95% CI: 1.11-1.67, P = 0.004), lymph node
metastasis (OR = 1.56, 95% CI: 1.22-2.00, P < 0.001), distant metastasis (OR = 1.80, 95% CI: 1.10-2.92, P = 0.017), and advanced
tumor-node-metastasis stage (OR = 1.84, 95% CI: 1.50-2.25, P < 0.001).

Conclusions: Aberrant circPVT1 expression is associated with adverse OS and unfavorable clinicopathological features in solid

tumors, underscoring its potential utility as a prognostic biomarker and indicator of tumor aggressiveness.

Introduction

Circular RNAs (circRNAs), characterized by their covalently
closed-loop structure formed through back-splicing of introns or
exons, represent a novel category of noncoding RNAs.! Increasing
evidence indicates that circRNAs are more stable and abundant-
ly expressed than their linear counterparts and possess potential
as diagnostic and prognostic biomarkers for various diseases.!?
Among the extensively studied circRNAs, circPVT1 (circBase ID:
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hsa_circ_0001821) has emerged as a key player in cancer biol-
ogy. Derived from an exon of the plasmacytoma variant transloca-
tion 1 (PVTI) gene, circPVT1 is located on chromosome 8q24—a
genomic region widely recognized for its association with cancer
susceptibility.® Unlike linear RNAs, circPVT1 forms a covalently
closed loop, rendering it highly stable and resistant to RNA deg-
radation. This structural integrity allows circPVT]I to function as
a dynamic regulator of gene expression, primarily by acting as a
microRNA (miRNA) sponge. By sequestering miRNAs, circPVT1
modulates the activity of downstream target genes, impacting es-
sential cellular processes such as proliferation, apoptosis, and met-
astatic progression.*

Emerging studies have identified circPVT1 as a promising
prognostic marker across multiple cancer types. For instance, in
hepatocellular carcinoma, elevated circPVT1 expression is associ-
ated with worse overall survival (OS) and disease-free survival,
supporting its potential as a clinical outcome predictor.5 Addition-
ally, Wang et al. revealed that circPVT]I is upregulated in breast
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cancer, where it enhances tumor cell invasion and metastasis by
regulating the miR-29a-3p/AGR2/HIF-1a pathway.® However,
conflicting findings have also been reported. Kong et al. discov-
ered that circPVT1 expression is reduced in gastric cancer (GC),
with lower levels correlating with deeper tumor invasion and
lymph node metastasis.” These discrepancies highlight the com-
plexity of circPVT1’s role in cancer progression and underscore
the necessity for a comprehensive evaluation of its prognostic and
clinicopathological significance.

Given the growing interest in circPVT]1 as a prospective mark-
er and the inconsistent evidence regarding its clinical predictive
value across different cancers, we executed a detailed meta-anal-
ysis of available clinical research. This analysis aimed to provide
a clear and comprehensive assessment of circPVT1’s prognostic
value and its association with clinicopathological features in solid
tumors, delivering valuable insights to guide future research and
clinical strategies.

Materials and methods

Search strategy

This study was conducted in accordance with the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines.® An exhaustive literature search was per-
formed by two authors (Menglan Li and Kai Qian) across multi-
ple databases, including PubMed, Web of Science, Embase, the
Cochrane Library, and CNKI, with a cutoff date of December
31, 2024. The following search terms were utilized: (‘circPVT1’
or ‘circular RNA PVT1’ or ‘hsa circ 0001821°) and (‘progno-
sis’ or ‘prognostic’ or ‘survival’ or ‘characteristic’) and (‘tumor
‘or ‘cancer’ or ‘carcinoma’). During the evaluation process, the
reference lists of the selected articles were also meticulously
reviewed to identify additional relevant studies. This compre-
hensive approach ensured the inclusion of all pertinent literature
examining the role of circPVT1 in tumor prognosis and clinico-
pathological features.

Study enrollment criteria

Inclusion criteria: (1) Clinical studies exploring the impact of
circPVT1 expression on clinicopathological characteristics or
survival outcomes in tumor patients; (2) Articles providing haz-
ard ratios (HRs) and confidence intervals (CIs), or survival curves
from which HRs could be indirectly calculated; (3) Full-text ar-
ticles available for review; (4) Literature published in English or
Chinese.

Exclusion criteria: (1) Studies lacking usable or sufficient data
on cancer prognosis or clinicopathology; (2) Research focusing
solely on the molecular mechanisms of circPVT1 without clinical
data; (3) Duplicate publications, review articles, letters, comments,
and conference abstracts, to avoid redundancy and ensure depth of
analysis.

Data extraction and quality assessment

To ensure accuracy and comprehensiveness, two researchers
(Menglan Li and Kai Qian) independently extracted data, with dis-
crepancies resolved through consultation with a third party (Zhix-
ian Zhu). The extracted data included: (1) The first author’s name,
publication year, country, cancer type, target microRNA, sample
type and size, detection methods, cutoff value, circPVT1 expres-
sion status, source of HRs, survival outcomes, and follow-up du-
ration; (2) Clinicopathological variables, including gender, tumor
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size, grade, lymph node metastasis, distant metastasis, tumor-
node-metastasis (TNM) stage, and pathological T stage; (3) HRs
with 95% Cls, either directly reported or calculated from survival
curves.” The Newcastle-Ottawa Scale (NOS), a validated tool for
evaluating the quality of non-randomized studies, was used for
quality assessment.'?

Statistical analysis

All statistical analyses were conducted using STATA 12.0 (Stata-
Corp, College Station, TX, USA). To evaluate the prognostic and
clinicopathological significance of circPVTI across various can-
cer types, pooled HRs and ORs with corresponding 95% Cls were
calculated. HRs were either directly extracted from the original
studies or derived from Kaplan-Meier curves using Engauge Digi-
tizer software (version 4.1). Statistical heterogeneity was exam-
ined using Cochrane’s Q test. A fixed-effect model was applied
when heterogeneity was low (I < 50% or P > 0.1); otherwise,
a random-effects model was used. Subgroup analyses were per-
formed to explore potential sources of variation. Sensitivity analy-
ses were conducted to assess the consistency of the results. For
analyses involving six or more studies, Begg’s and Egger’s tests
were used to detect potential publication bias.!1-12

Results

Study selection and characteristics

A total of 312 articles from PubMed, Web of Science, Embase,
Cochrane Library databases, and CNKI were initially recruited
(Fig. 1). After applying the predetermined inclusion and exclu-
sion criteria, 216 duplicate and irrelevant articles were excluded.
Additionally, 14 reviews, three meta-analyses, four conference
abstracts, and four comments were removed. Following a thor-
ough review of titles and abstracts, an additional 35 studies not
related to prognosis or clinicopathology aspects of circPVTI
were also excluded. The remaining 36 full-text articles were then
meticulously reviewed for relevant data, resulting in the exclu-
sion of nine articles due to inadequate information. Ultimately,
27 articles encompassing 2,219 individuals were included.
Among these articles, 23 focused on prognosis>!3-15 and 19 stud-
ies mentioned clinicopathology.%1¢17 These articles were pub-
lished between 2017 and 2024, with all but two originating from
China. Key information extracted from these studies is summa-
rized in Table 1,%5-713-35 providing a comprehensive overview of
circPVT1’s impact on solid tumors.

Associations between circPVTI expression and OS

Due to the high degree of heterogeneity identified in the studies
(12 = 80.2%, P < 0.001), a random-effects model was employed
to calculate the combined HR for overall survival OS. As shown
in Figure 2, increased circPVT1 expression levels were strongly
linked to poorer OS in solid tumor patients. The analysis revealed
a combined HR of 1.68, with the 95% CI spanning from 1.39 to
2.02, indicating a statistically significant association (P < 0.001).
Subsequently, we performed the analysis based on different can-
cer types. As shown in Figure 3, for lung cancer patients, high
circPVT1 expression correlated with an HR of 2.08 (95% CI:
1.51-2.88, P < 0.001), indicating nearly a twofold increased risk
of adverse OS in this patient population. Similarly, for osteosar-
coma patients, high circPVT1 expression was linked to an HR of
1.65 (95% CI: 1.38-1.97, P < 0.001), indicating an approximately
1.7-fold increased risk of poor OS. Similar trends were also ob-
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Fig. 1. The flowchart illustrating the study selection process.

served in hepatocellular carcinoma, colorectal cancer, and papil-
lary thyroid carcinoma. These findings underscore the promising
role of circPVTI as a predictive biomarker across various types
of solid tumors, highlighting its value in predicting unfavorable
clinical outcomes.

Subgroup analysis

To investigate the source of heterogeneity in the OS outcome, we
conducted subgroup analyses based on several factors, including
sample size, interaction with miRNA, NOS score, and HR sources.
As illustrated in Figure 4, significant heterogeneity was predomi-
nantly observed in subgroups with a sample size > 100 (HR = 1.45,
95% CI: 0.98-2.14, 12 = 87.3%), no interaction with miRNA (HR
= 1.57, 95% CI: 1.08-2.28, 1> = 89.0%), NOS score < 7 (HR =
1.52, 95% CI: 1.19-1.95, 12 = 85.3%), and OS data sourced di-
rectly from articles (HR = 1.63, 95% CI: 1.12-2.37, I? = 87.1%)
(Table 2). In contrast, no heterogeneity was observed in groups
with a sample size < 100 (HR = 1.78, 95% CI: 1.60-1.98, 12 =
0.0%), interaction with miRNA (HR = 1.73, 95% CI: 1.54-1.94,
I? = 0.0%), NOS score > 7 (HR = 1.88, 95% CI: 1.54-2.30, I =

90

28.1%), and HRs derived from Kaplan-Meier curves (HR = 1.74,
95% CI: 1.56-1.95, 12 = 0.0%) (Table 2).

Associations between circPVTI and clinicopathological charac-
teristics

This association analysis encompassed 19 articles (Table 3). The
aggregated findings demonstrated that patients with increased
circPVT1 expression levels had a higher risk of larger tumor di-
mensions (OR =1.36, 95% CI: 1.11-1.67, P = 0.004), lymph node
metastasis (OR = 1.56, 95% CI: 1.22-2.00, P < 0.001), distant me-
tastasis (OR = 1.80, 95% CI: 1.10-2.92, P = 0.017), and advanced
tumor TNM stage (OR = 1.84, 95% CI: 1.50-2.25, P < 0.001), in-
dicating its potential as a marker for aggressive clinical pathologi-
cal features. However, there was no significant evidence showing
that abnormal circPVT1 expression was associated with gender,
grade, or tumor stage.

Sensitivity analysis and assessment of publication bias

The sensitivity analysis indicated that there was no significant im-
pact on the combined HR of OS after systematically eliminating
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Fig. 2. Forest plot of the correlation between circPVT1 expression and OS in solid tumors. Cl, confidence interval; HR, hazard ratio; OS, overall survival.

each article, suggesting that these studies were relatively reliable
and stable (Fig. 5). To further assess the possibility of publication
bias, Begg’s and Egger’s tests were conducted, yielding P-values
of 0.082 and 0.063, respectively (Fig. 6). These non-significant
P-values indicated that no substantial evidence of publication bias
was detected in this meta-analysis, further supporting the validity
and generalizability of our findings.

Discussion

Cancer continues to be the primary cause of global mortality, pre-
senting a significant challenge to improving life expectancy world-
wide. Given the substantial financial burden associated with can-
cer care, the identification of dependable prognostic biomarkers is
crucial.3® Circular RNAs, known for their circular configuration,
constitute an intriguing category of noncoding RNAs. Plentiful
investigations have confirmed that circRNAs are abundant, tissue-
specific, evolutionarily conserved, and highly stable.3”-*® These
properties position circRNAs as excellent candidates for cancer
prognostic biomarkers.

circPVT1, an endogenous circular RNA derived from the
PVTI gene within the cancer-associated genomic locus 8q24, has
garnered significant attention. With a length of 410 nucleotides,
circPVT1 is primarily synthesized through an exon circularization
mechanism, which relies on complementary sequences in flank-
ing intronic regions and the activity of RNA-binding proteins.
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Research has demonstrated that circPVT1 is highly expressed in
various cancers and influences tumor initiation, progression, and
metastasis through multiple mechanisms.?® Its primary functions
include acting as a miRNA sponge, regulating gene expression,
and modulating cellular processes such as proliferation, apoptosis,
migration, and invasion.* For instance, in non-small cell lung can-
cer, circPVTI sequesters miR-124-3p, thereby modulating £ZH?2
expression, which enhances lung cancer cell proliferation, inva-
sion, and migration.3! In gastric cancer, circPVT1 functions as a
molecular sponge for the miR-125 family, restoring the expression
of its downstream target gene £2F2 and promoting cell prolifera-
tion.2# In osteosarcoma, circPVT1 interacts with miR-423-5p, ac-
tivating the Wnt5a/Ror2 signaling cascade to facilitate glycolysis
and metastasis.?? Additionally, Verduci et al. found that circPVT1
is highly expressed in head and neck squamous cell carcinoma har-
boring mutant p53 proteins and promotes tumorigenesis and pro-
gression through its interaction with the YAP/TEAD complex.??
Studies have also revealed that circPVT1 expression is closely
linked to chemoresistance of cancer cells. For example, in osteo-
sarcoma, elevated levels of circPVT1 correlate with resistance to
chemotherapy, as it regulates the expression of ABCBI, enhanc-
ing the resistance of tumor cells to doxorubicin and cisplatin.??
circPVT1 also holds potential value in tumor diagnosis and prog-
nosis. In gallbladder cancer, circPVT1 expression levels are linked
to lymph node metastasis and advanced TNM stage, with higher
circPVTI1 expression associated with poor patient prognosis.?’
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Fig. 3. Forest plots illustrating the correlation between circPVT1 expression and OS among various cancer types. Cl, confidence interval; CRC, colorectal
cancer; HCC, hepatocellular carcinoma; HR, hazard ratio; OS, overall survival; PTC, papillary thyroid carcinoma.

Therefore, circPVT1 expression levels might function as a predic-
tive marker to categorize patients into groups at higher or lower
risk, guiding more personalized treatment strategies. These find-
ings underscore the critical function of circPVT1 in the advance-
ment and prognostic assessment of various solid cancers. Subse-
quent investigations ought to center on evaluating the capabilities
of circPVT1 as a non-invasive indicator in liquid biopsies for
carly-stage cancer identification, prognosis prediction, and treat-
ment monitoring. Additionally, developing therapeutic strategies
to target circPVT1, such as RNA interference or CRISPR-based
approaches, could enhance the efficacy of existing treatments and
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provide new therapeutic options for cancer patients.

While circPVT1 has been studied extensively,**#? our system-
atic review and meta-analysis offer a thorough integration of the
existing evidence, particularly focusing on its prognostic and clin-
icopathological significance across different cancer types. Based
on current knowledge, this is the first investigation to quantita-
tively summarize the prognostic value of circPVT1 across diverse
solid tumors, offering a broader perspective on its potential clinical
utility. The results from the included studies indicated that upregu-
lated circPVT1 expression was closely linked to unfavorable OS
outcomes in cancers, with a pooled HR of 1.68. Moreover, can-
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Fig. 4. Forest plots illustrating the correlation between circPVT1 expression levels and OS outcomes in stratified cohorts. (a) Sample size. (b) Interaction
with miRNA. (c) NOS score. (d) HR source. Cl, confidence interval; HR, hazard ratio; NOS, Newcastle-Ottawa Scale; OS, overall survival.

cers with higher levels of circPVT1 had a greater possibility of
larger tumor size, lymph node metastasis, distant metastasis, and
advanced tumor TNM stage, indicating that increased circPVT1
levels were a marker of aggressive clinicopathological features.
However, there was significant heterogeneity in OS outcomes
among the included articles. Although an appropriate effect model
was employed during data merging, the origin of heterogene-
ity among the included studies remained ambiguous. Sensitivity
analyses, which typically help in assessing the robustness of the
findings and identifying potential outliers, were also inconclusive
in explaining the observed heterogeneity. Given these challenges,
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we carried out subgroup analyses. The results indicated that het-
erogeneity might exist in the subgroups of sample size > 100, not
interacting with miRNA, NOS score < 7, and OS data obtained
directly from the articles.

Despite these findings, a number of limitations pertinent to
this meta-analysis ought to be highlighted. Firstly, the insuffi-
cient number of enrolled studies and patients may have led to
conflicting results. For example, Chen et al. showed circPVT1
was enhanced in 187 GC tissues compared with matched nor-
mal tissue and exhibited a tumor-promotive function,?* while
the results from Kong et al. showed that circPVT1 was signifi-
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Table 2. Subgroup analyses of pooled HRs for OS
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. oS Heterogeneity
Subgroup Studies (n)
Pooled HR (95%Cl) P-value 12 (%) P-value
Sample size
<100 14 1.78 (1.60-1.98) <0.001 0.00 0.508
2100 9 1.45 (0.98-2.14) 0.062 83.7 <0.001
Interacted with miRNA
miRNA 13 1.73 (1.54-1.94) <0.001 0.00 0.784
NA 10 1.57 (1.08-2.28) 0.019 89.0 <0.001
NOS score
<7 14 1.52 (1.19-1.95) 0.001 85.3 <0.001
>7 9 1.88 (1.54-2.30) <0.001 28.1 0.195
HRs source
Direct 11 1.63 (1.55-2.09) 0.011 87.1 <0.001
Curve 12 1.74 (1.56-1.95) <0.001 0.00 0.878
Cl, confidence interval; HRs, hazard ratios; NOS, Newcastle-Ottawa Scale; OS, overall survival.
Table 3. Pooled analysis of circPVT1 expression and tumor clinicopathological characteristics
. X X . Heterogeneity
Clinicopathological parameters Articles (n) Cases(n) Combined OR (95%Cl) Effects model P-value
12(%) P-value
Gender (male vs female) 8 667 1.06 (0.93-1.21) Fixed 0.353 3.10 0.406
Tumor size (23 vs <3) 14 1,230 1.36(1.11-1.67) Random 0.004 69.8 <0.001
Grade (high vs low) 9 812 0.97 (0.85-1.10) Fixed 0.611 45.9 0.063
Lymph node metastasis (yes vs no) 16 1,345 1.56 (1.22-2.00) Random <0.001 748 <0.001
Distant metastasis (yes vs no) 6 645 1.80(1.10-2.92) Random 0.017 84.5 <0.001
TNM stage (I11/1V vs I/11) 15 1,284 1.84 (1.50-2.25) Random <0.001 66.3 <0.001
Tumor stage (I1I/1V vs I/11) 6 636 1.05 (0.71-1.55) Random 0.822 82.9 <0.001

Cl, confidence interval; OR, odds ratios; TNM, tumor-node-metastasis.
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Fig. 5. Sensitivity analysis of included studies.
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Fig. 6. Publication bias test. (a) Begg’s funnel plot and (b) Egger’s linear regression plot for bias evaluation.

cantly downregulated in 80 GC tissues.” Such discrepancies may
be attributed to smaller sample sizes and individual variability.
Secondly, the majority of the included studies were conducted
in China, with only two papers coming from Italy and Turkey,
respectively, which may limit the generalizability of the findings.
Therefore, the conclusions should be cautiously interpreted in
a broader context. Thirdly, some survival data were calculated
from Kaplan-Meier survival curves instead of being directly ex-
tracted from the original studies, which might introduce minor
discrepancies in the pooled results. Finally, all included studies
were retrospective in design, potentially introducing selection
bias. Consequently, additional prospective clinical trials are re-
quired to confirm the predictive significance of circPVT1 across
various tumor types.

Future directions

To advance the clinical relevance of circPVT1, future studies should
prioritize validating its prognostic utility through international, pro-
spective cohorts encompassing diverse ethnicities and cancer sub-
types, thereby mitigating current geographical biases. Concurrently,
mechanistic investigations are essential to elucidate how circPVT1
drives chemoresistance and metastasis, particularly through its inter-
play with RNA-binding proteins or immune-modulatory pathways
in tumor microenvironments. Translational efforts must focus on
optimizing non-invasive circPVT1 detection in liquid biopsies for
carly diagnosis and real-time monitoring, coupled with developing
targeted therapies such as CRISPR-based silencing or antisense oli-
gonucleotides to counteract treatment resistance.

Conclusions

Our meta-analysis indicated that elevated circPVT1 expression
levels are closely linked to unfavorable OS in tumor patients.
circPVT1 has the potential to act as both a prognostic indicator
and a molecular target for solid tumor therapy. Future research
should focus on validating these findings through large-scale, mul-
ticenter prospective studies to further establish the clinical utility
of circPVTI in cancer management.
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Abstract

Acute coronary syndrome (ACS) in patients with SARS-CoV-2 infection is primarily driven by inflammation-induced myocar-
dial injury through both direct and indirect mechanisms. Effective clinical management requires a dual approach: addressing
cardiovascular lesions while also mitigating virus-induced local and systemic inflammation. This comprehensive approach is
essential for improving the diagnosis and treatment of SARS-CoV-2-associated ACS. Emerging evidence highlights the poten-
tial of myocardial protective agents, including angiotensin-converting enzyme 2-modulating drugs and traditional Chinese
medicine, which not only stabilize plaques and improve endothelial function but also confer cardioprotective effects. Further-
more, advancements in nanotechnology offer promising strategies for targeted therapy — particularly through angiotensin-
converting enzyme 2 receptor modulation — by enhancing the precision and efficacy of herbal medicine delivery. This review
explores the complex interplay between SARS-CoV-2 infection and ACS pathogenesis, and evaluates the therapeutic potential

of pharmacological, herbal, and nanotechnology-based interventions in managing this multifaceted condition.

Introduction

Myocardial injury represents a severe comorbidity of SARS-
CoV-2 infection, particularly when infection-triggered coronary
occlusion precipitates acute coronary syndromes (ACS).!* As a
critical cardiovascular manifestation, ACS substantially contrib-
utes to elevated mortality rates in affected populations.!? Emerg-
ing evidence has demonstrated that impaired ventilatory efficiency
is a characteristic functional impairment in COVID-19 survivors
developing ACS, highlighting persistent cardiopulmonary se-
quelae post-infection.> However, the mechanisms by which viral
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infection triggers non-infectious ACS remain controversial. This
mini-review aimed to highlight the potential association between
long COVID and ACS while exploring the therapeutic potential
of phytochemical compounds in alleviating SARS-CoV-2-related
long-term symptoms in ACS patients.

Acute infection with SARS-CoV-2 triggers ACS

Acute infections, especially viral ones, may worsen ACS by trig-
gering widespread inflammation that destabilizes plaques and im-
pairs endothelial function.

In addition to the well-established view that ischemia in ACS
is an aseptic inflammation process, acute infections by pathogens,
including viruses and bacteria, are suggested to accelerate the
pathological progression of ACS. Substantial elevations in serum
inflammatory biomarkers—including acute-phase reactants (C-
reactive protein and procalcitonin), neutrophil-derived enzymes
(myeloperoxidase), and circulating leukocyte subsets (macrophag-
es, T lymphocytes, and neutrophils)—are characteristically ob-
served during ACS pathogenesis, with significantly higher levels
than those detected in stable coronary artery disease patients.*3

The inflammatory activity is not limited to the culprit lesion
in the coronary artery but extends across the entire coronary tree,
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Fig. 1. COVID-19 invades the body through a large number of ACE2 receptors in the heart and blood vessels, affecting cytokine levels and triggering an
inflammatory response. This leads to systemic cytokine storms, promotes thrombosis, and accelerates ACS. ACE2, angiotensin-converting enzyme 2; ACS,

acute coronary syndrome; IL-6, interleukin-6.

indicating that this is a systemic inflammation. Growing evidence
suggests that acute infection-induced inflammatory responses
may directly influence atherosclerotic plaque stability, coronary
arterial integrity, and peri-adventitial adipose tissue through cel-
lular mediators and their molecular effectors, including cytokine
networks, proteolytic enzymes, coagulation cascade components,
oxidative metabolites, and vascular tone regulators.’ These target-
ed inflammatory mechanisms potentiate endothelial dysfunction
through vasa vasorum leakage, compromise fibrous cap integrity
via necrotic core expansion, and propagate platelet-rich thrombus
formation through coordinated P-selectin/GPIIb-Illa interactions,
collectively implicating sterile inflammation as a critical driver of
both ACS initiation and progression.®

SARS-CoV-2 virus infection accelerates ACS through the
angiotensin-converting enzyme (ACE) 2 receptor

SARS-CoV-2 induces heart damage via ACE2, causing inflamma-
tion, endothelial dysfunction, and clot formation that trigger myo-
cardial injury and atherosclerosis through cytokine storms, plaque
rupture, clotting changes, and oxygen supply issues, all of which
increase the risk of ACS.

The acute SARS-CoV-2 infection led to a global pandemic,
with acute myocardial injury (AMI) being prominently associated
with comorbidities, alongside acute pulmonary injury.” AMI is
pathologically defined by substantial elevations in high-sensitivity
cardiac troponin and/or brain natriuretic peptide, biomarkers that
reflect myocardial stress from ischemic insults (e.g., plaque rup-
ture-induced coronary occlusion) or non-ischemic etiologies such
as ACS, decompensated heart failure, inflammatory cardiomyopa-
thies, and arrhythmogenic myocardial remodeling.?

For ischemic heart disease, elevated troponin levels can be
driven not only by direct coronary artery occlusion but also by
indirect myocardial injury, such as the cardiovascular inflamma-
tion process, which may accelerate ischemic myocardial injury.’
Notably, the latter occurs during acute SARS-CoV-2 infection,
when internalization of the SARS-CoV-2 virus requires the ACE2
receptor for transport. 1011

The extensive ACE2 expression in cardiovascular tissues pre-
disposes them to SARS-CoV-2 infection, driving endothelial
dysfunction and vascular inflammation. This cascade promotes
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thrombotic events, systemic inflammatory responses, and hypoxia,

while adrenergic overactivation exacerbates myocardial stress dur-

ing cytokine storm progression.!?-14 These effects may contribute
to triggering ACS and accelerating atherosclerosis. The mecha-

nisms are as follows (Fig. 1):

* Firstly, Elevated troponin levels correlate with inflammatory
markers such as D-dimer (coagulation), ferritin (acute-phase
response), interleukin (IL)-6 (cytokine activity), and lactate de-
hydrogenase (tissue injury), suggesting systemic immune dys-
regulation involving cytokine storms and reactive phagocytic/
lymphocytic responses, rather than direct myocardial damage,
during SARS-CoV-2 infection.!5-17

» Secondly, marked inflammatory responses and hemodynamic
instability predispose to atherosclerotic plaque rupture through
mechanisms involving platelet activation/aggregation, ulti-
mately precipitating acute coronary occlusion.'®1?

* Moreover, the inflammatory response impairs coronary en-
dothelial function and hemostatic balance, increasing thrombin
activity while reducing plasminogen activity,!” thus accelerat-
ing fibrin degradation products and D-dimer, leading to a pro-
atherogenic and thrombogenic bias.22!

» Last but not least, the myocardial oxygen supply-demand im-
balance due to hypoxia and tachycardia caused by systemic
cytokine storms and pulmonary injury,?? probably becomes a
synergistic factor that works with endothelial inflammation,
vascular edema, and disseminated intravascular coagulation,
ultimately exacerbating microvascular dysfunction, occlusion,
or coronary spasm in myocardial tissue.23-25
Thus, it is deduced that myocardial injury in patients with

SARS-CoV-2 infection could be due to inflammation-induced di-

rect endothelial and vascular injury, plaque rupture with platelet

activation and aggregation, microthrombi formation, microvascu-
lar dysfunction and occlusion, or coronary spasm.

Myocardial protective drugs can regulate the ACE2 receptor
in SARS-CoV-2 virus infection

COVID-19, though primarily a respiratory illness, also affects the
heart, raising questions about the use of ACE inhibitors (ACEI)
and angiotensin receptor blockers (ARB) due to their effects on
ACE2. Meanwhile, melatonin shows promise in protecting the
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heart by improving blood vessel function and stabilizing plaques,
potentially reducing ACS risk.

COVID-19 patients predominantly present with fever and
cough, more frequently in adults than in children, along with dysp-
nea and myalgia, among other clinical features.?® As SARS-CoV-2
virus entry into cells is ACE2-dependent, and ACEI and ARB are
widely used in cardiovascular disorders, the rationale for the use
of ACEI or ARB needs to be considered.2”-28 So far, there are con-
flicting data on whether these drugs increase or have minimal ef-
fects on ACE2 levels, which still require further investigation.

Nevertheless, reports on melatonin suggest a potential protec-
tive role against myocardial injury in SARS-CoV-2 infection. The
oxygen supply-demand imbalance caused by infection-stimulated
hemodynamic activation, hypoxemia, and inflammation-induced
plaque instability with coronary hypoperfusion leads to ischemic
heart damage. Melatonin could enhance the bioavailability of ni-
tric oxide and improve coronary endothelial function, alleviating
plaque instability by inhibiting intra-plaque inflammation. Thus,
it exerts a myocardial protective function, potentially mitigating
ACS risk and even myocardial ischemia-reperfusion injury.2? No-
tably, this does not imply that melatonin is a specific medication
targeting acute inflammation in AMI, but it inspires exploration of
novel therapeutic approaches for alleviating ACS injury in patients
with acute inflammation, such as those with SARS-CoV-2 infec-
tion.

Herb benefits both long COVID and myocardial diseases

The COVID-19 pandemic has accelerated research into traditional
Chinese medicine and herbal therapies, highlighting their dual an-
tiviral and cardioprotective benefits. These agents work through
multiple mechanisms—blocking viral entry, suppressing replica-
tion, and reducing inflammation—potentially lowering ACS risk
in COVID-19 patients.

Since the first novel coronavirus pneumonia case in 2019,
COVID-19 has become a worldwide infectious disease. Following
the outbreak, long COVID became a common symptom in most
populations. In China, more than 85% of patients received tradi-
tional Chinese herbal medicine therapy.3” Treatment with Chinese
herbal medicine has been shown to relieve patients’ symptoms.3!

Accordingly, the most commonly used herb for patients is li-
corice. While the antiviral mechanisms of glycyrrhizin remain in-
completely characterized, emerging evidence suggests its interac-
tion with multiple signaling pathways—including protein kinase
C, casein kinase II, AP-1, p38 MAPK, and NF-«xB—modulates
DNA repair mechanisms and transcriptional regulation.’*3* Gly-
cyrrhiza species exert cardioprotective effects via coordinated
mechanisms, including attenuation of oxidative damage through
Nrf2/ARE pathway activation, upregulation of endogenous an-
tioxidant defenses, restoration of cardiac functional parameters,
and preservation of myocardial structural integrity.’> Moreover,
glycyrrhizic acid and its bioactive metabolite glycyrrhetinic acid
suppress inducible nitric oxide synthase expression in activated
macrophages, reducing nitric oxide synthesis—a critical driver of
oxidative and inflammatory cascades in acute lung injury patho-
genesis. Agastache rugosa, Forsythia suspensa, Atractylodes mac-
rocephala, and Scutellaria baicalensis are also widely used in the
mild and moderate stages of COVID-19.3¢ In clinical treatment, li-
corice is used in many traditional Chinese medicine prescriptions,
such as QingFeiPaiDu decoction,?” ShuFenglieDu granules,? Jin-
HuaQingGan granules, and LianHua QingWen capsules.?

LianHua QingWen granules, a classic traditional Chinese medi-

DOI: 10.14218/ERHM.2024.00043 | Volume 10 Issue 2, April 2025

Explor Res Hypothesis Med

cine formula,***! have been approved to treat fever, fatigue, and
other symptoms caused by mild COVID-19. Regarding the effect
of herbs in the composition of LianHua QingWen granules, Chen
et al.*? show that several anti-plague components from lotus play
a potential role in inhibiting COVID-19 by significantly affect-
ing the binding between ACE2 and S protein, which is a critical
mechanism for preventing viral infection. Pan et al.** showed that
puerarin and quercetin may also combat COVID-19 through a
similar mechanism by affecting the interaction between S protein
and ACE2.

Astragalus membranaceus has a variety of pharmacological
activities, including anti-virus, anti-inflammatory, and immune
system regulation. It is rich in Astragalus polysaccharides, which
have antiviral effects.***> Honeysuckle is also an effective anti-
inflammatory Chinese herbal medicine, which is used for a variety
of viral infections,*® such as hepatitis B virus,*’ dengue virus,*s
and intestinal and respiratory viruses, etc. These two herbs have
been used since ancient China. Yeh et al.*® showed that honey-
suckle-Astragalus preparation can not only improve the expression
of a group of COVID-19-related miRNAs but also inhibit the ex-
pression of IL-6 and TNF-a, key inflammatory factors in cytokine
storms, indicating that it has a certain inhibitory effect on cytokine
storms. Furthermore, this preparation can inhibit the binding of
COVID-19 protein to the ACE2 receptor, thus playing an antiviral
role. In clinical practice, many Chinese patent medicines are in
use, including Astragalus membranaceus or honeysuckle, such as
Fuling Paidu decoction and Jinhua Qinggan capsules,* which can
be used to treat patients at various stages.5!>2

Herb-derived medicine is also under investigation for the
treatment of SARS-CoV-2 virus infection. These compounds
or phytomedicines include Coronil,>® Cuphea ignea,>* Reynou-
tria Rhizomes,’ Cordycepin,3%-3% Glycyrrhizic Acid,*-%! Perilla
frutescens,%2:%* Cyperus rotundus Linn,%* Thymoquinone,®-%7 and
others. The underlying mechanisms for the antiviral effects in-
volve preventing the replication of the virus (e.g., Reynoutria Rhi-
zomes), exhibiting inhibitory potential against the COVID-19
polymerase enzyme (RdRp) (e.g., Cordycepin),®® effectively kill-
ing the SARS-CoV-2 virus by targeting key protein structures of
the virus or through immune synergy with other antiviral drugs
(e.g., Glycyrrhizic Acid),? blocking viral RNA and protein synthe-
sis (e.g., Perilla frutescens leaf extract),® inhibiting SARS-CoV-2
virus proteases to reduce viral replication, and antagonizing an-
giotensin-converting enzyme 2 receptors (e.g., Thymoquinone).%®
Thus, these studies provide promising candidates for treating
SARS-CoV-2 virus-induced ACS and, therefore, diminishing ACS
injury (Table 1 and Fig. 2)'32,40745,49,50,54,57,63-69

Non-herbal medicine benefits both long COVID and myocar-
dial diseases

The S proteins of SARS-CoV-1 and CoV-2 share 76% overall se-
quence identity, yet the receptor-binding domain of the latter has
10-20 times higher affinity for the human ACE2 receptor pro-
tein.”® After the receptor-binding domain binds ACE2, two heptad
repeat domains, HR1 and HR2, interact to form a six-helical bun-
dle, bringing the viral and host membranes close to one another,
resulting in fusion. Using a recently solved crystal structure of the
HR1 and HR2 domains of the SARS-CoV-2 S protein, lipidated
peptide fusion inhibitors have been designed to inhibit pseudovirus
infection of cells, with IC50 values in the single-digit nanomo-
lar range.”! Due to its broad-spectrum anti-coronavirus activity,
EK1C4 can be used for the treatment and prevention of infection
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Fig. 2. Traditional Chinese medicine compounds inhibit viral invasion by acting on the ACE2 receptor, which is necessary for COVID-19 to enter the body.
These compounds then affect downstream signaling pathways, such as ERK/MAPK, NF-kB, IRFs, and TGF-B, to reduce the expression of inflammatory factors,
thereby aiding in the treatment of COVID-19. ACE2, angiotensin-converting enzyme 2; CHM, Chinese herbal medicine; EMT, Epithelial-Mesenchymal Transi-
tion; ERK, Extracellular Signal-Regulated Kinase; IFN-y, interferon-y; IL, interleukins; IRFS, Interferon regulatory factors; MAPK, Mitogen-Activated Protein
Kinase; NF-kB, Nuclear Factor kappa-light-chain-enhancer of activated B cells; TGF-B, Transforming Growth Factor Beta; TNF-a, Tumor Necrosis Factor alpha.

not only by SARS-CoV-2 but also by other HCoVs. However, its
fundamental limitation is the substantial development costs. Anak-
inra is the first recombinant IL-1 receptor antagonist that binds to
both IL-1a and IL-1p receptors and has received approval from the
U.S. Food and Drug Administration (FDA) for treating rheumatoid
arthritis. In survival analysis, the development of any thromboem-
bolic event, pulmonary thromboembolism, and ACS was higher in
the SoC group compared to the Anakinra group. The survival rate
was also lower in the SoC group than in the Anakinra group for
patients who experienced thromboembolic events and ACS.”> How-
ever, its effectiveness in patients already suffering from respiratory
failure has shown controversial results, and it is not recommended.”

Nanotechnology-based herbal medicine may benefit both
SARS-CoV-2 virus infection and ACS by targeting the ACE2
receptor

Nanotechnology has revolutionized the COVID-19 response, ena-
bling mRNA vaccine development and offering targeted therapies.
Lipid nanoparticles have driven vaccine success, while nanoceria
and silver nanoparticles show promise in fighting the virus and its
complications through ACE2 modulation.

The U.S. FDA has granted Emergency Use Authorization for
two mRNA vaccine candidates: Pfizer-BioNTech’s BNT162b2
and Moderna’s mRNA-1273.74 Emerging studies demonstrate
that comprehensive targeting of conserved immunodominant
epitopes across the full-length spike glycoprotein in SARS-
CoV-2 variants, while harnessing the anti-inflammatory poten-
tial of regulatory T cells, provides critical insights for develop-
ing pan-coronavirus vaccines with broad-spectrum efficacy.”7¢
The unprecedented efficacy of mRNA vaccines (BNT162b2
and mRNA-1273) has marked a turning point in pandemic con-
tainment. Nanoparticle platforms have proven instrumental in
vaccine development, with lipid-based vectors shielding labile
mRNA from ribonucleases while facilitating endosomal escape
for cytosolic delivery. Phase III trials demonstrated 95% efficacy
rates—a breakthrough stemming from innovative lipid nanopar-
ticle delivery systems that optimize antigen presentation and en-
hance immunogenicity.””
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Nanoceria (NC) is a rare-earth nano drug with catalase and
superoxide dismutase mimic activity. In clinical studies, there is
evidence that nanoceria can pass through TGF- signaling path-
ways, potentially inhibiting the progression of fibrosis.”® NC may
effectively inhibit fibrosis and reduce collagen deposition.” Tar-
geted transport of NC to the lungs may effectively alleviate acute
respiratory distress syndrome.5?

Targeted transportation may achieve better results. Silver na-
noparticles (AgNPs) have also become one of the drugs that can
inhibit SARS-CoV-2 virus infection due to their strong antiviral
effect. AgNPs can attach to the virus genome to prevent viral rep-
lication and new virus release.®! AgNPs are likely to inhibit severe
inflammatory responses, cytokine storms, and pulmonary fibrosis
in COVID-19.82 More interestingly, reports have shown that cati-
onic nanoparticles can directly bind ACE2, decrease its activity,
and down-regulate its expression level in lung tissue, resulting
in the deregulation of the renin-angiotensin system.®? Binding to
ACE2 by multivalent attachment of ligands to nanocarriers incor-
porating antiviral therapeutics could increase receptor avidity and
impart specificity to these nanovectors for host cells in the pulmo-
nary tract. These findings suggest that nanoparticle-carrying herbal
medicine may exert both cardioprotective effects in ACS and anti-
inflammatory effects in SARS-CoV-2 virus infection by targeting
the ACE2 receptor.

Nanotechnology plays a role in COVID-19 detection,®* diagno-
sis, treatment, and other stages.®> Nanobodies demonstrate therapeu-
tic potential for COVID-19 by attenuating pulmonary hyperinflam-
mation through targeted viral neutralization and immunomodulatory
mechanisms.?® Nanodrugs have higher safety and biocompatibility
and can provide more accurate drug targeting.®” However, nanopar-
ticles also have limitations due to their toxicity. Nanoparticles have
low solubility and degradability, so they can persist in cells for a
long time and are not easily degraded.?® Furthermore, there is still a
lack of a clear clearance mechanism.? Therefore, the application of
nanotechnology still needs to be further explored.

Future directions

Current research progress in phytomedicine has established critical
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directions for addressing SARS-CoV-2-associated cardiovascular
complications, requiring systematic advancement across five key
areas. First, large-scale, multicenter, randomized controlled trials
should be prioritized to evaluate dose-response relationships of
standardized phytochemical formulations (e.g., glycyrrhizic acid,
astragaloside IV). These trials should be supported by longitudinal
follow-up databases with a minimum three-year monitoring period
to assess sustained efficacy and safety. Mechanistically, advanced
structural biology techniques such as cryo-electron microscopy are
needed to elucidate molecular interactions between bioactive plant
compounds and ACE2 receptors. Concurrently, innovations in
nanotechnology must address organ-targeting limitations through
pharmacokinetic modeling to optimize nanoparticle delivery ef-
ficiency and biodegradability, alongside standardized toxicity
assessments. Clinically, interdisciplinary frameworks should vali-
date the synergistic effects between phytomedicine and conven-
tional cardiovascular therapies across diverse ethnic populations,
utilizing unified cardiovascular endpoints for efficacy evaluation.
Furthermore, international consortia should integrate multi-omics
platforms and leverage global COVID-19 cardiovascular sequelae
registries to identify biomarkers predictive of phytotherapy re-
sponsiveness. These coordinated efforts will bridge gaps between
preclinical research and clinical translation, ultimately informing
evidence-based integrative cardiovascular care strategies.

Conclusions

Current research on SARS-CoV-2-associated ACS and herbal/
nanotechnology therapies faces limitations, including reliance
on observational data, unclear ACE2 mechanisms, and insuffi-
cient long-term safety evidence. Potential biases, such as over-
emphasis on positive results, may skew conclusions. SARS-
CoV-2 triggers ACS through inflammation-induced myocardial
injury, requiring therapies that target both cardiovascular dam-
age and virus-driven inflammation. Promising approaches in-
clude ACE2-modulating drugs, traditional Chinese medicine,
and nanotechnology, which stabilize plaques, protect endothe-
lial function, and enable targeted delivery. However, challenges
like nanoparticle toxicity must be addressed. A comprehensive,
multi-modal strategy is essential for improving SARS-CoV-2-as-
sociated ACS outcomes. Compared to conventional therapeutic
regimens, Chinese patent medicines demonstrate superior safety
profiles characterized by a reduced incidence of adverse effects
and lower treatment costs.
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Abstract

This review explores how the gut microbiome influences aging, particularly examining the effects of microbiome imbalances
(dysbiosis) on immune system function, inflammation, and the integrity of genetic material. As we age, there is a noticeable
decline in cellular and physiological capabilities, which heightens the risk of diseases and diminishes the body’s resilience to
stress. A significant contributor to this decline is the change in the gut microbiome, which affects immune reactions, triggers
chronic inflammation, and worsens DNA damage. The review is structured into several key areas: first, the connection between
dysbiosis and age-related ailments such as rheumatoid arthritis, Crohn’s disease, and systemic lupus erythematosus; second,
how aging influences immune tolerance, especially regarding dendritic cells, and its link to autoimmune diseases; third, the
acceleration of immunosenescence and the prolonged inflammatory responses associated with aging; and fourth, the impact of
senescent cells and oxidative stress on increasing inflammation and damaging DNA. We also underscored the significance of
short-chain fatty acids produced by beneficial gut bacteria in modulating immune responses and facilitating DNA repair. The
discussion includes the potential use of probiotics and other microbiome-related interventions as treatment options to promote
healthy aging. Ultimately, we stressed the necessity for additional research to deepen our comprehension of the microbiome’s
effect on DNA damage and to create personalized therapeutic strategies for fostering healthier aging and enhancing longevity.

Introduction

Aging is a multifaceted biological phenomenon characterized by
a progressive decline in cellular and physiological functions, af-
fecting all organisms universally."* This process undermines re-
silience to stress, the capacity for injury recovery, and the main-
tenance of internal stability, critical facets tightly intertwined with
aging.’5 Recent scientific inquiries have illuminated an intriguing
intersection between aging and the human microbiome—an intri-
cate ecosystem of microorganisms cohabiting within our bodies.%’
In particular, the relationship between the microbiome, notably the
gut microbiota, and aging has emerged as a focal point of research,
unveiling profound implications for human health and longev-
ity 8-10

DNA damage is widely considered one of the hypothesized
hallmarks of aging.!™»'? It is influenced by various cumulative fac-
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tors, including exposure to environmental agents such as ultravio-
let radiation, pollution, and toxins.!3-'5 Additionally, aging is asso-
ciated with increased production of reactive oxygen species (ROS)
due to declining mitochondrial function.'®!8 Furthermore, as cells
divide, telomeres shorten, contributing to cellular senescence.!*-?
Moreover, age-related declines in DNA repair efficiency, epige-
netic modifications affecting gene expression in DNA repair, and
replication stress further exacerbate DNA damage.?!~?* Chronic
inflammation, known as “inflammaging,” which is associated with
aging and induced by pro-inflammatory cytokines, exacerbates ox-
idative stress and the accumulation of DNA damage.?*2% Genomic
instability resulting from accumulated mutations and chromosomal
abnormalities further contributes to age-related DNA damage.?%3°

As individuals age, their microbiome undergoes substantial
transformations characterized by diminished diversity and shifts
in bacterial composition.®3! These changes involve an increase in
opportunistic pathogens and a decline in beneficial bacteria.3? Fac-
tors such as altered metabolic activity, which influences the pro-
duction of essential short-chain fatty acids (SCFAs) crucial for gut
health, contribute to these shifts.?3%3* Furthermore, aging-related
immunosenescence, marked by diminished immune function, pro-
motes chronic low-grade inflammation and compromises the in-
tegrity of the gut barrier, thereby disrupting the microbiome.35-7
Oxidative stress, compounded by these changes, also influences
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the microbiome’s composition and functionality.3®#" Additionally,
dietary shifts, lifestyle modifications, increased antibiotic usage,
and chronic diseases impact the microbiome’s ability to synthe-
size vitamins, degrade complex polysaccharides, and regulate host
metabolism.*142

Importantly, this exploration of microbiota-mediated regula-
tion of DNA damage and its implications for human health and
aging reveals striking parallels in the mechanisms underlying
age-related DNA damage and microbial dysregulation. An un-
derstanding of these complexities could pave the way for in-
novative therapeutic strategies aimed at fostering healthy aging
and combating age-related diseases. Hence, this review aimed to
critically examine the complex interactions between the micro-
biome, DNA damage, and aging, with a specific focus on their
interrelationship and their broader implications for human health
and disease. By exploring these interactions, we seek to deepen
our understanding of the biological mechanisms that underlie hu-
man longevity and, more importantly, healthspan—the portion of
life spent in optimal health.

An extensive literature search was performed to identify perti-
nent studies for this review. The search covered multiple academ-
ic databases, including PubMed, Scopus, Web of Science, and
Google Scholar, with a focus on laboratory, in vivo, and clinical
research. The search strategy was designed to align with the cen-
tral themes of the review, utilizing targeted keywords and phrases
relevant to the research focus. A total of 993 papers were iden-
tified through database searches. After removing 24 duplicates,
969 papers remained for screening. Of these, 600 papers were
excluded based on title and abstract screening, primarily due to
irrelevance to the narrative review, lack of methodological rigor,
insufficient data or analysis, duplicate entries, or non-availability
of full text. Ultimately, approximately 300 papers were included
for full-text review. In this context, duplicates refer to instances
where the same paper appeared multiple times across different
database search results, either due to indexing in multiple da-
tabases or different versions of the same paper, as shown in the
flowchart (Fig. 1).

The interplay between gut microbiota and immune function in
health and disease

The human gut microbiome plays a crucial role in overall health,
with its composition influenced by multiple factors such as genet-
ics, immune system effectiveness, age, gender, and lifestyle choic-
es, including diet, pregnancy, and stress management. Maintaining
a balanced microbiome (eubiosis) is vital for optimal health, as
it helps produce essential metabolites and boosts immune func-
tions.*3* In contrast, dysbiosis occurs when there is an imbalance,
resulting in the growth of harmful microorganisms while benefi-
cial ones decline, which can lead to various health issues.*3:46

An increasing number of studies are highlighting the link be-
tween gut bacteria and diverse health outcomes.***7#% For in-
stance, a research study conducted in Poland explored the impact
of polyphenols, lignans, and herbal sterols on immune-modulating
bacteria such as Escherichia coli and Enterococcus spp. in a group
of 95 non-obese individuals. The findings suggested that a high-
er intake of these compounds might be linked to a lower risk of
COVID-19, likely due to beneficial changes in gut microbiome
composition.*® This implies that altering the microbiome could
be useful in preventing infections, particularly respiratory dis-
eases like COVID-19. However, the authors stress the importance
of conducting additional research to confirm these results and to
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Fig. 1. Flowchart of the literature search and screening process.

investigate microbiome-centered approaches for tackling various
health challenges.

Importantly, the gut microbiome plays a pivotal role in modu-
lating immune responses, a factor of particular relevance in the
context of COVID-19, where dysregulation of immune function is
central to the pathophysiology and progression of the disease.3%5!
An excessively pro-inflammatory response can lead to severe
complications. Proteins known as Toll-like receptors play a crucial
role in detecting pathogens such as SARS-CoV-2 and initiating
immune responses, including the release of type I interferons and
inflammatory cytokines.’»53 Nevertheless, an overly aggressive
or delayed immune response during viral respiratory infections,
including COVID-19, may worsen the severity of the disease.
The gut microbiome is essential for regulating immune respons-
es, including the activation of Toll-like receptors via the gut-lung
axis, which links gut health to lung function.5*%5 A well-balanced
microbiome enhances immune activation, ensuring an effective
response to pathogens, whereas a disrupted microbiome may in-
crease inflammation and the risk of severe disease.*3-4¢ Addition-
ally, beneficial gut bacteria generate SCFAs, which help manage
inflammation and maintain immune balance, potentially resulting
in improved outcomes for various diseases.8-33:34:56

Recent studies also highlight the significant influence of the mi-
crobiome on overall well-being. Research linking intestinal bac-
teria to lung diseases such as asthma, chronic bronchitis, COPD
(chronic obstructive pulmonary disease), and pulmonary arterial
hypertension reveals distinct associations between certain gut bac-
teria and the risk of developing these diseases.5’-5° This emphasiz-
es the microbiome’s vital importance in both digestive and respira-
tory health. Furthermore, investigations into autoimmune diseases
like juvenile idiopathic arthritis and uveitis indicate that changes
in gut microbiota may play a role in these disorders.**-%! Mendelian
randomization studies provide new insights into their underlying
mechanisms and possible treatments.®? In addition to immune re-
sponses, the microbiota-gut-brain axis has gained interest for its
influence on mental health.%3%* Studies suggest that gut microbiota
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can influence psychological issues such as post-traumatic stress
disorder, highlighting notable differences in SCFAs and bacterial
populations in those affected.b5% Research involving probiotics
and fermented foods has shown promising results, indicating that
modifying the gut microbiome might improve mental health treat-
ments.®”-%8 This connection underscores the essential role of gut
health in our psychological state. Importantly, a significant fac-
tor linking gut microbes to overall well-being is systemic inflam-
mation.®®7" This relationship is becoming more important in the
realm of predictive, preventive, and personalized medicine, as it
unveils health risks and aids in effective care strategies. By using
the microbiome and inflammation as indicators, we can develop
early intervention strategies and tailored therapies to enhance
health outcomes and individual treatments.

Research into the role of gut microbiota in zoonotic diseases
like leptospirosis is currently ongoing.”"7? This infection leads to
approximately 1 million reported cases each year, with a mortality
rate of 6.86%, translating to roughly 60,000 deaths globally.”74
The nature of the relationship between leptospirosis and gut mi-
crobiota is not yet fully understood; however, recent research has
shown that a Leptospira infection alters the composition of gut
microbes, notably raising the Firmicutes/Bacteroidetes ratio.”7¢
While antibiotics and steroids are frequently prescribed, there is
increasing interest in probiotics as a potential treatment alterna-
tive.”” Studies indicate that the use of antibiotics, which reduce gut
microbiota, can worsen the infection’s impact on various organs,
whereas fecal microbiota transplantation may alleviate these ef-
fects.””-78 This suggests that preserving or restoring a balanced gut
microbiota could be vital for effectively managing leptospirosis.
Therefore, probiotics, which help reestablish gut balance, may be
advantageous in lessening the severity of the infection, improving
immune responses, and aiding recovery.

Together, these studies highlight the crucial impact that gut
microbiota has on various health issues, including immune re-
sponse, respiratory illnesses, mental health, and infections. Grow-
ing evidence emphasizes the necessity for additional research into
microbiome-focused therapies, which present exciting opportuni-
ties for disease prevention, health enhancement, and personalized
treatment alternatives.

DNA repair, maintenance, and microbiome interconnections

DNA repair and maintenance are fundamental to genetic stabil-
ity and represent pivotal elements within biological systems.”® It
is widely acknowledged that the accumulation of DNA damage,
which is presumed to occur progressively over time, can poten-
tially be mitigated through the microbiome’s modulatory impact
on DNA repair pathways.882 Thus, fostering a robust microbi-
ota capable of supporting optimal DNA repair mechanisms holds
promise for potentially attenuating the aging process and enhanc-
ing genetic stability.33-85

Notably, cancer patients afflicted with erysipelas, a skin infec-
tion caused by Streptococcus pyogenes, experienced spontane-
ous regression of tumors due to the infection.®-8% Additionally,
Escherichia coli emerged as the first microorganism identified
to demonstrate mutagenic properties.?? Colibactin, a compound
derived from Escherichia coli, has been found to induce double-
strand DNA breaks through the alkylation of adenine residues,
potentially leading to direct mutations associated with colorectal
cancer.” Intriguingly, genotoxins secreted by the gut microbio-
ta exhibit DNase activity.”! Upon release in close proximity to
gastrointestinal (GI) epithelial cells, these toxins induce double-
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strand DNA breaks, triggering a transient cell cycle arrest in host
epithelial cells.?>3 Alongside colibactin, a variety of other bac-
terial toxins that cause genetic damage can lead to considerable
harm to the host’s DNA. Cytolethal distending toxins (CDTs),
secreted by Gram-negative bacteria such as Escherichia colli,
Shigella dysenteriae, and Campylobacter jejuni, act as potent
DNA-damaging agents.*?5 These toxins cause genotoxic effects
by interfering with the cell cycle and resulting in DNA fragmen-
tation, which contributes to genomic instability. This process is
crucial for the onset of colorectal cancer, where E. coli strains
that produce CDTs play a role in DNA damage and the formation
of tumors.’® Another notable genotoxic toxin is typhoid toxin,
which is generated by Salmonella typhi, Salmonella paratyphi,
and other Salmonella subspecies (such as arizonae and javi-
ana).”” The toxin associated with typhoid harms DNA and plays
a vital role in the development of typhoid fever, a widespread
infection that causes serious digestive issues and other compli-
cations.”® Moreover, shigellosis, which is caused by Shigella
dysenteriae, along with campylobacteriosis from Campylobacter
Jjejuni, also involves CDTs, which lead to severe GI inflamma-
tion and can sometimes result in complications outside the intes-
tines, such as Guillain-Barré syndrome.®®!% These observations
underscore the crucial role of microbial toxins in perturbing the
genomic stability of hosts, contributing to the emergence and
progression of various infections and cancers.

On another front, the transcription factor tumor protein,> p53,
well-known for its tumor-suppressing abilities, binds to distinct
DNA sequences, activating transcription, regulating the cell cy-
cle, and facilitating the repair of damaged genes.!?"-102 Interest-
ingly, a significant portion of p53 mutations commonly associ-
ated with cancer initiation are attributed to metabolites produced
by the gut microbiota.!%%1% Furthermore, Shigella flexneri, using
secretases like virulence gene A and inositol phosphoinositide
4-phosphatase, induces degradation of the host cell’s p53, thereby
elevating the incidence of DNA mutations.'5-17 Moreover, an-
aerobic Gram-negative bacteria such as Fusobacterium nucleatum
are frequently observed in the microbiomes of individuals with
colorectal cancer.1%:1% There is a general consensus that ROS and
pro-inflammatory substances may contribute to the Fusobacteri-
um nucleatum oncogenic process. ROS could potentially lead to
alterations in 5'—C—phosphate—G—3' site methylation, result-
ing in microsatellite instability and other epigenetic changes.!!%111
Concurrently, pro-inflammatory agents and ROS may induce DNA
damage. Similarly, Helicobacter pylori triggers the production of
hydrogen peroxide and ROS via spermine oxidase, potentially
causing DNA mutation and promoting carcinogenesis.!'>113 Last-
ly, clinical investigations revealed a correlation between highly
pathogenic mutations in the Adenomatous Polyposis Coli tumor
suppressor gene in the intestinal cells of patients, an increase in
Fusobacterium mortiferum, and a notable decrease in Clostridium
geniculatum and Bifidobacteria."'*'1% These studies are among
the numerous pieces of evidence linking the microbiome to DNA
integrity. Additional pertinent studies are listed in Table 1.117-121

Dysbiosis, aging, and immunosenescence: mechanisms at the
9
gut interface

As the body’s ability to repair itself diminishes over time, chronic
inflammation and immunosenescence create conditions condu-
cive to increased DNA damage.!?123 This convergence of factors
sets the stage for a vicious cycle, where each element exacerbates
the effects of the others.'?*125 Dysbiosis, an imbalance in the gut
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Table 1. Studies on DNA repair, maintenance, and microbiome interconnections

Study title Authors Year  Main findings Reference
Bacterial phenotypic Vincentetal. 2020 The article highlights how variation in DNA repair 117
heterogeneity in DNA pathways can affect mutation rates and genome stability

repair and mutagenesis in bacteria, especially under antibiotic stress

Gut Microbiota as D’Aquilaetal. 2020 The review highlights that gut microbiota, through its 118
Important Mediator metabolites, plays a crucial role in shaping the host’s

Between Diet and DNA epigenome by influencing DNA methylation and histone

Methylation and Histone modifications, thereby affecting cellular activities

Modifications in the Host

Bacterial DNA excision Wozniak 2022  This article highlights newly discovered bacterial DNA 119
repair pathways etal repair pathways, including EndoMS and MrfAB, advancing

our understanding of genome maintenance

DNA Damage and Hsiao et al. 2023
the Gut Microbiome:
From Mechanisms to

Disease Outcomes

Colibactin-induced
damage in bacteria is cell
contact-independent

Lowry et al. 2025

This article explores how DNA damage impacts the gut microbiome, 120
linking impaired microbial DNA repair to dysbiosis, disrupted

host interactions, inflammation, and disease outcomes like

gastrointestinal disorders, metabolic dysfunction, and cancer

This study reveals that colibactin-induced DNA damage in bacterial 121
cells occurs over long distances without direct contact. Using a
fluorescent reporter system, researchers found that genotoxic

effects saturated within 12 h and were detectable hundreds of
microns away, challenging previous delivery assumptions

microbiota, accelerates immunosenescence, thereby accelerating
DNA degradation associated with aging 4546126127 Alternatively,
DNA damage escalates inflammation, perpetuating a self-rein-
forcing loop of decline.!?8-130 Research indicates that dysbiosis
may contribute to age-related immunosenescence through vari-
ous mechanisms. One crucial aspect involves the modulation of
the gut-associated lymphoid tissue (GALT), a pivotal component
of the immune system residing in the GI tract, often regarded as
the body’s largest immune organ.!31-133 As people age, the func-
tionality of GALT diminishes, leading to a weakened immune
response and a higher risk of infections and diseases. Recent
research has shown that aging results in a decrease in both the
quantity and functionality of key immune cells found in GALT,
such as naive T cells, B cells, and dendritic cells (DCs), which
are vital for triggering immune responses.!3+135 This age-related
reduction in immune cell populations is associated with an el-
evated vulnerability to GI cancers and systemic inflammation
in older adults.'3¢137 Within GALT, innate immune cells act as
the frontline defenders of the gut mucosa, playing essential roles
in pathogen recognition, initiating the innate immune response,
and presenting antigens to activate the adaptive immune system
downstream.'3%-140 Moreover, GALT is integral in maintaining
immunological tolerance to commensal bacteria, serving as a
crucial link between the systemic immune response and the local
immunological environment of the gut. Alterations in microbiota
composition can profoundly influence the development and func-
tion of immune cells within GALT, thereby potentially impacting
systemic immune responses.'41-143 This intricate interplay under-
scores the importance of gut microbiota in modulating immune
function and highlights its relevance in the context of aging and
immunosenescence (Fig. 2).

Additionally, there is compelling evidence connecting the loss
of DC tolerance to gut dysbiosis.!#+145 Recent clinical studies have
demonstrated that gut microbiota dysbiosis profoundly impacts
DC-mediated immune tolerance, contributing to immune dysfunc-
tion.!#4146 In patients with inflammatory bowel diseases, such as
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Crohn’s disease and ulcerative colitis, dysbiosis characterized by
an overgrowth of pro-inflammatory bacteria impairs DC function,
leading to a failure to induce tolerance to gut antigens and subse-
quent inflammation.'#”-148 These patients also exhibit a reduction
in T cells (Tregs) in the gut, further exacerbating immune dysregu-
lation and promoting chronic inflammation. Similarly, individuals
with autoimmune conditions like theumatoid arthritis and systemic
lupus erythematosus show altered gut microbiota profiles, which
skew DC activation, promoting pro-inflammatory responses that
drive autoimmune pathogenesis.!**!3" Furthermore, studies have
demonstrated that microbiome-based interventions, such as probi-
otics, can restore DC function and enhance regulatory Treg induc-
tion, reducing inflammatory markers in elderly individuals with
dysbiosis.!SL152 Collectively, these findings highlight the criti-
cal role of gut microbiota in modulating DC-mediated immune
responses and underscore the potential of microbiome-targeted
therapies to restore immune tolerance, reduce inflammation, and
mitigate autoimmune diseases, offering promising strategies to
counteract age-related immune dysfunction.

DCs also play a crucial role in maintaining immunological
tolerance by orchestrating mechanisms such as inducing anergy,
clonally deleting T cells, and promoting the generation of Tregs
to suppress immune responses against self-antigens.'3155 These
processes collectively ensure that the immune system avoids
harmful responses to its own tissues. Importantly, dysbiosis can
disrupt the production of SCFAs, compromising the integrity of
the gut barrier and facilitating the translocation of harmful micro-
bial products.!3%157 Consequently, this triggers the activation of
immune cells and contributes to systemic inflammation, ultimately
culminating in immunosenescence. Notably, various signaling
pathways, including SCFA synthesis by specific bacteria, mediate
communication between the gut microbiota and the immune sys-
tem.!3%15% SCFAs not only support intestinal barrier integrity but
also possess anti-inflammatory properties, further underscoring
their role in immune regulation.!®*-192 Moreover, recent research
has elucidated how dysbiosis influences T cell diversity, a crucial
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Fig. 2. A comprehensive schematic illustrating the interplay between gut dysbiosis, immunosenescence, and DNA damage in aging.

aspect of adaptive immune function.'®® With aging, individuals
may experience a decline in the capacity of their T cells to respond
effectively to new infections and vaccinations due to alterations in
the composition of their gut flora.!64-166

New research emphasizes the considerable role that imbalanc-
es in gut microbiota play in the processes associated with aging.
Dysbiosis is linked to increased oxidative stress, mitochondrial
dysfunction, and inadequate immune responses, all of which can
accelerate the aging process.'®”-1% Moreover, this imbalance in
microbes heightens the likelihood of infections and weakens im-
mune defenses in older adults, exacerbating the decline in immune
function. Clinical trials indicate that probiotics such as Lactiplan-
tibacillus plantarum may help alleviate inflammation and oxida-
tive stress, which are significant factors in age-related deteriora-
tion.!7%17! These investigations encourage approaches to restore
a balanced gut microbiota, which could enhance immune function
and promote healthier aging by combating chronic inflammation.
Overall, this research highlights the crucial importance of the gut
microbiome for aging and immune health, pointing to the potential
for microbiome-centric treatments to improve immunity and fos-
ter longevity among the elderly. Further evidence related to this is
provided in Table 2.172-176

In essence, the complex interplay between immunosenescence
and dysbiosis underscores the critical role of maintaining a diverse
and balanced gut microbiota for optimal immune function as indi-
viduals age. However, the precise mechanisms linking age-related
microbial dysbiosis to immunosenescence and inflammaging pro-
cesses remain largely unclear. Therefore, further comprehensive
research is essential to uncover these intricate connections and
understand their broader implications for age-related immune dys-
function. By elucidating the relationship between dysbiosis, loss of
immune tolerance, and inflammation, we can better understand the
mechanisms underlying age-related immune decline. This under-
standing is vital for developing targeted interventions to mitigate
the impact of immune dysfunction on health and aging. Continued
research is crucial for identifying effective strategies to support
older individuals in maintaining a healthy gut microbiome and a
robust immune system. Comprehensive studies are essential to un-
cover these intricate connections and their broader implications for
age-related immune dysfunction.
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Understanding the dynamic relationship of immunosenescence
and inflammation in aging

An intriguing aspect of the interplay between inflammation and
immunosenescence is their mutually reinforcing relationship.
While chronic inflammation is both a consequence and a contribu-
tor to immunosenescence, the sustained release of pro-inflamma-
tory molecules, termed cytokines, can disrupt immune regulation
and exacerbate age-related immune decline !77:178 Although the
immune system predominantly regulates the levels of pro- and
anti-inflammatory cytokines, recent research in fibroblasts and
epithelial cells has unveiled a correlation between cellular senes-
cence and a significant increase in the secretion of 40-80 factors
involved in intercellular signaling, collectively known as the “se-
nescence-associated secretory phenotype”.17°-181 Immune cells,
like macrophages and natural killer cells, are typically recruited
to eliminate senescent cells (SCs).!8%183 However, they may even-
tually lose their ability to do so, leading to an accumulation of
SCs and heightened inflammation. Thus, within the intricate fabric
of human health, the relationship between inflammation and im-
munosenescence emerges as a crucial component. This dynamic
interaction underscores the importance of understanding how ag-
ing processes impact immune function and vice versa, offering po-
tential insights into therapeutic strategies aimed at mitigating age-
related immune dysfunction and chronic inflammation. Additional
supporting evidence on this topic is presented in Table 3.184-188
As individuals age, various factors contribute to the complex
interplay between inflammation and immunosenescence, impact-
ing the functionality of the immune system. First, alterations in
immune cell function occur, particularly in T cells, which play
a pivotal role in directing immune responses. This decline in T
cell efficacy may lead to diminished control over inflammation,
resulting in prolonged and exaggerated inflammatory reactions.'8?
Second, dysregulation of cytokines—crucial proteins for immune
cell communication—ensues due to immunosenescence, favoring
the production of pro-inflammatory cytokines and perpetuating
a chronic inflammatory state associated with age-related disor-
ders.'77-17% Third, the accumulation of SCs, known to release a
mixture of pro-inflammatory molecules termed the SASP, further
fuels both local and systemic inflammation. This process is facili-
tated by the persistence of these cells under conditions of immu-
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Table 2. Microbiome-centric strategies for enhancing immunity and promoting longevity in the elderly

Study title Authors Year Main findings Reference
The Gut Microbiome, Badal 2020 Aging is associated with distinct gut microbiota alterations, 172
Aging, and Longevity: etal. including reduced Faecalibacterium, Bacteroidaceae, and

A Systematic Review Lachnospiraceae, increased Akkermansia, and functional shifts in

carbohydrate metabolism, amino acid synthesis, and short-chain
fatty acid production, particularly in the oldest-old adults

Gut microbiota Sontoro 2018 Centenarians provide a unique model for disentangling aging-related 173
changes in the etal. and non-aging-related gut microbiota changes, highlighting the influence
extreme decades of of population, gender, and genetics, with implications for the gut-brain
human life: a focus axis, neurodegenerative diseases, and microbiome-based therapies
on centenarians
Lactic Acid Bacteria Liuetal. 2023 Lactic Acid Bacteria (LAB) may promote healthy aging by modulating key 174
and Aging: Unraveling molecular pathways (e.g., IL-13, TNF-a, mTOR, Sirtuin-1, TLR2), enhancing gut
the Interplay for balance, antioxidant potential, and cognitive health, though further human
Healthy Longevity trials and mechanistic studies are needed to validate their anti-aging benefits
Microbiota medicine: Gebrayal 2022 The gut microbiota plays a crucial role in immunity, nutrient 175
towards clinical etal. absorption, and disease prevention, with its dysbiosis linked to
revolution various systemic disorders, highlighting the need for targeted

microbiome-based strategies in future medical treatments
The aging gut Bosco 2021 Aging disrupts the co-evolved gut microbiome-immune system axis, 176
microbiome and & Noti leading to microb-aging, inflammaging, and immunosenescence,
its impact on increasing disease susceptibility and weakening vaccine responses, while
host immunity emerging microbiome-targeted interventions like prebiotics and probiotics

aim to restore microbial balance, reduce systemic inflammation, and
rejuvenate immune function to enhance healthspan and longevity

Table 3. The link between inflammation and immunosenescence across aging

Study title Authors Year Main findings Reference
Immunosenescence Kumar 2024 Immunosenescence, driven by inflammaging and lifelong pathogenic 184

and Inflamm-Aging: etal exposure, weakens immune resilience, while interventions like

Clinical Interventions immunomodulation, vaccination, nutrition, microbiome therapy, stem

and the Potential for cells, and exercise aim to slow or reverse age-related immune decline

Reversal of Aging

Inflammation and aging: Lietal. 2023 Aging is driven by chronic inflammation (inflammaging), where 185
signaling pathways and the senescence-associated secretory phenotype (SASP) sustains

intervention therapies a cycle of immune dysfunction, organ damage, and age-related

diseases, highlighting the need for dimensionality reduction
approaches, single-cell technologies, and targeted anti-
inflammatory strategies to mitigate aging and enhance longevity

Immunosenescence: Goyani 2024 Immunosenescence, marked by thymic involution, inflammaging, 186
Aging and Immune etal. metabolic and hematopoietic changes, weakens immune
System Decline responses in aging by impairing macrophages, neutrophils, T

cells, dendritic cells, B cells, and NK cells, underscoring the need
for strategies to counteract age-related immune decline

Immune-Inflammatory Accardi 2024 Analysis of inflammatory scores (INFLA-score, SIRI) and ARIP in 249 187
Response in Lifespan— etal. individuals aged 19-111 years revealed age-related increases in

What Role Does It Play inflammation but no significant differences in immune-inflammatory

in Extreme Longevity? markers between semi- and supercentenarians and other age groups,

A Sicilian Semi- and suggesting that immune regulation may contribute to extreme longevity
Supercentenarians Study

The 3 I's of Wrona 2024 Immunosenescence, characterized by a decline in innate 188
immunity and aging: etal. and adaptive immunity, chronic inflammation, and increased
immunosenescence, disease susceptibility, is influenced by aging hallmarks, sex,

inflammaging, and social determinants, and gut microbiota, with potential

immune resilience mitigation strategies including lifestyle interventions and

gerotherapeutics to enhance immune resilience in the elderly
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nosenescence.!7-181 Additionally, impaired immune surveillance,
a consequence of immunosenescence, compromises the immune
system’s ability to detect and eliminate damaged cells. This com-
promise leads to inflammatory responses aimed at controlling po-
tential threats. Finally, epigenetic changes induced by both inflam-
mation and immunosenescence contribute to alterations in gene
expression.'?*-192 These changes exacerbate the pro-inflammatory
condition and establish a reciprocal relationship between immu-
nosenescence and epigenetic modifications.!*31%5 Together, these
interconnected processes underscore the intricate relationship be-
tween inflammation and immunosenescence, shaping the immune
landscape in aging individuals.

Orchestrated insights into cellular interactions: gut microbi-
ome, inflammation, and aging

The gut microbiome plays a crucial role in modulating immune and
epithelial cell activities, significantly affecting the aging process
through its involvement in inflammation—a key concept in cell bi-
ology. As we age, dysbiosis emerges, compromising the integrity of
the gut epithelial barrier. Enterocytes (the cells that line the gut) typi-
cally maintain tight junctions that create a selective barrier against
microbial products and toxins.'*® However, with age, oxidative
stress and cellular senescence weaken these junctions, leading to in-
creased gut permeability and allowing microbial endotoxins, such as
lipopolysaccharides, to enter the bloodstream, initiating immune ac-
tivation. Immune cells, such as macrophages, DCs, and T cells, play
essential roles in this process.!?”!8 In a healthy gut, macrophages
maintain a tolerogenic state, preventing excessive immune respons-
es to commensal bacteria.'*?" However, with dysbiosis and aging,
macrophages acquire a pro-inflammatory M1 phenotype, releasing
cytokines like tumor necrosis factor (TNF)-o, interleukin-6, and
interleukin-1p, which amplify systemic inflammation.2?"-22 T cells,
especially the balance between Tregs and pro-inflammatory T cells
such as Th17, are crucial for immune homeostasis.?**»* Aging and
dysbiosis shift this balance toward pro-inflammatory states, exac-
erbating inflammation. DCs, responsible for antigen presentation
and immune modulation, become less effective at distinguishing
harmful from harmless microbes with aging, further impairing im-
mune regulation and promoting inflammation.3%374 Aging is also
characterized by the presence of SCs that secrete pro-inflammatory
molecules known as the SASP, which fuel ongoing inflammation
and hinder cellular functions.!24177:179-181 [y the GI tract, senescence
disrupts the repair of epithelial cells and enhances gut permeability,
escalating inflammation further. Moreover, fibroblasts and myofi-
broblasts in the gut wall become activated due to inflammation, re-
sulting in extracellular matrix remodeling that causes fibrosis and
tissue scarring. This adversely affects tissue regeneration, nutrient
absorption, and motility.2’52% From a neurobiological standpoint,
the enteric nervous system interacts with the brain through the gut-
brain axis.?’” Dysbiosis initiates neuroinflammation by activating
immune responses within the gut, affecting the enteric nervous
system, and modifying gut motility and pain perception.?’® These
alterations become more significant with aging, establishing a
connection between gut dysbiosis and neurodegenerative diseases
linked to age, such as Alzheimer’s disease.2%*!% At the molecular
level, beneficial bacteria produce microbial metabolites like SCFAs,
which are essential for maintaining the health of the gut epithelium
and modulating immune responses.!3%158 Conversely, dysbiosis
leads to a decrease in SCFA production and an increase in microbial
products like lipopolysaccharides, which compromise gut function
and activate inflammatory pathways. Over the years, the reduction
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Fig. 3. The intricate interplay among the gut microbiome, inflammation,
and aging significantly influences the development of age-related dis-
eases. LPS, lipopolysaccharide; NDs, neurodegenerative diseases; CVDs,
cardiovascular diseases.

of beneficial microorganisms coupled with the increase of harmful
bacteria creates a pro-inflammatory environment that exacerbates
age-related issues such as cardiovascular diseases, diabetes, and
neurodegenerative diseases.?!!?12 The gut microbiome plays a cru-
cial role in a complex interaction that includes immune system ac-
tivation, cellular aging, remodeling of the extracellular matrix, and
neuroinflammation, all of which accelerate the aging process.?!3:214
This connection between dysbiosis, inflammation, and cellular dys-
function highlights the profound influence of the gut microbiome on
inflammaging and diseases related to aging (Fig. 3).

The interplay of DNA damage and inflammation in aging dy-
namics

The intricate relationship between DNA damage and inflammation
within the body signifies a close interconnection.?!5216 These pro-
cesses engage in reciprocal signaling, exerting influence across a
range of physiological and pathological contexts. Notably, chronic
inflammation poses a significant threat to DNA stability. Inflam-
matory agents, like ROS, induce DNA damage by triggering ox-
idative stress, resulting in the formation of lesions such as base
modifications and strand breaks.?!”-2!8 Furthermore, specific in-
flammatory mediators, including TNF-a and interleukins, activate
pathways that exacerbate DNA damage.?'%?20 For instance, TNF-a.
stimulates the production of ROS, intensifying DNA damage.??!
Conversely, DNA damage activates the DNA damage response,
a multifaceted cellular mechanism involving signaling pathways

DOI: 10.14218/ERHM.2024.00046 | Volume 10 Issue 2, April 2025


https://doi.org/10.14218/ERHM.2024.00046

Chakrabarti S.K. ef al: The microbiome’s role in health and disease

during aging Explor Res Hypothesis Med

Chronic Inflammation «— DNA Damage

- ROS & cytokines induce D

NA damage

- DNA damage activates inflammatory pathways (NF-«kB)

4

A

A

A

Gut microbiota & SCFAs <— Inflammation & DNA Repair

- SCFAs enhance DNA repair (HDAC inhibition, BER/NER)
- SCFAs reduce inflammation (NF-kB suppression)

l

Restored Balance

- Enhanced DNA repair
- Suppressed chronic inflammation

Fig. 4. Bidirectional interplay between DNA damage, inflammation, and gut microbiota-derived short-chain fatty acids (SCFAs). HDAC, histone deacety-

lase; BER, base excision repair; NER, nucleotide excision repair.

aimed at repairing damaged DNA and preserving genomic integ-
rity.222223 Intriguingly, DNA damage response also influences
inflammatory pathways. The activation of nuclear factor-kappa
B by DNA damage leads to the generation of pro-inflammatory
cytokines.??4225 Additionally, immune cells, which are pivotal in
both inflammation and DNA repair, significantly contribute to this
bidirectional communication. Macrophages exemplify this dual
role, participating in both inflammation and tissue repair. How-
ever, persistent inflammation may drive macrophages toward
a phenotype that exacerbates DNA damage and disrupts repair
mechanisms.?26-229

Furthermore, SCFAs, such as butyrate, propionate, and acetate,
produced by the gut microbiota through dietary fiber fermentation,
play a crucial role in epigenetic modifications that affect DNA re-
pair mechanisms.?3%23! SCFAs act as histone deacetylase inhibi-
tors, increasing histone acetylation and thereby relaxing chromatin
structure to facilitate DNA repair enzyme access to damaged sites.
Additionally, SCFAs influence DNA methylation patterns by serv-
ing as substrates for enzymes involved in one-carbon metabolism,
such as DNA methyltransferases.?3>233 This dual action of SCFAs
enhances the expression of genes crucial for DNA repair pathways,
like base excision repair and nucleotide excision repair, promoting
efficient DNA damage repair and maintaining genomic stability
(Fig. 4).234235 Moreover, SCFAs exert anti-inflammatory effects
by inhibiting nuclear factor-kappa B activation and reducing pro-
inflammatory cytokine production, indirectly supporting DNA
repair mechanisms that might be impaired under inflammatory
conditions.?3%-237 Understanding these mechanisms holds promise
for developing therapeutic interventions targeting chronic diseases
and cancer by modulating SCFA levels through dietary adjust-
ments or microbiome-targeted therapies to enhance epigenetic and
DNA repair processes in clinical settings.

In summary, this article offers a focused perspective on key
aspects, including the interplay between dysbiosis, immunosenes-
cence-driven inflammation, and DNA damage in aging. Neverthe-
less, it acknowledges the complexity and breadth of this subject,
aiming to spark further dialogue and deeper investigation into how
the microbiome intricately links with aging. By discussing and
emphasizing these mechanisms, the article highlights their inter-

connected nature, particularly how dysbiosis, inflammation, im-
munosenescence, and DNA repair collectively impact the health
of elderly individuals (Fig. 5). This foundational understanding
highlights the critical need for ongoing research to uncover precise
interventions that can mitigate these multifaceted interactions, pro-
moting better health outcomes for aging populations.

Aging o @/ﬁ

o Microbial Dysbiosis

4
Immunosenescence © " 4

o Inflammation

%%%% © DNA Damage

Fig. 5. Graphical overview of the underlying microbiome’s impact on
aging. Aging drives gut microbial dysbiosis, disrupting immune cell ho-
meostasis and promoting immunosenescence, marked by the accumula-
tion of senescent immune cells. These cells sustain chronic inflammation,
accelerating immunosenescence in a self-reinforcing cycle. Inflammation
also induces DNA damage, which further triggers inflammation and rein-
forces a bidirectional loop that exacerbates immune dysfunction.

i
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Future directions

Further exploration of the intricate interplay between the micro-
biota and DNA damage offer potential strategies to support healthy
aging and address microbiome-related disorders in later life stag-
es. The burgeoning field of research on the connection between
the human microbiome and genomic stability presents promising
avenues for unraveling the complexities of aging. Recent studies
emphasize the correlation between gut microbiota dysbiosis and
heightened DNA damage, underscoring the significance of micro-
biome management in preserving genomic integrity. Accumulating
evidence suggests that cultivating a robust and diverse microbiome
may positively impact genomic stability and contribute to graceful
aging. By expanding our understanding of how microbial dysbio-
sis influences genomic instability during aging, future investiga-
tions could focus on refining targeted interventions to restore and
preserve a healthy gut microbiome and mitigate age-related DNA
damage. This may involve identifying specific microbial strains
or metabolites that enhance DNA repair mechanisms or mitigate
oxidative stress-induced DNA damage.

Cutting-edge technologies like metagenomics, metatranscrip-
tomics, and metabolomics can provide profound insights into the
interactions between the host, microbiome, and DNA damage
pathways during aging. Combining multi-omics approaches with
long-term studies of aging populations could identify biomarkers
of microbial health and DNA integrity, serving as early indicators
of age-related disease risk or therapeutic intervention effective-
ness. Recognizing the linkages between the gut microbiome, sys-
temic inflammation, immune function, and age-related DNA dam-
age, future research could explore synergistic approaches targeting
inflammation, immunosenescence, and microbial dysbiosis com-
prehensively. This might involve developing lifestyle interven-
tions, dietary strategies, or pharmacological agents that modulate
both host and microbial factors implicated in aging. Promising in-
tervention avenues are emerging from research on probiotic strains
that reduce inflammation and promote DNA repair mechanisms.

However, several limitations should be acknowledged in the
current body of research. While the exploration of the interplay
between the microbiota and DNA damage holds great promise,
the complexity and variability of the human microbiome across
individuals presents challenges in drawing universal conclusions.
Microbial composition can be influenced by a range of factors,
including diet, lifestyle, genetics, geographic location, and envi-
ronmental exposures, making it difficult to establish standardized
biomarkers or treatments. Furthermore, most research on microbi-
ome-DNA damage interactions has been conducted in preclinical
models or under controlled conditions, which may not fully repli-
cate the complexities of human aging. Translating these findings
to humans requires careful consideration of confounding factors
and the need for longitudinal studies to account for the long-term
effects of microbiome alterations.

While advanced multi-omics technologies, such as metagenom-
ics, metatranscriptomics, and metabolomics, provide powerful tools
to study the microbiome and its role in aging, these approaches can
be technically challenging and resource-intensive. The integration
of large datasets across different omics layers also poses significant
bioinformatics challenges, requiring sophisticated algorithms and
computational models to discern meaningful relationships. Ad-
ditionally, the precise mechanisms through which the microbiome
influences DNA damage and repair remain underexplored. Despite
promising correlations, causality has not yet been definitively estab-
lished, and more mechanistic studies are needed to elucidate how
microbial dysbiosis directly impacts genomic stability during aging.
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Moreover, clinical trials investigating the role of the microbi-
ome in DNA damage and aging are currently limited, and there
is insufficient evidence to support therapeutic applications. Most
studies to date have been preliminary or small-scale, and larger,
well-designed clinical trials are necessary to substantiate the role
of the microbiome in aging-related DNA damage. The lack of
long-term, large-scale human studies and the challenge of control-
ling for confounding variables further complicate efforts to vali-
date microbiome-based interventions for aging and associated dis-
cases. Finally, the potential for therapeutic interventions—whether
through probiotics, diet, or pharmacological agents—remains
largely untested in the context of aging. While early studies sug-
gest potential benefits, large-scale, long-term clinical trials are
needed to validate these strategies and assess their safety and ef-
ficacy in diverse aging populations.

To this end, while this field holds significant promise for im-
proving health during aging, further research, particularly through
large-scale clinical trials, is needed to overcome these limitations
and develop effective, personalized interventions that target the
microbiome to preserve genetic integrity and promote healthy ag-
ing. As we continue to deepen our understanding of this intricate
symbiotic relationship, new possibilities will emerge, presenting
opportunities for innovative interventions aimed at improving
health through precise adjustments to the microbiome. Drawing
on insights from advancing research in this area, we are well-po-
sitioned to uncover strategies that enhance vitality and resilience
throughout the aging process.

Conclusions

The microbiome’s subtle yet profound influence on DNA dam-
age and aging unveils a complex and dynamic interplay that sig-
nificantly governs human health and longevity. As aging progresses,
the accumulation of DNA damage, coupled with a decline in repair
mechanisms, accelerates cellular senescence, while alterations in the
microbiome drive persistent inflammation and immune dysregula-
tion. Dysbiosis, through its modulation of immune responses and
exacerbation of chronic low-grade inflammation, emerges as a criti-
cal instigator of the aging process. The microbiome’s pivotal role
in regulating DNA repair and inflammatory pathways—particularly
through SCFAs and immune modulation—presents promising ther-
apeutic avenues for mitigating age-related diseases. By fostering gut
microbiome stability, we may enhance DNA repair mechanisms and
attenuate the inflammatory cascade that accelerates aging. Targeted
interventions, including microbiome-based therapies and dietary
strategies, offer substantial potential to improve DNA repair, restore
immune function, and ultimately promote healthier aging, thereby
extending both healthspan and lifespan.
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Abstract

This review explores the complex interplay between the microbiome and human aging, highlighting how dysbiosis impacts
host physiology and health, particularly in relation to genomic stability and telomere attrition. Recent advances in cellular
and molecular biology have underscored the role of both intrinsic and extrinsic factors in human aging, with the microbiome
emerging as a key determinant of host physiology and health. Dysbiosis — disruptions in microbiome composition —is linked to
various age-related diseases and impacts genomic stability and telomere attrition, the progressive shortening of telomeres that
limits cell division and contributes to aging. This review examines how microbiome dynamics influence aging by triggering
inflammation, oxidative stress, immune dysregulation, and metabolic dysfunction, all of which affect two primary hallmarks
of aging: genomic instability and telomere attrition. Understanding these interactions is essential for developing targeted in-
terventions to restore microbiome balance and promote healthy aging, offering potential treatments to extend healthspan and
alleviate aging-related diseases. The convergence of microbiome and aging research promises transformative insights and new

avenues for improving global population well-being.

Introduction

In recent years, research on human aging has placed greater em-
phasis on the biological processes that underlie it.! This shift has
been driven by technological advances and a deeper understanding
of the intricate cellular and molecular interactions that regulate ag-
ing.23 Central to this exploration is the recognition that aging is not
a singular event but a complex interaction of numerous inherent and
external factors that together shape the timing and nature of the pro-
cess.*3 Among these factors, the human microbiome has emerged as
an important influence on host physiology and health outcomes.®$
Consisting of a diverse array of microorganisms that inhabit various
areas of the body, the microbiome significantly impacts metabolic
functions, immune responses, and even brain health.” Dysbiosis,
or imbalances in the microbiome, is linked to age-related condi-
tions such as cardiovascular diseases (CVDs), neurodegenerative
diseases (NDs), and metabolic syndromes.!® DNA repair mecha-
nisms and cell cycle checkpoints protect genetic material, ensuring
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its stability across cell generations.!! However, internal and exter-
nal factors—such as reactive oxygen species (ROS), radiation, and
environmental toxins—continuously threaten this stability by caus-
ing DNA damage.!> As DNA damage accumulates over time, it can
result in mutations, chromosomal abnormalities, and, eventually,
cellular dysfunction and aging.!3-'> An important factor in cellular
aging is the progressive shortening of telomeres, repetitive DNA
sequences found at the ends of chromosomes.'® Telomeres protect
chromosomal ends, preventing them from being mistaken for DNA
breaks and maintaining genomic stability.!” However, with each cell
division, telomeres shorten because DNA polymerase cannot fully
replicate the lagging strand. As a result, telomeres act as a molecu-
lar timer, restricting the ability of cells to proliferate and leading to
replicative senescence.'®!? Understanding how the human microbi-
ome, genomic stability, and telomere shortening are interconnected
is crucial to uncovering the mechanisms of aging and developing
strategies for healthy aging.2*-25

Thus, this review aimed to integrate current studies and pro-
vide a comprehensive understanding of the complex interactions
among various factors that contribute to the aging process. In par-
ticular, we emphasize genomic instability and telomere attrition—
two crucial primary hallmarks of aging outlined by Lopez-Otin
C and colleagues.?® These hallmarks are essential to the biology
of aging and are closely linked to cellular dysfunction and the
emergence of age-related diseases. Genomic instability, resulting
from the buildup of DNA damage and mutations, accelerates ag-
ing at the cellular level, whereas telomere attrition, which limits
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cellular replication, plays a key role in cellular senescence.?’-2527
While epigenetic changes and the loss of proteostasis also qualify
as primary hallmarks of aging, their inclusion would significantly
expand the scope of this review.?” Considering the complexity of
these processes and their evolving connections with the microbi-
ome, we have chosen to focus specifically on genomic instability
and telomere attrition. This targeted approach allows for a more
detailed and precise investigation of these well-established aging
mechanisms, which are directly affected by the microbiome, with-
out delving into the complex interactions with other hallmarks.
Through this strategy, we aimed to provide valuable insights into
the evolving relationship between aging and the microbiome, a
growing area of interest in gerontological studies.

Key hallmarks that shape our journey through life

The phenomenon of biological aging is complex and gradual,
marked by a steady decline in both physiological and cellular
functions, resulting in reduced resilience to stress, slower heal-
ing, and disrupted homeostasis in the organism.!-5*% Scientists
are actively exploring the molecular and cellular foundations of
aging, identifying twelve distinct hallmarks associated with this
process.?628-31 This growing body of knowledge highlights the in-
tricate nature of aging and drives ongoing efforts to unravel its es-
sential mechanisms and develop strategies that promote healthier
aging trajectories. The proposed hallmarks of aging involve vari-
ous cellular and molecular mechanisms that are crucial in the ag-
ing process of diverse organisms. These features include genomic
instability, telomere shortening, epigenetic changes, a decline in
proteostasis, disrupted nutrient sensing, mitochondrial dysfunc-
tion (MD), cellular senescence, stem cell depletion, altered cell
communication, dysbiosis, chronic inflammation, and impaired
macroautophagy.?8-31 Genomic instability refers to the buildup of
DNA damage, whereas telomere attrition involves the progressive
shortening of the protective ends of chromosomes.?%-25 In contrast,
epigenetic modifications change gene expression without altering
the DNA sequence, while loss of proteostasis disrupts the structure
and function of proteins.?’>33 Disruption of nutrient sensing neg-
atively impacts metabolic pathways, and MD results in diminished
energy output and increased production of ROS.3*35 Cellular se-
nescence halts cell growth permanently, stem cell decline reduces
tissue regeneration, and altered intercellular communication dis-
rupts tissue balance.3¢38% Dysbiosis disrupts gut microbe balance,
chronic inflammation keeps the immune system overactive, and
impaired macroautophagy leads to the accumulation of cellular
waste, exacerbating age-related decline.’**! These hallmarks re-
veal the complex interactions of cellular, molecular, and microbial
processes in aging, highlighting the potential for targeted interven-
tions to promote healthier aging.?¢ It is important to emphasize that
each hallmark should be present during normal aging, with their
exacerbation potentially speeding up aging and their alleviation
possibly extending a healthy lifespan.$-3!

Microbiome and hallmarks of aging

The human microbiome, especially the gut microbiota, develops
in tandem with its host, and changes within it are significantly
linked to the aging process. The microbiome consists of a wide
range of microorganisms inhabiting various regions of the body,
and it undergoes ongoing transformations in harmony with its
host— a trend supported by many scientific investigations explor-
ing its complex relationship with aging.?!-25 Research has revealed
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that alterations in gut microbiota composition can affect how in-
dividuals respond to stress and their overall health as they age.
Recent empirical studies suggest an innovative method focused
on gut microbiota to alleviate symptoms associated with brain ag-
ing and improve cognitive health.*? Experimental data shows that
gut microbiota metabolism changes with age, suggesting a possi-
ble link to age-related metabolic disorders.?**3#* Studies tracking
specific groups over time have shown that the composition of gut
microbiota evolves gradually as a person ages, and these changes
are linked to the onset of age-related diseases.*3*® These findings
highlight the strong impact of the gut microbiota on aging and the
need for further study into the mechanisms behind this connection.
Research also shows that maintaining a balanced gut microbiota
is crucial for encouraging optimal physical and mental develop-
ment during infancy and childhood.*’*% Aging causes physiologi-
cal changes that alter gut microbiota composition and function,
highlighting their role in dysbiosis and the aging process.**> Fur-
thermore, dysbiosis-related changes in gut microbiota can impact
various aspects of aging through the body’s interconnected eco-
system.31-53

Thus, this review article takes an important initial step in ex-
ploring the complex connection between the microbiome and criti-
cal aspects of aging, including genomic instability and telomere
shortening. Acknowledging the difficulties inherent in this subject,
the following sections aim to clarify the nuanced interaction be-
tween these elements. By initiating this journey of exploration, this
review paves the way for further research and advancements in this
vibrant and rapidly evolving field.

Evolving interaction between the microbiota and genomic
instability

In the intricate realm of human biology, the relationship between
the human microbiome and the stability of our genes is a fasci-
nating topic that warrants further exploration. Recent pioneering
research has illuminated the considerable impact that the microbial
populations residing within us have on various health and disease
factors. As our understanding grows, an engaging narrative un-
folds: the evolving connection between genetic stability and these
microorganisms.2!-2442+44 One common characteristic observed
in numerous diseases is genomic instability, which refers to the
increased frequency of genetic alterations, including DNA muta-
tions, chromosomal rearrangements, and aberrant recombination
events. In biomedical research, understanding the causes and fac-
tors contributing to this instability has been essential.>* However,
new findings are revealing a crucial, yet previously overlooked,
element affecting genetic stability: the complex microbial com-
munities within both our internal and external environments. '~
Central to this investigation is a pivotal shift in perspective:
microbiota are now recognized not merely as passive bystanders
but as active contributors to the development of host physiology,
including the optimal maintenance of the host genome, a process
intricately linked to aging. The dynamic interplay between the mi-
crobiota and the genome introduces additional complexity, as en-
vironmental factors, diet, antibiotic use, and host genetics combine
to shape microbial communities, influencing genomic stability in
diverse ways.>-58 This convergence of genetic and microbiologi-
cal research represents a transformative shift in our understand-
ing, emphasizing the microbiota’s crucial role in human health
and disease. Embracing this comprehensive perspective not only
enhances our insight into the origins of diseases but also opens
avenues for new treatments and personalized medicine aimed at
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preserving genomic balance. For instance, studies have demon-
strated the profound effects of Helicobacter pylori infection on the
gastrointestinal (GI) system, unveiling DNA-damaging processes
triggered by this pathogenic bacterium.5*%° These studies revealed
the detrimental impacts of H. pylori on host cells and provided pre-
liminary evidence linking microbial infections to the activation of
DNA damage responses (DDR).5°-61 Moreover, they highlighted
the disruption of the host’s DNA repair mechanisms in the pres-
ence of H. pylori, underscoring the potential threat to genomic
stability posed by pathogenic bacteria and the urgent need to ex-
plore targeted therapeutic strategies to mitigate microbial-induced
DNA damage. Similarly, Fusobacterium nucleatum, a bacterium
frequently found in the human digestive system, causes persistent
inflammation, leading to the production of ROS, which damage
cellular components, including DNA.2:63 Over time, this accumu-
lation of DNA damage may hasten the aging process by promoting
cellular senescence, weakening DNA repair functions, and con-
tributing to the hallmarks of aging.%4%5 Additionally, Enterococcus
faecalis produces superoxide anions and hydrogen peroxide during
metabolism, both of which can cause oxidative damage to DNA,
resulting in base modifications, strand breaks, and cross-linking.%¢
Over time, the continuous cycle of DNA damage and repair leads
to the accumulation of mutations and chromosomal instability,
indicators of aging that reduce cellular functionality and increase
the risk of degenerative diseases, including cognitive deteriora-
tion.%+%5 Gut microbiota also play a critical role in processing bile
acids, which is vital for preserving DNA integrity.®” Gut micro-
biota convert primary bile acids into secondary forms, including
deoxycholic acid, which can produce ROS and directly interact
with DNA, causing strand breaks and genetic mutations.®”-%° This
DNA damage is particularly significant as we age, as the accu-
mulation of damage can overwhelm the cells’ repair capabilities,
impairing function in critical organs like the colon and liver. As
a result, chronic exposure to dysbiosis-induced altered bile acid
compositions may contribute to inflammation related to aging
and tissue degeneration.”’®7! Moreover, the role of Clostridium
difficile further exemplifies how gut bacteria contribute to DNA
damage. This bacterium secretes powerful toxins, such as Toxin
A and Toxin B, which enzymatically modify Rho GTPases, im-
pairing the actin cytoskeleton and cellular signaling.”>73 The re-
sulting disruption of cellular integrity activates DDR pathways,
initiating repair or inducing cell death when the damage is irrepa-
rable. Prolonged exposure to these toxins induces inflammation,
exacerbating cellular stress and accelerating the accumulation of
DNA damage. Over time, these chronic assaults can overwhelm
DNA repair mechanisms, causing genomic instability and muta-
tions that hinder tissue function.®%5 The intestinal epithelium,
with its rapid turnover rate, is particularly vulnerable to acceler-
ated aging and degeneration as DNA damage disrupts regeneration
and organ function.’*’> Furthermore, the synthesis of genotoxins,
such as colibactin and Bacteroides fragilis toxin, by commensal
bacterial strains like Escherichia coli and Bacteroides fragilis pre-
sents a significant concern for cellular health.”®77 Interestingly, the
healthy GI tract is predominantly inhabited by obligate anaerobic
bacteria, including Bacteroides, Bifidobacterium, Clostridium, and
Ruminococcus,’3 which help maintain gut health and support es-
sential metabolic functions. However, dysbiosis—an imbalance in
the microbiota—Ieads to an increase in facultative anaerobes such
as Escherichia, Enterobacter, Enterococcus, and Klebsiella.8'-82
Unlike obligate anaerobes, facultative anaerobes can thrive in both
oxygen-rich and oxygen-poor environments, and their prolifera-
tion triggers gut inflammation, resulting in ROS production and
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DNA damage. This cascade of events accelerates genomic instabil-
ity, particularly in the GI tract, and increases the risk of age-related
disorders.33-35 Furthermore, older individuals exhibit elevated oxi-
dative stress markers, such as 8-oxoguanine and y-H2AX, which
indicate DNA damage that worsens with dysbiosis, contributing
to neurodegeneration and systemic aging.8687 Dysbiosis also pro-
motes MD, further exacerbating mtDNA damage and cellular ag-
ing. This process is characterized by impaired energy production
and immune responses—hallmarks of aging.38-3%

Recent research has reinforced the connection between gut mi-
crobiota, genomic instability, and aging, emphasizing the pivotal
role of inflammation in this process. Studies have found that aging
impairs DNA double-strand break repair in mouse livers following
diethylnitrosamine exposure, with gut microbiota-induced inflam-
mation playing a crucial role.®®?! Age-related microbiota changes
lead to dysregulated innate immunity, heightened inflammatory
cytokine levels, and reduced DNA repair efficiency.’?* Notably,
interventions such as antibiotic treatment, MyD88 gene (myeloid
differentiation primary response gene 88) deletion, or germ-free
conditions have been shown to reduce inflammation and enhance
DNA repair in older mice.?*?% Conversely, pro-inflammatory fac-
tors, such as a high-fat diet, exacerbate DNA repair deficiencies;
however, antibiotic treatment mitigates this effect, highlighting the
microbiota’s significant influence.’”*® These findings suggest that
modifying inflammatory responses, rather than directly targeting
DNA repair mechanisms, may help prevent genomic instability
during aging.®%100

Clinical trials investigating the microbiota-genomic instability
link are also exploring potential therapeutic avenues. For exam-
ple, the Canakinumab trial, which targets interleukin-1p to reduce
inflammation, demonstrated benefits in managing age-related dis-
eases like hypertension and diabetes, further confirming inflam-
mation’s role in genomic instability.!"-193 Similarly, the Met-
formin Aging Study suggests that metformin, a diabetes drug, may
enhance genomic stability and slow cellular aging, positioning it as
a potential anti-aging therapy.!%+195 Additionally, fecal microbiota
transplantation trials aim to restore a healthy microbiome, poten-
tially improving genomic stability and mitigating aging-related is-
sues.!%%197 Trials examining rapamycin, a drug believed to delay
menopause, further suggest that modulating immune responses
and cellular aging mechanisms can help combat genomic instabil-
ity.108-110 Collectively, these studies underscore the significant role
of microbiota and inflammation in aging, offering insights into
novel therapies that could enhance healthspan and reduce the im-
pact of genomic instability. In summary, microbial metabolites and
toxins contribute to DNA damage through oxidative stress, geno-
toxic by-products, and direct interactions with DNA. The accumu-
lation of this damage over time drives genomic instability. While
the relationship between the microbiome and aging remains com-
plex, growing evidence suggests that microbial effects on DNA
integrity play a pivotal role in the aging process. This underscores
the importance of maintaining a balanced microbiome for healthy
aging and minimizing the risk of age-related diseases.

Intricate interplay between microbiome dynamics and tel-
omere attrition

At the ends of each chromosome, there is a protective structure
called a telomere, which consists of repeating DNA sequences of
the motif TTAGGG.7!8 Telomeres play an essential role in pro-
tecting genetic information during cell replication, as the processes
responsible for copying DNA encounter challenges in fully repli-
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cating the ends of chromosomes.!”2? Additionally, telomeres are
composed of repetitive DNA sequences and are capped by a unique
protein complex known as shelterin.'"'-114 This shelterin assem-
bly includes six specific proteins: telomeric-repeat binding factor
(TRF) 1, TRF2, tripeptidyl peptidase 1, protection of telomerase
1, TRF1-interacting nuclear factor 2, and repressor activator pro-
tein 1. The shelterin complex is essential for protecting telomeres
and executing several critical functions. First, it acts as a shield,
preventing the identification of telomeres as sites of DNA dam-
age. This blockage of DDR pathways helps prevent undesirable
biological reactions, such as cell cycle arrest or apoptosis. Second,
shelterin plays a vital role in preserving the integrity of telomeres,
stopping the cellular machinery responsible for DNA repair from
mistakenly identifying them as damaged. This action helps prevent
the fusion of telomeres with the ends of other chromosomes, ulti-
mately reducing the risk of genomic instability or rearrangement.
Lastly, shelterin modulates the telomerase enzyme, which restores
lost telomeric DNA during cellular division by managing its avail-
ability and function. This regulation ensures that telomerase is ac-
tive only when needed, avoiding excessive elongation of telomeres
that could result in age-related disorders. Together, the shelterin
complex plays a crucial role in maintaining telomere integrity
by striking a balance between shielding them from damage and
ensuring they function correctly in essential biological activities
like replication and repair.'''-117 Although telomerase activation is
typically inhibited in mature somatic cells, it peaks during the de-
velopmental phases of humans.''® Throughout embryonic growth,
telomerase remains highly functional to promote effective cell di-
vision and tissue development.''® However, as cells specialize and
mature, the activity of telomerase is generally reduced in most so-
matic cells.!?” Nevertheless, specific cell types, such as stem cells
and immune cells, retain their telomerase activity throughout an
individual’s life.!?!'-123 This persistent activity allows stem cells
to continually divide and differentiate into different cell types, re-
pairing damaged or aging cells. Similarly, immune cells rely on
telomerase to aid in their rapid growth and effective function when
responding to pathogens and ensuring ongoing immune monitor-
ing.124125 The persistence of telomerase activity within these es-
sential cell types enables the body to maintain tissue balance, heal-
ing, and regeneration over time. This highlights the importance of
telomerase not just for enhancing lifespan but also for safeguard-
ing tissue quality and functionality as aging occurs.!26:127
Research indicates that dysbiosis initiates a cascade of events
leading to shortened telomeres in host cells through various path-
ways.28-130 Tnitially, dysbiosis triggers chronic, low-grade in-
flammation, which produces ROS and other damaging substances
that accelerate telomere shortening.!3"132 This inflammation also
increases cellular turnover and oxidative stress, further hastening
telomere loss. Additionally, dysbiotic microbiota produce me-
tabolites and byproducts that contribute to oxidative stress in host
cells.'3? Interestingly, certain beneficial microorganisms, such as
those generating short-chain fatty acids (SCFAs), have been iden-
tified as potential protectors of telomeres.'33-135 SCFAs influence
both oxidative stress and inflammation, which are closely linked to
telomere shortening.!3%137 Thus, microbial metabolites like SCFAs
may mitigate telomere loss, creating a favorable environment for
maintaining telomere length and cellular vitality. Additionally, an
imbalanced microbiota disrupts the host immune system, leading
to irregular immune responses, including impaired T cell activity
and increased production of pro-inflammatory cytokines. These
changes amplify inflammation and oxidative stress, which, in turn,
accelerate telomere shortening.'3%-140 Moreover, dysbiosis impacts
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host metabolism, leading to complications such as insulin resist-
ance and dyslipidemia.!#!142 These metabolic disturbances exac-
erbate systemic inflammation and oxidative stress, contributing to
accelerated telomere attrition. Furthermore, microbial imbalances
could influence the host’s epigenetic processes, including changes
in DNA methylation and histone modifications.'3-145 These epige-
netic alterations can disrupt telomere regulation, accelerating tel-
omere shortening. For instance, modifications in DNA methylation
at genes associated with telomeres might impair telomerase func-
tion or affect telomere structure, exacerbating telomere loss.'46-147

Numerous studies reinforce the link between dysbiosis, tel-
omere shortening, and the onset of diseases. Research shows that
metabolic diseases, like type 2 diabetes, are associated with ac-
celerated aging due to shortened telomeres, which may result from
disrupted gut microbiota.'#%14% Changes in diet or weight-loss
surgery can alter gut microbiota composition, reducing inflam-
mation caused by gut-derived Gram-negative bacterial fragments
known as endotoxins.!5%!5! This shift may similarly influence the
gradual shortening of telomeres over time. A distinct study fur-
ther demonstrated that enhancing telomerase activity, particularly
in the GI tract, could counteract aging processes. This interven-
tion extended the lifespan of telomerase-deficient zebrafish and
alleviated age-related symptoms in wild-type counterparts.!5%153
This finding underscores the potential of strategic interventions to
mitigate the impacts of aging and improve health outcomes. Addi-
tionally, research into the gut microbiome’s role in mental health,
particularly depression, reveals a connection between telomere
shortening and an imbalance of beneficial gut bacteria.!>*155 These
studies contribute to the growing body of evidence suggesting that
changes in gut microbiota composition play a crucial role in the
acceleration of telomere shortening, especially in mood disorders
like depression. Further research highlights the gut microbiome’s
critical role in regulating telomere length and the development of
age-related diseases, primarily through inflammation and oxida-
tive stress. Studies show that a diverse microbiota helps preserve
telomere length, while imbalances or dysbiosis accelerate telomere
loss and exacerbate aging-related issues.!5%157 For instance, indi-
viduals with less diverse microbiota exhibit significantly shorter
telomeres, indicating that microbial imbalances increase the risk
of age-related conditions. Animal models support these findings,
with germ-free mice showing notably shortened telomeres due to
abnormal immune responses and increased oxidative stress.!58159
In humans, an imbalanced microbiome is correlated with higher
inflammatory markers, such as C-reactive protein, which contrib-
ute to telomere shortening.!® Conversely, correcting dysbiosis in
animal models has been shown to reverse telomere shortening,
likely by reducing inflammation and oxidative stress through ben-
eficial SCFAs.161:162 A balanced microbiome, supported by dietary
interventions or probiotics, has also been associated with longer
telomeres, suggesting that such strategies could slow telomere loss
and delay aging.'931%* These studies strongly suggest that main-
taining a balanced microbiome is essential for preserving telomere
length and preventing age-related diseases.

Recent human studies have further established a link between gut
microbiome changes and telomere shortening, emphasizing the im-
portance of gut health in aging. Research indicates that individuals
with a more diverse microbiome tend to have longer telomeres, sug-
gesting that a balanced microbiota can protect against aging.!6%166
Diet, particularly fiber-rich foods, plays a key role by promoting
beneficial bacteria that produce SCFAs, such as butyrate.!63:164
These SCFAs reduce inflammation and oxidative stress—major
contributors to telomere shortening—and enhance immune func-
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tion. The microbiome also significantly influences immune cells like
T-cells, which in turn affect telomere length. Imbalances in micro-
biota can weaken immune responses and accelerate telomere loss.
Overall, these findings demonstrate that the microbiome’s regula-
tion of inflammation, oxidative stress, and immune function is vital
for preserving telomere length and slowing aging.167-168

In summary, imbalances in the microbiota trigger a series of
physiological changes, including inflammation, oxidative stress,
immune dysfunction, metabolic issues, and genetic modifications.
Together, these factors lead to shorter telomeres and genomic
instability, accelerating cellular aging and increasing the risk of
aging-related diseases. However, a comprehensive analysis of how
disruptions in microbial balance influence these interconnected
factors goes beyond the scope of this article. Nonetheless, this sec-
tion aims to shed light on the intricate relationship between micro-
biota, telomere shortening, and aging, emphasizing the need for
continued research in this evolving field.

Microbiome and aging: interplay between genome stability
and telomere attrition

In the complex field of human health and aging, an important
molecular-level topic emerges: the relationship between genome
stability and the gradual deterioration of telomeres. This section
explores this connection comprehensively by summarizing find-
ings from key studies in the literature, with a focus on how ge-
nome stability and telomere attrition impact human health and
aging, particularly in relation to the microbiome. For example,
Werner syndrome (WS) is an inherited disorder characterized by
the early onset of aging symptoms.'®® At the molecular level, WS
results from a mutation in the Werner protein, which is a crucial
member of the RecQ helicase family involved in DNA replication,
repair, and recombination.!”%!”! Consequently, WS is associated
with heightened genomic instability, accelerating the develop-
ment of aging and age-related diseases. Cells obtained from WS
patients exhibit limited growth in culture, entering a senescent
state after a certain number of cell divisions, indicating telomere
dysfunction.!”?> Nevertheless, bypassing p53- and retinoblastoma
protein-dependent tumor-suppressing mechanisms allows for en-
hanced cell division and an extended replicative lifespan, further
emphasizing the link between telomere dysfunction and the ac-
celerated aging observed in WS.173174 Critically short telomeres
in humans initiate signaling through the p53 and retinoblastoma
protein tumor suppressor pathways, exacerbating genomic insta-
bility.!”> This relationship highlights why individuals with WS
face a higher risk of age-related diseases, given the close connec-
tion between genomic instability and aging, likely stemming from
telomere dysfunction. It underscores the increasing recognition of
the interconnections among the hallmarks of aging, particularly in
the context of accelerated aging in WS. Although direct links be-
tween microbial dysbiosis and WS are still emerging, numerous
studies suggest that dysbiosis may exacerbate aging-related condi-
tions, potentially impacting WS.176177 For instance, research has
shown that an imbalance in the microbiome can lead to increased
levels of pro-inflammatory cytokines and ROS, both of which can
negatively affect cell health and intensify concerns tied to prema-
ture aging, such as in WS.17817% Impaired DNA repair mechanisms
are a hallmark of WS, and factors triggered by dysbiosis, such as
oxidative stress and inflammation, might indirectly impede these
repair processes, potentially worsening genomic instability in WS
patients. Additional studies present intriguing results regarding the
efficacy of telomeric DNA repair across different cell types.!80-181

126

Chakrabarti S.K. et al: The hidden drivers of aging

Comparisons indicate that as individuals age, their cells exhibit
diminished repair efficiency, particularly in those from older
adults.®? This reduction is notably severe in cells from individuals
with WS. While repair efficiency in cells from Alzheimer’s pa-
tients meets expectations, there is a slight drop in efficiency ob-
served in WS cells.!83184 These findings prompt inquiries into the
possible functional ramifications of compromised telomeric repair
mechanisms in relation to the genomic instability linked to aging.
Furthermore, the connection between reduced DNA repair capac-
ity and age-associated alterations in the microbiome underscores
a complex interplay between cellular aging mechanisms and mi-
crobial dynamics, highlighting how these factors may collectively
influence the aging process and age-related diseases.!85-189

The role of the gut microbiome in longevity: insights from cen-
tenarians

Centenarians, those who live to be 100 years old or more, dem-
onstrate remarkable longevity and resilience to age-related health
challenges.!?"1°! Recent research has highlighted how their gut
microbiome composition may play a critical role in sustaining
their long lives.!"%193 Studies suggest that the microbiomes of cen-
tenarians differ significantly from those of younger individuals,
exhibiting greater diversity of beneficial microbes.!*%194195 Nota-
bly, centenarians tend to have increased levels of gut bacteria such
as Akkermansia, Bifidobacterium, and Christensenellaceae, which
are linked to anti-inflammatory effects and improved gut health.
These microbial compositions likely play a pivotal role in main-
taining immune homeostasis, reducing systemic inflammation, and
modulating metabolic pathways, all of which are crucial for pro-
moting healthy aging and extending lifespan. Moreover, centenar-
ians possess a broader variety of microbes that produce beneficial
compounds like SCFAs, which support both gut health and overall
physiological balance.!*%!%7 While the evidence remains limited,
primarily due to small sample sizes and observational studies, cur-
rent findings suggest significant correlations between specific gut
microbiota profiles in centenarians and factors such as SCFA pro-
duction and gut health. However, these studies do not yet establish
definitive causal relationships, and further research is needed to
clarify how the microbiome connects with the hallmarks of ag-
ing. Understanding these microbial patterns could offer valuable
insights for developing strategies to promote healthy aging and
potentially extend lifespan in broader populations. This explora-
tion of the microbiome’s influence on aging intersects with broader
biological processes like telomere shortening and genetic stability.
Telomeres, the protective caps at the ends of chromosomes, natu-
rally shorten as we age, and this genetic instability is a key driver
of age-related decline. The relationship between the microbiome,
telomere preservation, and genome stability is a fascinating area
of study. Researchers are increasingly focused on understanding
how the microbiome may help protect telomeres, which could
open new avenues for therapies aimed at promoting healthy aging.
These studies highlight that the gut microbiome plays a crucial role
in protecting overall well-being, offering a pathway to improve
longevity and health through its potential interactions with genome
stability and telomere length.!198-200

Studies on centenarians from around the world reinforce these
concepts, highlighting specific microbial features linked to lon-
gevity. For instance, research on Okinawan centenarians has found
that their microbiomes are enriched with Akkermansia mucin-
iphila, a bacterium known for enhancing gut barrier function and
reducing inflammation.?%"202 This microbe, along with others like
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Bifidobacterium, is associated with improved metabolic health, a
balanced immune system, and lower levels of inflammation—fac-
tors crucial for aging well.2932%4 Similarly, Italian centenarians
possess a microbiome with greater diversity, including strains like
Faecalibacterium prausnitzii and Bifidobacterium, which are rec-
ognized for their anti-inflammatory properties.?S These microbes
may help reduce chronic inflammation, a key driver of age-related
diseases such as CVDs and type 2 diabetes.2?® The microbial di-
versity in these populations suggests that a varied and balanced
gut microbiome may be protective against these diseases and con-
tribute to healthy aging. In Sardinia, a region known for its sig-
nificant number of centenarians, studies have revealed that these
individuals possess microbiomes that generate higher levels of SC-
FAs, such as butyrate, which are crucial for preserving gut health,
immune responses, and metabolic balance.2%5:2%7 The microbiome
of Sardinian centenarians strengthens the gut barrier and aids in
diminishing inflammation, further supporting the notion that a ro-
bust gut microbiome is a vital component of healthy aging.?*® Ad-
ditional research indicates that centenarians exhibit greater micro-
bial diversity compared to younger people and older individuals
who do not live to 100.2%° This diversity, along with a prevalence
of bacteria such as Bifidobacterium and Prevotella, is linked to
enhanced metabolic health and reduced inflammation, imply-
ing that these microbial characteristics shield centenarians from
the typical diseases related to aging, thus bolstering their overall
well-being 219211 A recent cross-sectional study involving 1,575
participants ranging from 20 to 117 years of age in Guangxi prov-
ince, China, which included 297 centenarians, further examined
the relationship between the gut microbiome and increased lon-
gevity.!?® This research found that centenarians have microbiomes
commonly found in younger people, dominated by Bacteroides
species, showing increased species diversity and enrichment with
potentially beneficial Bacteroidetes. Additionally, the microbi-
omes of centenarians demonstrated a reduction in potential patho-
bionts, which are thought to help lower systemic inflammation and
improve metabolic health—key elements in preserving genomic
stability and reducing telomere shortening.2!2213 Although current
findings indicate that the microbiome plays a role in promoting
conditions favorable for genomic stability and telomere mainte-
nance, conclusive studies directly comparing telomere length and
genomic stability in centenarians with younger or similarly aged
non-centenarians are still required. The results show a strong link
but do not yet confirm that enhanced genomic stability or longer
telomeres are defining traits of centenarians. Across these studies,
one clear theme emerges: centenarians tend to have gut microbi-
omes rich in specific, beneficial microbes that support immune
function, reduce inflammation, and regulate metabolic processes.
These factors are critical for promoting healthy aging and may help
extend lifespan. While much of the evidence remains correlational
rather than causal, the research underscores the significant role the
microbiome plays in aging. It may hold the key to understanding
longevity at a microbial level, offering a promising path forward in
efforts to improve health and extend longevity (Fig. 1).

Future directions

Future investigations into how the microbiome influences aging
have the potential to significantly enhance our comprehension of
personal health while also delivering substantial benefits to so-
ciety. By elucidating the molecular mechanisms involved in ag-
ing, we can reduce the financial burden that age-related diseases
place on healthcare systems. This research could lay the founda-
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Fig. 1. This figure depicts the pathways linking gut microbiome dysbio-
sis, telomere attrition, and genomic instability. In dysbiosis, an imbalance
between beneficial and harmful gut bacteria reduces protective metabo-
lites like short-chain fatty acids (SCFAs) and increases harmful substances,
leading to systemic inflammation and oxidative stress. These conditions
accelerate telomere shortening, which contributes to cellular senescence
and DNA damage. As telomeres shorten, chromosomal instability increas-
es, elevating the risk of age-related diseases such as neurodegeneration
and metabolic disorders. Chronic inflammation further disrupts the micro-
biome, creating a feedback loop that accelerates telomere attrition and
genomic instability.

tion for innovative treatments aimed at prolonging both lifespan
and healthspan. Such advancements could transform healthcare
systems worldwide, alleviating the pressure of aging-related chal-
lenges and promoting a healthier, more active aging population.
Furthermore, expanding our understanding of genome stability
and telomere health is essential for understanding the complex
relationships between these elements, aging, and the microbi-
ome. Exploring these relationships could reveal new avenues for
interventions, ultimately improving public health. Importantly,
the close anatomical connection between the gut microbiota and
immune cells in the intestine underscores the potential effects of
telomere shortening and genomic instability in these immune cells
on the fragile balance of the gut microbiome. Disruptions to this
balance may lead to microbial imbalances, further complicating
the ongoing interactions between the microbiome, telomere attri-
tion, and genomic instability. This interconnectedness highlights
the critical need for thorough studies to enhance our understanding
of how these elements influence overall health. The convergence
of microbiome research and aging biology presents an exciting
new realm in biomedical science, offering the potential for signifi-
cant advancements in aging studies. However, the field must also
account for the complex interactions between genomic stability,
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telomere attrition, and the other hallmarks of aging to better under-
stand the independent role these factors play in the aging process.
Grasping the microbiome’s impact on each hallmark of aging re-
quires comprehensive research to unravel the intricate network of
interactions that drive aging processes. In essence, this review has
focused on two primary hallmarks of aging—genomic instability
and telomere degradation—and their potential interactions, eluci-
dating their roles within the broader framework of aging biology.
While these hallmarks are inherently interrelated, their connec-
tions with other aging mechanisms remain inadequately explored,
indicating the need for further inquiry. Future studies should strive
to unravel the individual contributions of each hallmark to longev-
ity, providing deeper insights into their singular and synergistic
impacts on the aging process. Furthermore, the meta-hallmark
framework, which examines the interconnections between various
aging mechanisms, offers a crucial perspective for enhancing our
comprehension of the aging process.?!4215 This approach acknowl-
edges that aging arises not from isolated biological events but from
intricate interactions among diverse cellular and systemic systems.
By focusing on meta-hallmarks, scientists can gain deeper insights
into how distinct hallmarks—such as genomic instability, telomere
shortening, epigenetic changes, and loss of proteostasis—inter-
relate, affecting each other in ways that can either accelerate or
decelerate the aging process. This comprehensive framework is
crucial for pinpointing potential therapeutic targets capable of ad-
dressing multiple dimensions of aging concurrently, rather than
isolating a single factor. In addition, the meta-hallmark framework
has substantial implications for the research of age-related diseas-
es. Many chronic conditions linked to aging, including NDs and
CVDs, arise from complex, multifaceted disturbances in cellular
and systemic processes. Gaining insights into the interconnec-
tions of these disruptions through the lens of meta-hallmarks could
facilitate the development of more comprehensive and effective
strategies for disease prevention, intervention, and treatment.?!®
By recognizing that aging is a systemic process shaped by the in-
teractions of multiple biological pathways, we can more accurate-
ly pinpoint the root causes of age-related diseases and formulate
therapies targeting these fundamental mechanisms. Moreover, the
meta-hallmark perspective encourages a more integrated approach
to understanding aging, healthspan, and lifespan. By reframing
these aspects as interconnected rather than isolated phenomena,
this perspective creates a cohesive framework in which the inter-
actions among biological processes influence not only the aging
trajectory but also the overall quality of life during aging. This ap-
proach underscores the importance of a multi-faceted understand-
ing of aging that encompasses not just cellular health but also the
systemic balance and resilience required to promote healthy aging
and extend lifespan.

This review synthesizes findings from existing literature, form-
ing a foundation for future studies aimed at refining this frame-
work and investigating the interrelationships among aging mecha-
nisms. As the field evolves, this comprehensive approach will be
critical for devising targeted strategies that promote human health,
enhance healthspan, and ultimately extend longevity. Considering
the complex nature of aging and the intricate interplay of biologi-
cal factors, ongoing research is imperative for deepening our un-
derstanding and developing interventions that foster healthier ag-
ing and improved quality of life across various populations.

Conclusions

The hallmarks of aging—genome stability and telomere shorten-
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ing—serve as crucial indicators of the complex aging process,
underscoring the intricate relationship between cellular health and
the passage of time. Their close connection to a variety of human
diseases reveals the significant complexity of aging. Within this
complexity, the host microbiome plays a critical role, creating a
dynamic and reciprocal relationship that influences the course of
aging and longevity. The interdependent relationship between the
microbiome and the hallmarks of aging is not merely coincidental;
it forms a central axis around which the aging process unfolds.
This two-way communication emphasizes the interconnectedness
of various physiological functions and presents an exciting oppor-
tunity for therapeutic strategies. Understanding and manipulating
this interplay could hold significant potential for preventing and
managing age-related diseases. By altering the composition and
activity of the microbiome through dietary modifications, probiot-
ics, or targeted microbial approaches, it may be possible to miti-
gate the adverse effects of genome instability and telomere attri-
tion. Additionally, combining these microbiome-focused strategies
with methods aimed at directly improving genome stability and
preserving telomere length could provide a holistic approach to
addressing the fundamental causes of age-associated conditions.
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Abstract

The spatial heterogeneity of tumors has long been a subject of significant interest in oncology. Recent research has revealed
that tumors and their microenvironments undergo dynamic changes over time, particularly in the form of periodic circadian
rhythms. Disruptions to these rhythms have been recognized as a pivotal factor in the advancement of tumorigenesis. Such dis-
ruptions not only induce dysregulation of gene expression within tumor cells, influencing tumor growth, metabolism, the cell
cycle, and vascular homeostasis but also facilitate metastasis. Furthermore, they mediate the remodeling of the tumor immune
microenvironment, fostering the development of an immunosuppressive milieu. Additionally, the in vivo metabolism and
therapeutic responsiveness of tumor treatments — including chemotherapy, targeted therapy, and immunotherapy —have been
shown to be modulated by circadian rhythms. This suggests that time-specific drug administration may enhance treatment ef-
ficacy, offering novel insights for precision cancer therapy. In this review, we systematically update contemporary research on
the impact of circadian rhythms on tumor biology, encompassing both tumor progression and the efficacy of drug therapies.
Building upon these insights, we explore the potential for a synergistic approach that integrates the targeting of rhythmic genes
with current tumor treatment modalities. We also discuss the feasibility of tailoring tumor therapy to the rhythmic alterations
that define in vivo metabolism and the efficacy of specific therapeutic agents, highlighting the significance of rhythm-based
strategies in the personalized treatment of tumors and the prevention of associated diseases.

and metabolism.?

With increasing understanding and research, it has become clear
in recent years that circadian dysregulation is closely linked to the
development of tumors. Although a variety of factors and path-
ways are involved, this effect is generally manifested in two main
aspects: through the regulation of the tumor itself and through the
modulation of the tumor immune microenvironment.

Introduction

The alternation of day and night in nature has driven living or-
ganisms to evolve strict time-maintenance mechanisms, known as
circadian rhythms, to better adapt to external changes.! In humans,
circadian rhythms are complex processes mediated by a regulatory
center located in the suprachiasmatic nuclei of the hypothalamus
and are regulated by a variety of rhythm-associated genes, which
play a role in regulating a wide range of life activities, such as

sleep/wake cycles, feeding/fasting, endocrine function, immunity,

Keywords: Circadian rhythm; Tumor therapy; Tumor immune microenvironment;
Time-specific drug administration; Precision cancer therapy; Rhythm gene-targeted
therapy; Personalized tumor treatment strategies.
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The effect of circadian rhythms on the biological function of
tumors

The regulation of tumor biological characteristics by circadian
rhythm disruption is an important mechanism promoting tumo-
rigenesis and progression, including tumor initiation, stemness,
metabolic reprogramming, and immune microenvironment remod-
eling (Fig. 1). Enhanced fatty acid oxidation-mediated oncogenic
metabolic signaling promoting tumorigenesis has been observed in
sleep deprivation-induced circadian rhythm disorders. This effect
is mainly mediated by the dysregulated CLOCK gene, which over-
activates long-chain fatty acyl coenzyme A synthetase 1, leading
to increased production of palmitoyl coenzyme A. This, in turn,
promotes CLOCK-Cys194 S-palmitoylation. This approach elimi-
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Fig. 1. Impact of circadian rhythm disorder on tumor progression and immune microenvironment. On the one hand, circadian rhythm disorder contrib-
utes to tumor growth and metastasis by influencing the dysregulation of gene expression affecting the tumor itself. On the other hand, circadian rhythm
disorder can also promote the formation of a suppressive immune microenvironment, reduce the number of natural killer (NK) cells and the M1/M2 ratio,
and increase the CD4/CDS8 ratio and the number of regulatory T (Treg) cells, thus indirectly promoting tumor progression. This figure was created using tools
provided by Biorender (www.biorender.com). CD, cluster of differentiation; M1, pro-inflammatory; M2, anti-inflammatory.

nates the CLOCK gene’s ubiquitination degradation, disrupting
circadian rhythms and promoting cancer stemness.> Abnormally
expressed CLOCK genes can also alter the secretion patterns of
tumor cell chemokines and cytokines, promoting tumor inflamma-
tion and angiogenesis. Dysregulation of rhythm-associated genes
is both a cause and an effect, serving as a link between circadian
rhythm disruption and tumor development. Rhythmic genes, such
as BMALL1 and CLOCK, play crucial roles in regulating signal-
ing pathways and molecular expression related to various cellular
processes, including the cell cycle, epithelial-mesenchymal tran-
sition, apoptosis, ferroptosis, cellular metabolism, and immunity.
These genes exert their influence either individually or through the
formation of complexes, impacting cellular vascularity, growth,
metastasis, immune response, and other functions (Fig. 2). Es-
sentially, the coordinated expression of CLOCK genes regulates
the timing and order of various cellular processes, while circadian
rhythm disruption induces dysregulation of CLOCK gene expres-
sion, leading to a loss of normal cellular function regulation.

The impact of thythm-related genes on tumors is broad and di-
rect, including tumor metastasis. Often, more attention is given to
spatial variations in tumor metastasis to specify the affected tis-
sues and organs for more targeted therapeutic decisions. However,
tumor metastasis also exhibits temporal heterogeneity, as dem-
onstrated by the significant influence of the sleep/wake cycle on
tumor metastasis. Given that hematogenous dissemination due to
circulating tumor cells (CTCs) is the primary mode of metastasis
for most tumors, a study tracked the dynamics of CTCs and re-
vealed the significant impact of circadian rhythms on tumor metas-
tasis.* Specifically, the production of CTCs in patients was found
to be greatly disturbed by circadian rhythms, with the majority of
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CTCs (78.3%) found in samples obtained during resting periods.
This finding was further validated in animal experiments, where
mice in the resting phase showed a six- to eight-fold increase in
CTCs compared to the active phase, with a maximum increase
of 278-fold. By interfering with the sleep cycle and administer-
ing rhythm-related hormones (e.g., melatonin), it was found that
CTCs produced during the rest phase were not only more numer-
ous but also exhibited a stronger metastatic capacity compared to
those produced during the active phase. These results suggest that
the production of CTCs is not constant but exhibits significant
time-dependence and temporal heterogeneity, regulated by circa-
dian rhythms. This also implies that dynamic regulation of drug
administration schedules could be feasible during tumor therapy,
with intensive resting-phase-focused therapy potentially achieving
promising therapeutic outcomes.

In addition to affecting tumor function, circadian rhythms also
play a crucial regulatory role in the tumor-immune microenviron-
ment. On one hand, rthythm genes directly regulate the expression
of immune checkpoints in tumor cells, indirectly affecting immune
cell activation. For example, Period2 competitively binds to heat
shock protein 90 via the PAS1 structural domain, reducing its in-
teraction with inhibitors of kappa B kinase (IKKs). This leads to
increased ubiquitination degradation of IKK-a/f and facilitates
nuclear translocation of p65, inhibiting the IKK/NF-kB pathway
and reducing PD-L1 expression.’ On the other hand, the composi-
tion and percentage of immune cells fluctuate dynamically, and
these fluctuations are regulated by circadian rhythms. Taking mac-
rophages as an example, M1 and M2 macrophages are the main
types in the tumor immune microenvironment. These macrophag-
es not only play opposing roles but also exhibit opposite states
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Fig. 2. Pathways and molecular regulatory networks of circadian rhythm-related genes in tumor cells. Rhythmic genes such as BMAL1, CLOCK, and others,
either individually or through the formation of complexes, regulate signaling pathways and molecular expression associated with various cellular processes
such as the cell cycle, epithelial-mesenchymal transition (EMT), apoptosis, ferroptosis, cellular metabolism, and immunity. These genes influence cellular
angiogenesis, growth, metastasis, immune responses, and other functions. This figure was created using tools provided by Biorender (www.biorender.com).

of change during circadian fluctuations. In the normal light-dark
cycle, M1 macrophages predominate at night, while M2 mac-
rophages are more prevalent during the day, which is considered
the normal macrophage daily pattern. However, circadian rhythm
disruption disrupts the daily pattern of both, significantly reducing
the M1/M2 ratio and resulting in the development of a suppres-
sive immune microenvironment.® In addition to macrophages, a
decrease in the number of CD8" T cells, an increase in the CD4/
CDS8 ratio, and an increase in FoxP3* Treg cells, along with greater
infiltration of immunosuppressive microglial cells in neurological
tumors, also contribute to remodeling the tumor immune micro-
environment. These changes promote the formation of metastatic
niches and tumor immune escape.” These studies have deepened
our understanding of the relationship between circadian rhythms
and tumor immunity. More importantly, by identifying the major
differential genes and their mechanisms of action, we can pinpoint
target genes that can inhibit the adverse effects of rhythm disrup-
tion on tumor immunity, aiding in the development of new tumor
immunomodulatory drugs targeting rhythm-related genes.

The effect of circadian rhythms on the efficacy of antitumor
drug therapy

Given the important role that thythm genes play in tumor progres-
sion, it is reasonable to believe that targeting these genes will pro-
vide new options for tumor therapy. Indeed, studies have already
revealed the unique role of rhythm gene modulators in controlling
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circadian rhythm disorders and enhancing antitumor therapy. For
example, CLKS increases circadian rhythm amplitude by inhibit-
ing CLOCK dimerization with BMAL1.8 KL001 and its derivative
SHP656 can inhibit the growth of glioblastoma stem cells through
the simultaneous activation of CRY1 and CRY2.? Retinoic acid-
related orphan receptor a agonists inhibit the growth of gastric
cancer cells both in vitro and in vivo, making them promising anti-
tumor agents.!’ However, current research on these rhythm gene-
modulating drugs is still mainly in the basic research phase, and
clinical studies are needed to further confirm their effectiveness
and potential for clinical application.

Moreover, the activity and antitumor effects of many antitumor
agents, including chemotherapeutic agents, targeted therapies, and
immunotherapies, are strongly influenced by circadian rhythms,
particularly in terms of fluctuating pharmacokinetics, efficacy over
time, and the mediation of drug resistance events. For example,
one study evaluated the effect of circadian rhythms on the pharma-
cokinetics of linifanib, a novel tyrosine kinase inhibitor selective
for vascular endothelial growth factor and platelet-derived growth
factor receptors. The results showed that evening dosing signifi-
cantly affected the oral bioavailability of linifanib, with a dose-
normalized Cmax that was 64% of that observed after morning
dosing.!! At specific times of the day, antitumor drugs can exert
a tumor-killing effect, but their efficacy is greatly disturbed when
the circadian clock is defective, suggesting that drug efficacy fluc-
tuates with the rhythm.'> Mechanistically, this rhythm-dependent
feature is regulated by the cell cycle and is dependent on the cyclic
expression of target proteins. Furthermore, given the serious chal-
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lenge of drug tolerance in tumor therapy, new studies have found
that the development of tolerance to some drugs is also influenced
by circadian rhythms.!3 Periodic circadian expression patterns of
key genes are important contributors to this phenomenon.

Chronomodulated chemotherapy regimens targeting cytotoxic
drugs have also demonstrated promising results.!* A systematic re-
view that included 18 randomized trials and 2,547 cancer patients
found that the majority of studies (14/18) supported the ability of
chronomodulated chemotherapy to improve outcomes while re-
ducing drug toxicity, with potential gender differences.!> Although
a small number of studies suggested that chronomodulated chemo-
therapy could lead to a shift in toxicity response and one study
reported a worse toxicity response, no study reported a clear reduc-
tion in efficacy. This provides new insights into how tumor drug
resistance arises and demonstrates that temporal therapies target-
ing rhythmic regulation have great potential to overcome antitu-
mor drug resistance. Therefore, emphasizing the temporal dimen-
sion in the development of antitumor therapeutic strategies may
enhance the precision and targeting of drugs while reducing the
development of drug resistance, or even reversing drug resistance
that has already occurred.

The strong circadian rhythmicity of the immune system also
has a significant impact on the effectiveness of immunotherapy.'®
Studies have shown that circadian rhythm changes drive cyclic os-
cillations of T cells. At the highest abundance of suppressive im-
mune cells, CD8* T cell function is severely suppressed. However,
since the expression of immune checkpoints, such as PD-L1, peaks
in immunosuppressive cells, administering anti-PD-L1 therapy at
this time can be more effective.!” In addition, the rhythmic changes
in CD8" T cells were also reflected by dendritic cells, showing
amplified efficacy by synchronizing tumor immunotherapy with
dendritic cell function.'® Tumor immunotherapy targeting immune
cells is benefiting cancer patients, but low sensitivity and high
drug resistance still limit its clinical application. Immunotherapy
that incorporates the circadian characteristics of immune cells may
be a viable solution, whether for immune checkpoint inhibitors,
tumor vaccines, or chimeric antigen receptor T-cell therapies.

In light of these findings, an increasing number of studies have
focused on the impact of modulating circadian rhythms on tumor
therapy. Evidence suggests that circadian rhythms significantly
affect the sensitivity of tumor radiotherapy. Meanwhile, adjust-
ing the timing of drug administration has been shown to affect its
bioavailability. Additionally, adjusting circadian rhythms through
phototherapy and other means can improve symptoms such as
tumor-related fatigue. Several ongoing studies are also evaluating
the effects of circadian rhythm disruption on tumor progression as
well as tumor-associated adverse effects, which will provide valu-
able insights for improving tumor therapy (Table S1).

Future directions

A thorough understanding of the dynamic alterations in tumor
circadian rhythms is essential for refining precision cancer ther-
apy, shifting the focus from specific targets to a more nuanced
appreciation of the therapeutic window. As research evolves, an
increasing number of rhythm-associated tumor therapeutic targets
are being elucidated, promising to diversify therapeutic strategies.
Consequently, interventions aimed at circadian rhythm genes may
emerge as a novel modality in cancer treatment, potentially syner-
gizing with established approaches such as chemotherapy, targeted
therapies, and immunotherapies. However, current research in this
domain remains limited and predominantly confined to the basic
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science stage; further studies are imperative to substantiate the vi-
ability of this concept.

Moreover, elucidating the cyclical expression patterns of tar-
get genes and the dynamic spatial and temporal interplay between
tumor cells and immune cells is crucial for the development of
more targeted cancer therapies. Tailoring drug dosing according to
the metabolic and efficacy profiles of specific drugs can optimize
therapeutic outcomes while minimizing adverse effects.

Given that circadian rhythm regulation is predominantly gov-
erned by central neural and hormonal mechanisms, therapies
targeting these rhythms may be subject to variability among in-
dividual patients.!®?’ Occupational and lifestyle factors that can
induce circadian rhythm disorders or even inversions necessitate a
more personalized approach to such treatments, requiring selection
based on each patient’s unique rhythmic characteristics.?!

Considering the influence of circadian fluctuations on tumor
growth, metastasis, drug resistance, and immune microenviron-
ment formation, there is a pressing need to focus on the delete-
rious effects of circadian disruption on the organism, potentially
exacerbating oncogenesis. This awareness is vital for prompting
individuals to recognize the risks associated with unhealthy habits
and to encourage behavioral changes. Future research should also
consider disease prevention strategies for occupations that may
contribute to circadian rhythm disruptions.

Conclusions

Disruptions in circadian rhythms have been implicated in the
initiation and progression of tumorigenesis through a variety of
molecular pathways. Targeting circadian rhythm-associated genes
represents a potentially efficacious therapeutic strategy for cancer
treatment, particularly when employed in conjunction with estab-
lished tumor therapies. However, further research is warranted to
substantiate this hypothesis. A deeper understanding of the tempo-
ral metabolic profiles and efficacy fluctuations of tumor therapeu-
tics is essential for the enhancement of precision cancer therapy.
This knowledge will facilitate the optimization of treatment timing
and dosing, ultimately aiming to maximize therapeutic benefits
while minimizing side effects.

While this review provides a comprehensive look at the effects
of circadian rhythms on tumors, it still has some limitations. The
findings presented are predominantly derived from the current sci-
entific literature and thus are subject to the constraints of the qual-
ity, scope, and depth of the published research. Furthermore, the
practical application of our proposed rhythm-based strategies in
personalized tumor therapy and disease prevention necessitates ad-
ditional empirical validation through experimental and clinical tri-
als to ascertain their efficacy and feasibility. Nevertheless, we have
delineated critical issues and challenges that warrant attention,
which will serve as a roadmap for future investigative endeavors.
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The current paradigm assumes that randomization eliminates all
confounding factors.! In this opinion, I challenge this view. For in-
stance, changes in parent-child relationships and/or fraternal rela-
tionships represent a new phenomenon that did not exist before.??
A curious question arises: [s it possible that changes in person-to-
person contact due to pandemics, social distancing, and other fac-
tors could alter the microbiota composition in individuals?

A recent paper by Valles-Colomer, published in Nature, on
person-to-person transmission of the gut and oral microbiomes has
significant implications for medical/biomedical research, medical
practice, study design, and data analysis.* However, these impli-
cations have not received much attention, particularly in contem-
porary probiotic and antimicrobial research. The study detected
astonishing patterns of extensive bacterial strain sharing among
individuals, with marked and recognizable intra-household, moth-
er-to-infant, and intra-population transmission patterns. This find-
ing, along with similar studies,»® will likely impact medical and
biomedical sciences in many ways. In this opinion, I attempted to
connect these pioneering works with recent probiotic supplementa-
tion studies conducted during the COVID-19 pandemic,* ' just to
mention a few. There is no doubt that these studies followed stand-
ard procedures. However, | argue that there is a “possibility” of
hidden bias that might have arisen due to altered social dynamics,
closeness, and person-to-person microbial transmission during the
COVID-19 pandemic, particularly in non-randomized clinical tri-
als, and potentially even in small-sample randomized clinical trials.

Compelling evidence shows that changes in parent-child rela-
tionships and/or fraternal relationships due to COVID-19-imposed
social distancing may introduce bias, leading to inaccurate esti-
mates of results. In particular, publication and expectation biases
could lead to significantly higher estimates of efficacy in studies
on oral and gut microbiota.'"!> Here, we must take a closer look at
“closeness”, defined as the average distance from one node to all
others.'3 Recent studies conducted during the COVID-19 pandem-
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ic show that the “closeness” between parents and their children/
infants was highly dynamic among families.!3 This suggests that
behaviors such as kissing and other forms of bodily contact, which
can lead to microbiota transmission, varied significantly and were
not necessarily consistent across all families.

Methodologically, randomization ensures that potential con-
founding factors are evenly distributed among treatment groups.!
However, in short-duration studies, uncertainties may arise from
factors such as the nature of oral ecology, microbiome transmis-
sibility, microbial population dynamics, and the varying time
courses of interactions and medication effects.!4!5 In such cases,
it is unlikely that randomization alone can be considered a reli-
able method—especially in studies using single-dose interven-
tions. These interventions may preclude the exploration of optimal
dose-response relationships for microbiota strains and sub-strains
in treatment.

Supporting this argument, there is evidence that even after ran-
domization, significant differences in calorie, carbohydrate, fat,
and protein intake may exist between two arms of the clinical tri-
al,'®17 all of which can significantly influence baseline microbiota
levels. Even more interestingly, some randomized clinical trials
have shown that participants’ baseline gut microbiota (confirmed
through beta diversity analyses) differed significantly from con-
trols, though not from each other.!® Intriguingly, in other medical
disciplines like pulmonary medicine, differences in baseline mi-
crobiomes have been reported between groups in trials comparing
sputum microbiota in adults with cystic fibrosis.!® This direct and
indirect evidence suggests that the possibility of non-normality in
baseline microbiota in clinical trials may not be easily dismissed.

The most direct supporting evidence comes from a recent paper
by Griffen ez al.,’ which enrolled 55 biological and 50 adoptive
mother-child dyads to determine the effect of genetic relatedness
on the fidelity of oral bacterial transmission. Adoptive mother-
child dyads were recruited through adoption agencies. To match
the adoptive group by parents’ socioeconomic status and children’s
age, a biological group was also enrolled. To minimize bacterial
transmission from biological mothers, only children adopted at
birth and unrelated to the adoptive family were included. In the
biological group, only genetic birth mothers were included, and fa-
thers and siblings were also sampled when available. To allow for
the establishment of an oral bacterial community, children in both
the biological and adoptive groups were between three months
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and 12 years of age. Exclusion criteria for all participants included
chronic diseases affecting the immune system, oral cavity, or early
onset periodontitis. For all three niches sampled—supragingival
plaque, saliva/soft tissue, and subgingival plaque—the microbial
profiles of adopted and biological children were equally similar to
their mothers at both the species and strain levels. No genetic in-
fluence was found on the acquisition of oral bacteria. At the strain
level, all mothers and their children, regardless of genetic relation-
ship, were significantly more similar to each other than unrelated
mother-child pairs. This relationship was less pronounced at the
lower resolution species-level approach. Similar results were ob-
served for comparisons between adoptive and biological groups
(ISR soft tissue/saliva) when using relative abundance measures
instead of presence/absence measures. For instance, one study in-
vestigated the effect of fecal microbiomes on mother-infant dy-
ads, especially during the early postpartum period.® Based on this
study, there is a complex microbial interaction between breastfeed-
ing mothers and their infants, which indirectly supports the idea
that changes in the milk microbiome may influence the infant’s
gastrointestinal microbiome. These two findings provide the most
direct evidence for our argument that altered “closeness” during
the COVID-19 pandemic has the potential to introduce uncertain-
ties in bacterial transmission.®

Considering the complex network of correlations between par-
ent-infant relationships and microbiome transmission, the results
of probiotic supplementation studies would inevitably be affected,
especially when sample sizes are small. It would be prudent to
consider these issues when designing future studies.?’-22

Altered oral and gut microbiota are implicated in the develop-
ment and progression of many medical conditions.?? On the other
hand, clinical trials typically enroll a minimum sample size based
on alpha statistics.?*?5 With these considerations, it seems highly
unlikely that randomization alone accounts for the confounding
effect of inter-individual microbiota variation and differences in
closeness. This implies that many clinical trials conducted during
the COVID-19 pandemic may have been subject to hidden bias.
This bias is not confined to clinical trials but spans a wide range
of diseases influenced by differential oral and gut microbiota. It
also affects daily clinical practice. Heterogeneous results in clini-
cal trials might be partially explained by the lack of standardized
methodologies to match participants (i.e., cases and controls) in
terms of oral and gut microbiota dynamics at each step of the study
process, highlighting the need for clear guidelines.?6-2°

Moreover, the perspective of these novel studies on person-to-
person microbial transmission creates a unique opportunity to test
a myriad of hypotheses.*® For instance, if microbiome compo-
sition contributes to a particular disease or condition, sharing a
household with someone who has a distinct gut or oral microbiota
pattern could influence study results and potentially predict the
outcome of interest, at least to some extent.

Consider this hypothesis: if microbiome composition con-
tributes to glucose intolerance, sharing a household with a shift
worker who is already known to have a higher risk of metabolic
disturbances would theoretically increase the risk of metabolic
disturbances, again, at least to some extent.3 Most readers would
agree that conducting a clinical trial under such conditions would
be methodologically, practically, and economically challenging.
However, a researcher could easily test this hypothesis by co-hous-
ing host mice with a mouse exposed to the variable of interest and
then measuring the microbiota and glucose homeostasis of the host
to gather preliminary data. Similar experiments based on studies of
person-to-person microbial transmission would represent a major
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advance in microbiota research.*-¢
This argument can be criticized in several ways:

* Firstly, clinical trials should account for this bias in future re-
search. However, there is currently very little insight or perspec-
tive on how to address this issue in real clinical trial settings.
Many factors, some of which are still unknown, can impact
microbiome composition and, consequently, disease outcomes.
The real question is how to incorporate this consideration. I call
for suggestions on the best methods to account for this potential
bias. One lesson for the next pandemic is the need to develop
tools to measure “closeness” as a confounding factor, both qual-
itatively and quantitatively.

* Secondly, it might be argued that the level of closeness between
parents and children was different during the pandemic, such
as through behaviors like kissing. Do we know for certain if
parents’ behavior changed during the pandemic? Yes, we spent
more time with our families, but outside the pandemic, children
would have been exposed to other kids at school or kindergar-
ten, which would have introduced them to a broader array of
people and children, potentially affecting their microbiomes
differently.

 Thirdly, applying proper randomization and using an appropri-
ate sample size should balance out any effects that social dis-
tancing might have had on the microbiome. Additionally, the
period of social distancing was relatively short, and normal life
has resumed since the end of the pandemic. It could be argued
that we are uncertain whether there will be any lasting effects.

 Lastly, many other factors, such as genetics, nutrition, lifestyle,
and access to healthcare systems, would likely play a more sig-
nificant role in this context.

In conclusion, if this argument proves valid, we could extrapo-
late that all prognostic, diagnostic, cross-sectional, and interven-
tional studies should account for the potential confounding effect
of closeness differences when designing studies that involve body
microbiota. This possible confounding variable would also impact
allocation methods and sample size determination formulas used
in clinical trials. This opinion has important implications for phar-
macological, microbial, and infection studies, both clinically and
epidemiologically. Furthermore, it underscores the need to develop
practical tools for measuring closeness as a confounding factor,
both qualitatively and quantitatively, for future preparedness.

Aesthetically, I like to refer to this confounding phenomenon as
“French Kiss Bias”, even though we know oral and gut microbiota
are transmitted via multiple routes.
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In June 2024, The New England Journal of Medicine (NEJM) pub-
lished an article titled “Tirzepatide for the Treatment of Obstructive
Sleep Apnea and Obesity”, reporting the results of a Phase III clini-
cal trial on the use of tirzepatide in patients with moderate to severe
obstructive sleep apnea (OSA) and obesity.! The study demonstrat-
ed that tirzepatide significantly reduced the apnea-hypopnea index
(AHI), a key indicator for assessing the severity of OSA. Over the
course of the 52-week study, patients who did not receive continu-
ous positive airway pressure (PAP) therapy experienced an average
reduction in AHI of 25.3 events per hour, while those using PAP
therapy saw a reduction of 29.3 events per hour. Additionally, tirze-
patide significantly reduced patients’ body weight and the nocturnal
hypoxia burden associated with OSA. These findings suggest that
tirzepatide not only effectively reduces body weight but also mark-
edly improves OSA symptoms, potentially reducing the dependence
on PAP therapy. Further research indicates that this drug may also
reduce cardiovascular disease risk, offering new hope for personal-
ized treatment approaches in the future.

For patients with OSA combined with metabolic syndrome,
continuous positive airway pressure therapy and lifestyle-based
metabolic interventions (such as dietary adjustments and weight
loss) have been shown to significantly improve health outcomes.
These interventions not only help alleviate OSA symptoms but
also improve cardiometabolic health and reduce the risk of car-
diovascular diseases. Treating OSA-related obesity, even with
modest weight loss, can lead to significant cardiometabolic im-
provements, such as lowering blood pressure, improving insulin
sensitivity, and reducing inflammatory markers.> However, de-
spite the effectiveness of these interventions, long-term adher-
ence remains a challenge. Many patients struggle with maintain-
ing lifestyle changes and consistent use of PAP, leading to lower
compliance. Therefore, current research is actively exploring new
treatment methods to address the metabolic disturbances associ-
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ated with OSA. Pharmacological therapies, such as glucagon-like
peptide-1 (GLP-1) receptor agonists and sodium-glucose cotrans-
porter 2 (SGLT2) inhibitors, have shown potential in improving
OSA and related metabolic issues.>* These treatments may not
only directly affect metabolic pathways but also reduce body
weight, lower systemic inflammation, and enhance cardiovascu-
lar health, providing new treatment options for patients who find
it difficult to adhere to traditional therapies.

The emergence of GLP-1 receptor agonists (GLP-1RAs) marks
a shift in the approach to treating metabolic diseases, particularly
in managing type 2 diabetes and obesity. A substantial body of evi-
dence suggests that these drugs play a critical role in the long-term
control of these conditions, sparking widespread interest in their
potential application in obesity-related conditions like OSA. GLP-
1RAs function through various mechanisms, including the activa-
tion of GLP-1 receptors on pancreatic -cells, enhancing glucose-
dependent insulin synthesis and secretion, thereby reducing the
risk of hypoglycemia.> Additionally, GLP-1RAs delay gastric
emptying, increase satiety, reduce food intake, and support weight
management. Furthermore, these drugs act on the hypothalamus,
inhibiting orexigenic pathways that control appetite, thereby fur-
ther supporting weight management.

Existing research indicates that GLP-1RAs have a positive
impact on OSA treatment, particularly in significantly reduc-
ing AHL%7 The improvements in daytime sleepiness scores and
AHI resulting from GLP-1RA intervention are closely related to
reductions in body weight, body mass index, and waist circum-
ference.®? Moreover, GLP-1RAs may improve respiratory control
through mechanisms independent of weight management.!’ The
hypothalamus contains GLP-1 receptors, which play a role in regu-
lating the sleep-wake cycle and respiratory drive. GLP-1RAs can
modulate neurotransmitter release when interacting with these re-
ceptors, which may enhance respiratory stability and reduce apnea
episodes, independent of weight changes. GLP-1RAs have been
shown to affect the sensitivity of chemoreceptors, particularly
in the carotid bodies, which detect changes in blood oxygen and
carbon dioxide levels. By altering chemoreceptor responsiveness,
GLP-1RAs can improve respiratory drive, contributing to more
stable breathing patterns during sleep. GLP-1RAs also possess
anti-inflammatory properties that reduce systemic inflammation,
which is often elevated in OSA patients. This reduction can im-
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prove upper airway muscle function, lower airway resistance, and
enhance respiratory control without being solely dependent on
weight loss. There is evidence suggesting that GLP-1RAs have
neuroprotective effects that may enhance brainstem function,
which is critical in regulating breathing. This mechanism can sta-
bilize respiratory patterns during sleep, independent of weight loss
effects. GLP-1RAs may also reduce sympathetic nervous system
activity while enhancing parasympathetic activity, helping to regu-
late airway tone and respiratory muscles. This effect can improve
overall breathing control in OSA patients, even without changes
in body weight. The hypothalamus, as the primary regulator of the
sleep-wake cycle, contains GLP-1 receptors, allowing GLP-1RAs
to directly modulate this process. By acting on these receptors in
the hypothalamus, GLP-1RAs regulate neurotransmitter release,
influencing sleep quality and wakefulness.!! This mechanism may
explain the potential of GLP-1RAs to improve OSA-related symp-
toms of excessive daytime sleepiness.

The bioactivity of GLP-1RAs primarily depends on their inter-
action with GLP-1 receptors. However, due to individual differenc-
es in GLP-1 receptor gene polymorphisms and receptor expression
levels, patient responses to GLP-1RAs can vary significantly.'?
Specifically, some patients may experience altered expression or
function of GLP-1 receptors due to genetic polymorphisms, which
could weaken or completely block the metabolic effects of GLP-
1RAs. For these patients, continuing the use of GLP-1RAs, despite
a lack of efficacy, may not only fail to achieve treatment goals
but also increase the risk of drug-related adverse effects, includ-
ing common gastrointestinal issues and more severe side effects
such as pancreatitis or gallbladder disease. Therefore, promptly
identifying the ineffectiveness of GLP-1RAs in certain patients
and discontinuing their use can offer multiple benefits. First, it
can reduce patient exposure to potential unnecessary side effects,
improving the overall risk-benefit ratio of the treatment. Second,
avoiding ineffective treatment can significantly reduce unneces-
sary healthcare costs, making it more economically sustainable.
There is growing evidence that genetic polymorphisms in GLP-1
receptor genes can significantly impact an individual’s response
to GLP-1RAs. These genetic variations may lead to differences
in receptor expression levels or functional activity, affecting the
drug’s efficacy in treating both obesity and OSA. For example,
some patients with certain GLP-1 receptor gene polymorphisms
might exhibit reduced receptor expression or altered receptor sign-
aling, resulting in a diminished response to GLP-1RAs. Personal-
ized medicine approaches can help identify patients who are more
likely to benefit from GLP-1RA therapy by evaluating their genetic
profiles. By conducting genetic testing before treatment initiation,
clinicians can tailor therapy to those with the highest likelihood of
responding, thereby improving treatment outcomes and minimiz-
ing unnecessary exposure to medication for non-responders. This
approach not only enhances treatment efficacy but also reduces the
risk of adverse effects, such as gastrointestinal discomfort or more
severe complications like pancreatitis or gallbladder disease. Fur-
thermore, personalized medicine can optimize dosing regimens, as
patients with certain genetic variants might require higher or lower
doses to achieve the desired therapeutic effect. It can also help
monitor potential resistance to GLP-1RAs over time, allowing for
therapy adjustments as needed. Personalized adjustments based on
patient genetic information and drug response are key to ensur-
ing optimal resource utilization and maximizing patient benefit.
Additionally, many patients may experience weight regain after
discontinuing GLP-1RAs, sometimes returning to pre-treatment
levels. Evidence suggests that this weight rebound after stopping
GLP-1RA treatment may reverse its cardiometabolic benefits,!? a
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problem that warrants further investigation in future research.

SGLT?2 inhibitors have recently demonstrated significant efficacy
in treating cardiovascular diseases, diabetes, and related metabolic
disorders. Although research on their use in patients with OSA is still
in its early stages, SGLT2 inhibitors have shown potential benefits.
In the VERTIS CV study, ertugliflozin reduced the incidence of
OSA by 48% compared to placebo.'* Additionally, a meta-analysis
of data from nine large randomized controlled trials evaluated the
potential association between SGLT?2 inhibitors and several respira-
tory diseases.'> The results showed that SGLT2 inhibitors reduced
the incidence of OSA by 65% compared to placebo.

The potential benefits of SGLT2 inhibitors for OSA patients can
be explained through several mechanisms'®: (1) SGLT2 inhibitors
promote urinary glucose excretion, leading to weight loss. Since
obesity is a major risk factor for OSA, weight loss can reduce up-
per airway resistance, thereby decreasing the frequency and sever-
ity of apneas; (2) During supine sleep, bodily fluids may shift from
the lower limbs to the thoracic and neck regions, increasing upper
airway resistance and exacerbating OSA symptoms. SGLT2 inhib-
itors reduce overall fluid load, lowering the occurrence of this fluid
shift, thus helping to improve respiratory function during sleep; (3)
Nocturia can disrupt sleep, interrupting the rapid eye movement
(REM) cycle and shortening REM periods, which may reduce the
incidence of REM-related OSA events.

In terms of long-term management, GLP-1RAs, such as lira-
glutide and semaglutide, have shown significant improvements
in reducing the AHI, weight, and cardiometabolic risk factors in
OSA patients. The benefits of GLP-1RAs appear to be twofold:
they not only support weight loss, which is critical for reducing
OSA severity, but they also have independent mechanisms that
may improve sleep quality by acting on hypothalamic GLP-1 re-
ceptors that regulate sleep-wake cycles. These effects suggest that
GLP-1RAs could provide sustainable management of OSA, espe-
cially in patients with concurrent obesity or metabolic syndrome.
For SGLT2 inhibitors, studies have shown a notable reduction in
the incidence of OSA, with mechanisms involving weight loss and
fluid management during sleep. By reducing bodily fluid retention
and promoting weight loss, these medications help decrease upper
airway resistance, a key factor in OSA pathophysiology.

Despite these positive outcomes, concerns remain regarding
the potential for rebound effects after discontinuing GLP-1RAs.
Evidence suggests that many patients tend to regain weight once
treatment is stopped, often returning to pre-treatment levels. This
weight rebound could potentially reverse the improvements in
OSA symptoms, as obesity is a major contributor to OSA severity.
The rebound effect also implies a possible return of cardiometa-
bolic risks, such as increased blood pressure, insulin resistance,
and inflammation, which were initially mitigated during treatment.
Therefore, discontinuing GLP-1RAs may necessitate alternative
strategies to maintain weight loss and prevent OSA relapse. As for
SGLT2 inhibitors, although data is less conclusive, discontinua-
tion might similarly lead to a gradual return of weight and fluid
retention, potentially diminishing the positive effects on OSA.
Given that the mechanism of action for SGLT2 inhibitors involves
maintaining fluid balance and reducing body weight, discontinu-
ing treatment could lead to a recurrence of fluid shifts during sleep,
exacerbating OSA symptoms.

Given these considerations, both GLP-1RAs and SGLT2 in-
hibitors may require long-term, if not lifelong, administration to
maintain their benefits in OSA management. This approach aligns
with the chronic nature of both obesity and OSA, where long-term
treatment is often necessary to manage these conditions effective-
ly. However, the need for ongoing treatment raises important ques-
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tions about patient adherence, potential side effects, and economic
sustainability, all of which should be carefully weighed in clinical
decision-making.

Currently, the dual gastric inhibitory polypeptide (GIP)/GLP-1
receptor agonist tirzepatide has been shown to significantly reduce
AHI in OSA patients.* Additionally, dual GLP-1/glucagon recep-
tor agonists and triple GLP-1/GIP/glucagon receptor agonists are
being explored for their potential effects in overweight or obese
patients with OSA. Future studies need to be longer-term and more
rigorously designed randomized controlled trials to thoroughly as-
sess the safety and efficacy of GLP-1 and SGLT?2 inhibitors in var-
ious patient populations and to better determine their effectiveness
in reducing OSA severity and improving cardiovascular health. It
is particularly important to clarify whether these treatments require
long-term or intermittent use and to understand their long-term ef-
fects on OSA. Robust data on the risk-benefit ratio of these drugs
will be crucial for clinical decision-making. In the future, physi-
cians in the field of sleep medicine should enhance their skills by
integrating obesity management with GLP-1 therapy as a treat-
ment option for patients, which will require a deeper understand-
ing of the potential side effects and challenges that patients might
face, such as resistance to injection therapies.
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