I Review

Immunometabolism

[ OPEN_

Aging immunity: unraveling the complex nexus of
diet, gut microbiome, and immune function

Khatereh Babakhani', Amanda L. Kucinskas?, Xiangcang Ye', Erin D. Giles®*, Yuxiang Sun’

Abstract

will ultimately improve the health and longevity of the elderly.

oligosaccharides, high-fat diet, high-fiber diet, high-protein diet

Aging is associated with immune senescence and gut dysbiosis, both of which are heavily influenced by the diet. In this
review, we summarize current knowledge regarding the impact of diets high in fiber, protein, or fat, as well as different dietary
components (tryptophan, omega-3 fatty acids, and galacto-oligosaccharides) on the immune system and the gut microbiome in
aging. Additionally, this review discusses how aging alters tryptophan metabolism, contributing to changes in immune function
and the gut microbiome. Understanding the relationship between diet, the gut microbiome, and immune function in the context
of aging is critical to formulate sound dietary recommendations for older individuals, and these personalized nutritional practices
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1. Introduction

The number of adults aged 65 years or older in the United States
is projected to grow from 58 million (17% of the population) in
2022 to 82 million (23% of the population) by 2050 !, Aging is
associated with a gradual decline of the immune system (immu-
nosenescence) and the progressive development of low-grade
systemic inflammation (inflammaging). Immunosenescence and
inflammaging lead to reduced vaccine efficacy, elevated suscep-
tibility to infections, and increased risk of chronic inflamma-
tory diseases, all of which contribute to increased morbidity and
health care burden 3. Therefore, novel strategies to mitigate
immunosenescence and inflammaging are critically needed given
the fast-growing aging populations.

One potential strategy for targeting immunosenescence and
inflammaging is through the modifiable risk factor of diet.
Diet composition and individual nutrients have been shown
to profoundly impact the cellular makeup and function of the
immune system 45, Additionally, essential nutrients from the
diet have been shown to modulate the composition of the gut
microbiome, some of which can exert anti-inflammatory and
immune-supportive effects [®7l. Given these intriguing functional
connections, understanding how different dietary components
affect the immune system and gut microbiota during aging is of
great importance. Here, we aim to review the current data on
how innate and adaptive immunity, inflammatory responses, and
the gut microbiome are reprogrammed during aging. We spe-
cifically highlight the influence of high-fiber, high-protein, and
high-fat diets, as well as individual dietary components, such as
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tryptophan, omega-3 fatty acids, and galacto-oligosaccharides,
in the context of aging.

2. The innate immune system in aging

The innate immune system is essential in the rapid mobilization
of immune cells, including monocytes, macrophages, dendritic
cells, neutrophils, and natural killer cells, to the sites of infection
and inflammation, where they contribute to the production of
inflammatory cytokines 1®l. Aging is associated with pronounced
dysfunctions in the innate immune system. For example, aging
leads to reduced macrophage responses, including reduced tis-
sue infiltration, phagocytosis, chemokine/cytokine secretion,
slowed wound healing, and impaired antigen presentation ..
Similarly, the effectiveness of neutrophils also decreases, limit-
ing their ability to phagocytose, produce reactive oxygen inter-
mediary molecules, and eradicate intracellular substances "I, In
this section, we highlight the impact of aging on the cells of the
innate immune system, specifically focusing on the effects on
specific cell subsets, cytokine production, and cluster of differ-
entiation (CD) marker molecules from studies in both humans
and rodent models.

2.1 Monocytes

Monocytes are crucial in regulating inflammation. Monocytes
circulate in the bloodstream and are recruited to sites of infection
and inflammation, where they can differentiate into macrophages
or dendritic cells ', Additionally, monocytes exhibit phagocytic
activity and secrete pro-inflammatory and anti-inflammatory
cytokines %13, Human monocytes can be broadly character-
ized into three main phenotypes: classical (CD14*CD167), inter-
mediate (CD14*CD16%), and nonclassical (CD14°*CD16+) !4,
Research has shown that older adults exhibit a decreased pro-
portion of classical monocytes, and an increased proportion of
intermediate and nonclassical monocytes compared with young
and middle-aged adults 5!, This shift in monocyte subtypes with
age suggests an enhancement of cells with increased production
of pro-inflammatory cytokines, promoting a state of chronic
inflammation and an overall reduced ability to resolve inflam-
mation in response to tissue damage or inflammatory insults ¢,
Despite these changes in monocyte proportion, the total number
of monocytes is reported to remain relatively stable with age in
humans 7! (Figure 1A).
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Figure 1.

Innate and adaptive aging immunity and inflammaging. (A-F) Innate immune system; (G-H) Adaptive immune system; (I) Inflammaging.

2.2 Macrophages

Macrophages are primarily derived from monocytes that migrate
from the bloodstream into tissues or are derived from progenitor
cells in the yolk sac "%, While both types of macrophages have
been shown to play important roles in the immune response,
monocyte-derived macrophages are a major contributor in
immune responses to infection or tissue damage, whereas yolk sac-
derived tissue-resident macrophages are considered more import-
ant for tissue development and homeostasis maintenance 2,
Macrophages can be broadly classified as either classically acti-
vated, pro-inflammatory (M1), or alternatively activated, anti-
inflammatory (M2), although macrophages in tissues present as
a spectrum with numerous intermediate subtypes 2. M1 macro-
phages are known for their strong antimicrobial ability, antitu-
mor activity, and high capacity for antigen presentation >3, M1
macrophages are induced by T helper 1 (T,,1)-derived cytokines,
including interferon-gamma (IFN-y), tumor necrosis factor-
alpha (TNF-a), and granulocyte-macrophage colony-stimulating
factor, as well as specific microbial-derived stimuli such as lipo-
polysaccharide (LPS), and secrete pro-inflammatory cytokines
such as interleukin (IL)-1p, IL-6, IL-12, IL-23, and TNF-a 24,
Conversely, M2 macrophages contribute to T helper 2 (T,2)
immune responses, tissue regeneration, tumor proliferation,
parasite clearance, and possess immunoregulatory functions 251,
M2 macrophages are induced by T, 2-derived cytokines, includ-
ing IL-4 and IL-13 ?*, Macrophages express toll-like receptors
(TLRs) that enable them to detect pathogens with similar molec-
ular patterns, activate inflammatory responses, and modulate
overall immunity ¢, TLRs also present foreign antigens via class
I and II major histocompatibility complexes (MHCs) to T cells,
thus facilitating antigen recognition 1271,

In aging, macrophages shift toward a pro-inflammatory phe-
notype, characterized by enhanced M1 polarization and
reduced M2 polarization, contributing to increased pro-
inflammatory cytokine production *%2°. Aging also leads to
altered TLR expression and decreased phagocytosis 331, It is
also known that macrophages from older adults produce less
TNF-a and IL-6 due to an age-related defect in the TLR1/2
pathway, impacting their ability to effectively recruit neutro-
phils and other immune cells *?. Additionally, studies in mice
show that aged macrophages exhibit impaired phagocytosis,
reduced reactive oxygen species (ROS) production, and dimin-
ished MHC class II expression following IFN-y stimulation 33!
(Figure 1B).

2.3 Dendritic cells

Dendritic cells (DCs) serve as a distinct class of antigen-
presenting cells in the immune system that activate naive CD4*
and CD8* T cells **. They express high levels of the molecules
required for antigen presentation, including MHC II, CD80, and
CD86 B3 making them highly effective in triggering immune
responses. DCs can be broadly classified into two main types:
plasmacytoid DCs (pDCs) and myeloid DCs (mDCs). Myeloid
DCs, also referred to as conventional DCs (cDCs), are further
divided into two subsets: cDC1 correlating to CD141* DCs, and
c¢DC2 correlating to CD1c* DCs. Both subsets are present in the
circulation of humans B7.. The ¢cDC1 subsets are specialized in
presenting antigens to CD8* T cells and are crucial for antiviral
and antitumor responses, whereas the cDC2 subset is involved
in presenting antigens to CD4* T cells and orchestrating helper
T cell responses 3%,
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Aging impacts the composition and function of these DC subsets.
One major alteration is a shift in hematopoiesis, which favors
myeloid lineage cells such as ¢cDCs, over lymphoid lineage cells
such as pDCs 341, This shift results in a decrease in the number
of circulating pDCs in the aged DC cell population =] while
the number of ¢DCs remains largely unchanged #'#-*1. Within
the ¢cDC population, however, the CD141* subset declines in
older individuals, whereas CD1c¢c* ¢cDC numbers remain unaf-
fected 1. Correspondingly, aging in rodents is associated with a
decline in ¢cDCI1 cells and an increase in cDC2 cells #71,

Aging alters the responsiveness of DCs to TLR stimulation and
cytokine production. In one study, pDCs and cDCs from elderly
women demonstrated reduced TLR7/8-mediated stimulation
compared with those from young, adult women . Further, in
aged mice, cDCs are less effective in promoting the activation of
naive CD8* T lymphocytes and upregulating other stimulatory
molecules PY. With respect to cytokine production, aging is asso-
ciated with increased secretion of pro-inflammatory cytokines
and decreased secretion of anti-inflammatory and immune-
regulatory cytokines from DCs B2l This shift contributes to a
diminished ability of DCs to present antigens to the adaptive
immune system /. Additionally, aged DCs exhibit enhanced
basal activity of nuclear factor kappa B (NF-«xB) p63, leading to
heightened activation of the transcription factor IRF3, which in
turn results in increased production of IFN-a and IL-6, promot-
ing inflammation 53! (Figure 1C).

2.4 Neutrophils

Neutrophils are another cell type in the innate immune system
critically involved in the immune response through activities
such as phagocytosis and the release of ROS, which enhance
their capacity for defense against infections. With aging,
there is a notable increase in the prevalence of neutrophils
within lymphoid tissues, including the bone marrow, lymph
nodes, and spleen, which is closely associated with chronic
inflammation 555,

Aging negatively affects neutrophil function, reducing their
phagocytic capabilities *¢! while increasing ROS production 57,
This reduction in phagocytosis may be attributable to the
impaired formation of neutrophil extracellular traps, which are
crucial for capturing and neutralizing pathogens to prevent their
spread %61, Furthermore, aging leads to changes in neutrophil
surface marker expression, specifically increasing CXCR4,
TLR4, CD11b, CD49d, and Icam1, and decreasing CD26L,
which collectively shift neutrophils toward heightened inflam-
mation, as well as impaired recruitment and functional respon-
siveness [¢?! (Figure 1D).

2.5 Natural killer cells

Natural killer (NK) cells are recognized as the principal lym-
phocytes that provide primary defense against cells infected by
viruses or undergoing viral transformation 3¢, NK cells are
essential for the elimination of senescent cells %], resolution
of inflammation °¢¢71) and induction of the adaptive immune
response 5691, NK cells are identified as CD56* and CD3-, and
are further categorized based on the cell surface expression of
CDS356 into CDS6i and CDS56%™ subsets, each possessing dis-
tinct functional properties 7°l. CDS6b s NK cells are primarily
involved in cytokine production and immune regulation, while
CD56%m NK cells are more cytotoxic and are responsible for
directly killing infected or transformed cells.

Both the quantity and composition of NK cells change with
age. Specifically, there is a rise in the total number of NK cells,

Immunometabolism

with an increase in CD56%™ and a decrease in CD56 " popula-
tions [7'-741, These changes correspond to a shift in the functional
capacity of NK cells, impacting their effectiveness in immune
responses. The reduction in CD56%# cells, which are primarily
responsive to cytokine challenges, may be another reason for

decreased cytokine responsiveness with age 577,

One study revealed that the amount of IFN-y, macrophage
inflammatory protein (MIP)-1a, and IL-8 (but not TNF-a) pro-
duced by target cell-stimulated NK cells from older subjects
was significantly lower than the levels secreted by NK cells
from younger subjects "!l. This reduced cytokine production
can diminish the capacity of NK cells to orchestrate an effective
immune response. Furthermore, with aging, the level of IL-15
decreases, which is important for the growth and maintenance
of NK cells, promoting a decline in NK cell functionality "'
(Figure 1E).

Natural killer T (NKT) cells are a unique subset of T lympho-
cytes that exhibit functional characteristics of both typical T
cells and NK cells #%. NKT cells are primarily categorized as
CD1d-restricted classical NKT cells and non-CD1d-restricted
nonclassical NKT cells. The frequency of CD1d-restricted clas-
sical NKT cells is significantly decreased in the peripheral blood
of the elderly compared with young individuals. Further, within
the CD1d-restricted classical NKT cells, there is an increase in
the proportion of CD4+ cells and a decrease in the proportion of
CD4/CD8 double-negative cells 1. Conversely, studies indicate
that circulating levels of non-CD1d restricted nonclassical NKT
cells increase with aging ¥2! (Figure 1F).

3. The adaptive immune system in aging

After the initial defensive response by the innate immune sys-
tem, the adaptive immune system is activated to provide a
more specific and long-lasting response against the pathogenic
invasion. This system involves the activation and prolifera-
tion of T cells and B cells, which recognize antigens presented
by antigen-presenting cells and mount a targeted immune
response to destroy infected cells and neutralize and clear
pathogens. In aging, many aspects of the adaptive immune sys-
tem are compromised. In this section, we highlight the impact
of aging on the adaptive immune system, specifically focus-
ing on the known effects on T cells and B cells in human and
rodent models.

3.1 T cells

T cells are essential components of the adaptive immune sys-
tem and are involved in cell-mediated immunity. Mature T cells
are characterized into various subsets, including helper T cells
(CD4*), which assist other immune cells, and cytotoxic T
cells (CD8*), which directly kill infected or cancerous cells. A
critical aspect of T cell development is the establishment of a
diverse T-cell receptor (TCR) repertoire, which enables the
immune system to respond to a wide array of antigens.

The thymus gland is a crucial primary lymphoid organ where
immature T cells develop and differentiate into mature naive T
cells 8384 The thymus gland is large and active in childhood but
undergoes thymic involution in aging. During this process, thy-
mic tissue is replaced by adipose tissue, leading to a reduction
in naive T cells ¥, This thymic involution leads to decreased
diversity of peripheral T cells, a reduction in the TCR repertoire,
and impaired immune function #¢-%], Thymic involution is also
linked to elevated levels of IL-1p, primarily produced by thy-
mic macrophages, which suppresses thymic lymphopoiesis and
T cell expansion ¥,
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In newborns, all naive T cells express CD28, a crucial co-
stimulator for T cell activation and survival ®’l. However, as
T cells undergo antigen-mediated activation and differentia-
tion, they progressively lose CD28 expression !l An increased
proportion of CD28- T cells in aging correlates with a decline
in immune function P!. In particular, the CD8*CD28" T cell
subset is significantly increase in older individuals, making it
a potential target for anti-aging interventions targeting immu-
nosenescence "2l These cells are characterized by reduced
immune responsiveness and shortened telomeres, and they are
commonly linked to replicative senescence in aged humans 1°*!
(Figure 1G).

Concomitant with the decrease in naive T cells with aging, there
is a significant increase in the number of memory CD4* and
CD8* T cells with pronounced expansion of CD8* T cells 24l
However, aging additionally promotes the accumulation of
senescent and exhausted CD8* T cells, representing up to 60% of
all CD8* T cells. Senescent CD8* T cells exhibit cell cycle arrest,
poor proliferation, and enhanced secretion of pro-inflammatory
cytokines TNF-qa, IL-18, and IL-29. Exhausted CD8* T cells
arise due to persistent antigen stimulation and exhibit similar
abnormalities to senescent CD8* T cells, including poor effec-
tor function and proliferation, which further contributes to the
age-related decline in immune responses .

3.2 B cells

B cells, a crucial component of the adaptive immune system, are
known for producing antibodies and presenting antigens to T
cells. As individuals age, the number of B cells remains relatively
stable, but the turnover rate of these cells declines, leading to
decreased B cell function P¢l. Aging notably impacts the gen-
eration of pre-B cells in the bone marrow and mature periph-
eral B cells, resulting in a decelerated turnover of the peripheral
B cell pool ¥7.. For example, aged mice maintain a sustained
or slightly reduced number of peripheral B cells in response to
environmental antigens %%l However, aging is associated with
a decreased diversity of naive B cells and peripheral B cell recep-
tor sequences 1%,

One significant subset of B cells affected by aging is age-
associated B cells (ABCs). ABCs are identified by the expression
of markers such as T-bet, CD11c, CD11b, and the absence of
CD21. Studies have shown that ABCs increase in prevalence
during aging %4192, T-bet, a transcription factor belonging to
the T-box family, is predominantly expressed in T cells and
is crucial in differentiating naive CD4* T cells into T ;1 cells.
T-bet additionally serves as a primary regulator of ABCs 13,
Stimulation of ABCs with TLR agonists can lead to the secre-
tion of autoantibodies, and ABCs enhance antigen presentation
to T cells by increasing CD11c expression %1% T-bet levels
increase across all memory B cell subgroups during aging, even
without stimulation, further increasing CD11c expression in
all B cell subsets following TLR7 activation !"7). These changes
contribute to the elderly population’s difficulties in mounting
appropriate responses to new infections and developing immu-
nity to novel antigens, which can be attributed to an increased
abundance of IgG and a decreased level of IgM [1%81,

Memory B cells (MBCs) are another important aspect of the B
cell lineage and can be identified by the expression of the CD27
marker, distinguishing two distinct populations: CD274" and
CD27bishe MBCs 1%, With aging, the ratio between CD27!
and CD27"1ish MBCs decreases with age 1'%, There is a nota-
ble decline in the CD27%!" MBCs, which play a pivotal role in
bridging innate and adaptive immune functions, both in terms
of their percentage and absolute number "'l Conversely, the
number of CD27h MBCs increases, which could influence

Immunometabolism

immune responses against familiar antigens "', However, this
increase may also compromise the overall capacity to respond
to new infections, thus highlighting the complex and changes
in B cell subset composition and function in aging (Figure 1H).

4. Inflammaging

A hallmark of aging is the development of low-grade chronic
inflammation in tissues, known as inflammaging !''!. This pro-
cess is influenced by various factors, including oxidative stress,
DNA damage, an increase in senescent cells, central obesity,
impaired endocrine signaling, and microbial dysbiosis 2],
Inflammaging involves both the downregulation of cells
in the innate immune system and the upregulation of pro-
inflammatory cytokines, such as C-reactive protein (CRP), IL-6,
1L-18, and TNF-a 1'% One of the central mechanisms driv-
ing inflammaging is the activation of the master inflammatory
NF-«B signaling pathway, which acts as a central regulator of
inflammation and immune response 15,

Another feature of aging is the accumulation of senescent
cells (SCs) in various tissues, including: adipose, heart, lungs,
arteries, kidneys, skin, and bones. SCs exhibit a hypersecretory
phenotype termed senescence-associated secretory phenotype
(SASP) 1116-1241 SCs secrete a range of pro-inflammatory cyto-
kines and other factors, such as microvesicles, exosomes,
microRNAs (miRs), non-coding RNAs, mitochondrial DNA
fragments, nucleotides, and ROS 1271281, Notably, the expression
of inflamma-miRs, such as miR-21 and miR-146a, increases
during aging in response to tissue damage caused by chronic
inflammation and cellular senescence '*?). Collectively, SASP
promotes inflammatory responses [126:127:13% and contributes to
multiple chronic conditions associated with inflammaging and
age-related diseases 131,

Mitochondria, the powerhouses of cells, additionally play a sig-
nificant role in the aging process. In senescent cells, impaired
and damaged mitochondria contribute to inflammaging and a
pro-inflammatory state 1321331 Age-associated mitochondrial
dysfunction is primarily characterized by mutations in the mito-
chondrial DNA (mtDNA). mTDNA is crucial for maintain-
ing and regulating mitochondrial functions, however, mtDNA
is highly susceptible to damage from replication cycle defects
and ROS, especially given its limited repair mechanisms 134,
Increased mtDNA mutations can impair the mitochondrial
respiratory chain, heightening the levels of mitochondrial ROS
(mtROS), which further contributes to cellular senescence
and exacerbates inflammaging [!*!. Circulating mtDNA levels
increase with age, potentially due to ejection from granulocytes
(including eosinophils and neutrophils), endothelial cells, cell
death (pyroptosis), and/or mtDNA replicative regulation. These
mitochondrial changes in senescent cells significantly contribute
to the maintenance of low-grade, chronic inflammation and ele-
vated inflammatory cytokines, such as TNF-a, IL-6, and IL-1Ra,
observed in aged individuals 3¢ (Figure 11).

5. Changes of gut microbiota during aging

Numerous internal and external factors, including the living
environment, physical activity, host genotype, breeding condi-
tion, antibiotic exposure, age, and dietary habits, significantly
impact the composition and functionality of the gut microbi-
ome 371391 Aging results in substantial changes in the com-
position, function, and diversity of the gut microbiome [0,
Specifically, the abundance of critical symbiotic organisms such
as Bacteroides, Bifidobacterium, and Firmicutes (Lactobacilli)
have been shown to decrease with age. In contrast, the prev-
alence of Proteobacteria (Escherichia) and other opportunistic
microorganisms, such as Fusobacterium, Parabacteroides, and
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Ruminococcaceae increased with age 7143, The abundance
of short-chain fatty acid (SCFA)-producing bacteria, such as
Clostridium leptum and Eubacterium rectale, also decreased
with age, affecting immunological function '#4,

Studies have revealed that the transplantation of microbiota
from aged mice into young mice promotes intestinal inflamma-
tion, increases the translocation of bacterial components into the
circulation, and stimulates T cells in the systemic compartment,
leading to an increase of Proteobacteria in young transplanted
mice '], Importantly, SCFA supplements and transplantation
of SCFA-producing bacteria protect rodents from aging-related
disorders. For instance, transplantation of butyrate-producing
bacteria in aged mice increases blood butyrate levels, reduces
inflammation, and enhances insulin sensitivity [1*¢],

6. Effects of diets on the immune system and gut
microbiota in aging

6.1 High-fiber diet

A high-fiber diet provides numerous benefits for the immune
system and gut microbiome during aging. However, dietary fiber
intake among elderly individuals is approximately 40% lower,
on average, than the recommended adequate intake (21g/day
for females; 30 g/day for males) '#7:1481. This section will discuss
the known effects of high-fiber diets on the immune system,
inflammation, and gut microbiota in aging.

Dietary fiber, particularly soluble fibers such as inulin, are fer-
mented by gut bacteria into SCFAs such as butyrate. In aged
mice, supplementation with inulin was found to decrease lev-
els of the chemoattractant CXCL11, although it did not sig-
nificantly alter pro-inflammatory cytokines IL-6, IL-1a, and
TNF-o ¥ Furthermore, increased butyrate levels from a
high-fiber diet have been shown to reduce the expression of pro-
inflammatory cytokines in microglia, thereby improving neu-
roinflammation associated with aging in mice "*°l. In humans,
the consumption of high-fiber cereals was associated with
reduced levels of inflammatory markers, specifically CRP, a
marker of acute-phase inflammation, and IL-1Ra, a marker of
inflammasome activation 5!, However, fiber from fruits and
vegetables did not similarly attenuate these inflammatory mark-
ers 13U possibly due to differences in fiber types (soluble ver-
sus insoluble), the presence of other bioactive compounds, or
processing methods that may alter fiber bioavailability "2l This
highlights the necessity for further research to understand how
different fiber sources and their associated compounds uniquely
influence inflammation.

In addition to affecting inflammation, high-fiber diets have been
shown to significantly alter gut microbiota composition in aging.
In a study examining the gut microbiota of elderly Chinese indi-
viduals, the high-fiber diet group exhibited a lower abundance
of Bacteroidales and Lachnospiraceae, and a higher abundance
of Ruminococcaceae ', Additionally, a study on inulin intake
in individuals aged 55-80 years found that increased inulin
consumption was associated with higher microbial diversity
and a greater abundance of Bifidobacterium, Alistipes shahii,
Anaerostipes hadrus, and Parabacteroides distasonis >4,

In aged mice, a diet with 2.5% inulin altered the gut micro-
biome by increasing Bifidobacterium and Faecalibaculum and
enhancing butyrate production, though this diet reduced alpha
diversity. Further, inulin intake did not reduce overall commu-
nity compositional differences between age groups, affect sys-
temic inflammation, or improve measures of gut physiology 1551,
Another mouse study showed that inulin intake decreased the
Firmicutes to Bacteroidetes ratio and reduced populations of
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dysbiotic bacteria. Notably, inulin increased Bifidobacterium in

older mice and Bacteroides abundance in an age-specific man-
[149]

ner ¥,

Lastly, in a humanized mouse model of aging, one study
demonstrated that inulin modulated the gut microbiome
and metabolites in a sex-dependent manner. Inulin increased
the proportion of Bacteroides, Blautia, and glycine, and
decreased Eggerthella, Lactococcus, Streptococcus, trime-
thylamine, 3-hydroxyisobutyrate, leucine, and methionine in
both sexes "¢, Inulin had a greater effect on bacterial com-
position in females than males. Specifically, in females, inulin
decreased Faecalibaculum, Lachnoclostridium, Schaedlerella,
and phenylalanine, and increased Parasutterella, Phocaeicola,
Lachnospiraceae, Barnesiella, Butyricimonas, glycine, pro-
pionate, acetate, and glutamate. In males, inulin decreased
Enteroccaceae, Odoribacter, bile acids, malonate, thymine,
valine, acetoin, and ethanol, and increased Dubosiella, pyru-
vate, and glycine ¢, These findings underscore the importance
of researching dietary interventions in both sexes to best tailor
personalized nutritional strategies.

6.2 High-protein diet

Studies of high-protein diets (HPDs) have shown both beneficial
and detrimental effects on the immune system in aging, depend-
ing on the diet composition and health status. Research sug-
gests that increased protein intake may reduce exercise-induced
inflammation. For example, a study of 100 older women (aged
60-90) engaged in resistance training found that plasma IL-6
levels were reduced in women who had increased consumption
of lean red meat vs women who exercised without the dietary
intervention 57, However, in other studies, an HPD was asso-
ciated with a decline in anti-inflammatory factors and an eleva-
tion of pro-inflammatory factors. Specifically, an HPD enriched
with omega-3 fatty acids, in addition to an 8-week exercise
intervention, demonstrated a reduction in anti-inflammatory
markers IL-10 and IL-1Ra in elderly individuals '8, Notably,
elderly men in this study exhibited decreased pro-inflammatory
markers 58, Furthermore, combination of HPD and low-
carbohydrate diet has been shown to be immunosuppressive
in aged rats '¥I, Lastly, in aged mice, an HPD (whole protein)
increased levels of LPS, IL-6, and IL-10, with hydrolyzed protein
additionally raising TNF-q. 1691,

HPD has also been shown to negatively affect gut microbiota
composition and the production of gut microbiota-derived
metabolites. In older women, HPD was associated with a
reduction in butyrate-producing bacteria such as Roseburia
and Anaerostipes, which may contribute to impaired gut bar-
rier function #1162 In HPD-fed rats, fecal acetate levels were
significantly increased, likely due to the fermentation of undi-
gested proteins by SCFA-producing bacteria in the large intes-
tine 163164 Additionally, elevated trimethylamine In recent
decades, dietary patterns among older adults have undergone
a dramatic shift. In particular, there has been an overall reduc-
tion in fiber intake (described in Section 6.1) and an increase
in the proportion of energy intake from fat-oxide (TMAO), a
gut microbiota-derived metabolite linked to increased cardio-
vascular disease risk 11616 was observed in older men con-
suming high levels of protein (>1.6 g/kg body weight/day), but
this effect was not observed in older women "¢7), In mice, HPD
(whole protein) damaged the structure of the small intestine,
reduced the number of goblet cells, and increased the abun-
dance of Streptococcus and Peptococcus, while decreasing
Bifidobacterium. However, hydrolyzed protein mitigated these
adverse effects, improving small intestine structure, increasing
goblet cell numbers, increasing Bifidobacterium, and reducing
pathogenic bacteria "1 (Table 1). Other studies suggest that
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The effect of diet on microbiota and immune system
components of aged mice and humans.

Diet Model Microbiota modifications  Immunomodulation
High-fiber  Aged humans 1 Ruminococcaceae 153 | CRP 01511
1 Microbial diversity "% 1 IL-1Ra 15"

Aged mice

High-protein ~ Aged humans

Aged mice

High-fat Aged humans

Aged mice

1 Bifidobacterium 1%

1 Alistipes shahii %"

1 Anaerostipes hadrus 1"
1 Parabacteroides
distasonis 1'%
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necrosis factor.

the quality, quantity, timing, and nitrogen availability of dietary
protein consumption, as well as the intake levels of other nutri-
ents, influence the gut microbial composition 75-771 Thus,
more research is necessary to fully understand the complex
interactions between dietary protein intake, immune function,
and gut microbiota. While consumption of HPDs has become
popular in recent years, these data further support the current
dietary guidelines, including limiting protein intake to 1-1.2 g/
kg body weight/day, while ensuring sufficient carbohydrate
consumption 78],
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6.3 High-fat diet

In recent decades, dietary patterns among older adults have
undergone a dramatic shift. In particular, there has been an
overall reduction in fiber intake (described in Section 6.1) and
an increase in the proportion of energy intake from fat [17%150],
Preclinical studies indicate that consuming a high-fat diet (HFD;
40-60% of calories from fat) affects both immune responses
and gut microbiota profiles "81-1%41 This suggests that changes
in dietary fat consumption could exacerbate age-related
immune decline, contributing to overall immune dysfunction in

aging.

In an aged mouse model, consumption of an HFD (vs a low-fat
diet) significantly increased levels of the pro-inflammatory cyto-
kines TNF-a and monocyte chemoattractant protein-1 (MCP-1)
in white adipose tissue, irrespective of age. Both adipose tissue
and liver exhibited pronounced M1 macrophage phenotypes,
with a significant increase in adipose tissue NOS2 (an M1
macrophage marker) only in the aged mice fed an HFD [172],
Additional rodent studies have associated HFD consumption
with increased levels of other proinflammatory cytokines, such
as IL-1B and IL-6, in both plasma and tissues !'#3-'%%] In aged
mice with liver fibrosis, pro-inflammatory cytokines, which act
as hepatic inflammatory mediators, show a strong response to
HFD ['731, This suggests that aging may increase susceptibility
to hepatic fibrosis and inflammation under HFD 73, Further
studies report that aged rodents fed HFD exhibit increased
pro-inflammatory responses and M1 macrophage polarization,
contributing to the development of steatohepatitis, higher TLR4

expression, and reduced levels of immunoglobulins, such as
IgM [172,173,190,191]

HFD has also been shown to alter gut microbiota profiles in
aging. As mice age, there is a gradual increase in the abundance
of Firmicutes in those fed an HFD U8, The relative abun-
dance of the Firmicutes phylum positively correlates with pro-
inflammatory cytokines and has an inverse relationship with
the tight junction protein claudin-1 [, A decrease in claudin-1
weakens the gut barrier, contributing to its deterioration during
aging. Additionally, HFD significantly reduces the abundance of
Ruminococcaceae bacteria, responsible for butyrate production,
in the gastrointestinal tracts of mice 7!, Recent studies have
shown that HFD-feeding in aged mice reduces the abundance
of E. coli in the gut and promotes Enterobacteriaceae transloca-
tion to visceral organs, promoting dysbiosis ['*°!. In other studies,
bacteria from the families Erysipelotrichaceae, Lactobacillaceae,
Lachnospiraceae, Bacteroidaceae, and Bifidobacteriaceae were
overrepresented in aged HFD-fed mice 1701,

Dietary fatty acids (FAs) are considered important regulators
of inflammation. Specifically, omega-6 polyunsaturated fatty
acids (PUFAs) have pro-inflammatory capacities, while omega-3
PUFAs have anti-inflammatory effects "2, Research has fur-
ther elucidated that older adults who consume high amounts of
dietary monounsaturated fatty acids exhibit elevated levels of
pro-inflammatory cytokines such as IL-12 and TNF-a, whereas
PUFA intake is negatively correlated with IL-12 levels 1'%,

7. Effects of dietary components on the immune
system and gut microbiota in aging

7.1 Tryptophan

Tryptophan is a crucial dietary element that plays a promi-
nent role in various physiological processes, including stress
responses, mental well-being, oxidative stress, inflammatory
responses, and gut health "4, There are several dietary sources



Babakhani et al e 2025 (7):2

Immunometabolism

Effects of Aging on Tryptophan
Metabolism in Immune Cells

Aging

HN NH

Tryptophan

Altered Cytokine &
Gene Expression

o}
0 NHZOH e
Kynurenine \
T AhR
Activation

4/ |

®g® 1rOxP3
00g% 1110
@9 1TGFB Tregs & other

IDO-expressing
immune cells

T Treg Activation & Cellular Senescence
!l Immune Competency

Figure 2. The effects of aging on tryptophan metabolism in immune cells. Aging increases activity of the rate-limiting tryptophan catalytic enzyme
indoleamine-2,3-dioxygenase (IDO), which activates kynurenine and downstream aryl hydrocarbon receptor (AHR). Through FOXPS, IL-10, and TGF-{, this
signaling cascade increases Treg activation, promotes cellular senescence, and decreases immune competency.

of tryptophan, including: oats, bananas, dried prunes, milk, tuna
fish, cheese, bread, chicken, turkey, peanuts, and chocolate 3,

Tryptophan regulates the immune system through the kynurenine
pathway, which degrades more than 95% of free tryptophan "¢/
via indoleamine-2,3-dioxygenase (IDO) to produce kynurenine
(1971991 and intermediate metabolites like kynurenic acid and quin-
olinic acid, which in turn regulate immune functions and contrib-
utes to nicotinamide adenine dinucleotide (NAD)+ production
(2001 (Figure 2). Molecular mechanisms that regulate NAD+
during aging have been reviewed elsewhere 2°!l. Thus, here, we
have specifically focused on the role of tryptophan in the kyneu-
rine pathway. During aging, increased levels of pro-inflammatory
cytokines elevate IDO activity, resulting in an increased
kynurenine/tryptophan ratio and activation of aryl hydrocarbon
receptor (AhR) 221 Activation of AhR can induce immunosup-
pressive factors such as IL-10, Foxp3, and Treg 2°-2% promot-
ing thymus involution and immunosenescence 12°72%1, We have
shown that aging is associated with decreased levels of tryptophan
and its associated metabolite indole in mice during aging 2%\,
A study in aged mice revealed that a tryptophan-deficient diet
led to significant increases in IL-6, IL-17A, and IL-10,, decreased
1L-27 levels, and changes in gut microbial composition compared
with normal levels of tryptophan supplementation (0.2%) 4],
Specifically, in tryptophan-deficient mice, there were alterations
in the abundance of the Coriobacteriia class, Acetatifactor

genus, Lachnospiraceae family, Enterococcus faecalis species,
Clostridium sp genus, and Oscillibacter genus "4, Another study
demonstrated that moderate tryptophan intake (0.4% of diet)
decreased the relative abundances of Erysipelatoclostridium,
Enterococcus, and Dubosiella while increasing the abundance of
Akkermansia, which is associated with reduced oxidative stress,
as well as SCFA-producing bacteria such as Butyricimonas and
Odoribacter in aged mice *'%. Conversely, higher tryptophan
consumption (0.8% of diet) aggravated the gut mucosal bar-
rier, oxidative stress, and inflammation, indicating that excessive
tryptophan may induce a gut microbiota disorder in the aging
process 219 It is also of note that other essential amino acids,
such as methionine and branched-chain amino acids (BCAAs),
are important for microbial metabolism, but their effects on
aging immunity are currently understudied.

7.2 Omega-3 fatty acids

Omega-3 fatty acids are an important type of PUFA primar-
ily obtained from fish, seafood, nuts, seeds, plant oils, eggs,
and dairy products P!, Despite their nutritional importance,
the elderly population often consumes suboptimal amounts
of omega-3 fatty acids 2'2l. Omega-3 fatty acids possess anti-
inflammatory properties, as evidenced by studies showing that
omega-3 deficiency in rats leads to elevated plasma levels of
IL-6, CRP, and TNF-a 1231, Similarly, in humans, omega-3 intake
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counteracts many obesity-related inflammatory and metabolic
changes by inducing gut microbiome alterations that reduce
pro-inflammatory circulating LPS, NF-kB activity, and inflam-
matory cytokine production 124,

Specifically in postmenopausal women, six months of omega-3
supplementation has been associated with reductions in TNF-
o, MCP-1, 251 and CRP P!, Our work has shown that while
both omega-3 supplementation and a weight-loss intervention
can individually reduce levels of pro-inflammatory adipokines,
cytokines, and growth factors in peri/postmenopausal women
with obesity, the combination of omega-3 supplementation with
>10% body weight loss led to the greatest impact on these fac-
tors 21, g-linolenic acid (ALA) is an omega-3 fatty acid that is
a precursor to two other omega-3 fatty acids: eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) !¢, These omega-3
fatty acids have been shown to reduce inflammation and maintain
homeostasis of the immune system in rodent and human mod-
els 2172181, Specifically, the consumption of omega-3 fatty acids,
including ALA, EPA, and DHA, as dietary supplements, reduced
the concentrations of pro-inflammatory eicosanoids, including
prostaglandin E2 (PGE2), leukotriene B4 (LTB4), and leukotriene
C4 (LTC4), as well as cytokines (including IL-1, MCP-1, TNF-
a, and CRP), in aged rats with diet-induced dyslipidemia 12132191,
Additionally, increasing the intake of gamma-linoleic acid, EPA,
and DHA has been shown to decrease lymphocyte proliferation
in older adults 22!, In elderly individuals, a diet rich in omega-3
fatty acids reduces pro-inflammatory cytokine IL-1f and the
mammalian target of rapamycin (mTOR) in the skeletal muscle
(221 The levels of IL-6, IL-1Ra, TNF-a, and CRP negatively cor-
relate with total omega-3 fatty acids in aging populations 1222-224]
(Table 2). Conversely, an elevated ratio of omega-6 to omega-3
fatty acids has been correlated with increased levels of TNF-a
and IL-6 ??7). Omega-3 fatty acids additionally decrease inflam-
mation through effects on leukocyte activity, eicosanoid synthe-
sis, and T cell development 12281,

Omega-3 intake also influences the diversity and composition of
gut microbiota ??°l, For example, omega-3 fatty acids have been
shown to promote microbiota diversity, increase Bifidobacteria,
and reduce Enterobacteria in aged rodents, contributing to
improvements in gut barrier function and intestinal permea-
bility 1842301 AL A supplementation in aged mice also elevates
SCFA acetate production and decreases TMAO generation 231,
In a study of middle-aged and elderly women, increased
omega-3 fatty acid consumption was correlated with gut micro-
biota diversity, decreased inflammation, and greater abundance
of the Lachnospiraceae family 1232233 (Table 3). Importantly,
Lachnospiraceae plays a principal role in converting long-chain
polysaccharides into SCFA, such as butyrate and propionate 24,

7.3 Galacto-oligosaccharides

Galacto-oligosaccharides (GOS) are prebiotics recognized
for their health benefits, particularly in modulating the gut
microbiota 12352371, Dietary sources of GOS include legumes
such as lentils, chickpeas, and beans, as well as dairy products
and certain root vegetables 2%l Studies investigating Bimuno
(B-GOS) supplementation, have observed immunomodula-
tory effects in elderly individuals. Specifically, studies demon-
strated that B-GOS supplementation increased phagocytosis,
NK cell activity, increased production of anti-inflammatory
cytokines (IL-10), increased production of some pro-
inflammatory cytokines (IL-8, CRP), and reduced production
of other pro-inflammatory cytokines (IL-6, IL-1f, and TNF-
a) 12252261 (Table 2). In the context of HFD and brain health
during aging, one study demonstrated that a combination of
GOS + fructooligosaccharide (FOS) supplementation reduced
neuroinflammation, specifically restoring phagocytosis,
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The effect of dietary supplements on immune system
components in aging.
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The impact of dietary components on the gut microbiota in
aging. The presence of tryptophan, omega-3 fatty acids, and
galacto-oligosaccharides in the diet alter composition of the gut
microbiome in aging.
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surveillance, and chemotaxis, while also decreasing ROS and
senescence 7%,

Additionally, GOS supplementation has been shown to mod-
ulate gut microbiota. One study showed that B-GOS supple-
mentation (5.5g/d) significantly increased the abundance of
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both Bifidobacterium and Bacteroides 1*2%) (Table 3). Another
study suggested that B-GOS at the same dosage increased
Bifidobacterium, Lactobacillus-Enterococcus, C. Coccoides-E.
rectale, and decreased Bacteroides, C. histolyticum, E. coli,
and Desulfovibrio compared with both baseline and placebo
treatment %), In this study, the numbers of species/groups that
increased (Bifidobacterium, Lactobacillus-Enterococcus, and C.
Coccoides-E. rectale) were positively correlated with NK cell
activity and increased percentage of cells engaged in phagocy-
tosis 221, Additionally, in the study investigating the effects of
GOS+FOS supplementation on brain health during aging in the
context of HFD, it was found that supplementing GOS+FOS
preserved the populations of potentially anti-inflammatory
bacteria Muribaculaceae, Prevotellaceae, Rikenellaceae, and
Oscillospiraceae in HFD mice, whereas these were diminished
in mice fed HFD alone "%, Lastly, some studies have suggested
that GOS supplementation causes a reduction in overall bac-
terial diversity in mice, though this has not been consistently
reported in humans 12262392411,

8. Conclusion and future research

With the rapid increase of the aging population worldwide, it
is crucial to develop effective strategies to combat age-related
diseases to improve the quality of life for the elderly. A major
deficiency of aging is the decline in immunological function,
which makes older adults more vulnerable to infections, inflam-
matory diseases, and vaccine failure. Understanding how diet
and specific dietary components affect immune function and
gut microbiota can help to develop new strategies to promote
healthy aging.

A high-fiber diet has been suggested as a promising intervention
to combat immunosenescence and inflammaging by enhancing
SCFA production, which promotes immune cell function and
maintains gut barrier integrity. Conversely, evidence suggests
that a high-fat diet exacerbates inflammation and negatively
impacts gut microbiota, indicating the critical need for older
adults to reduce fat intake. Moderate protein intake (1-1.2g/
kg) has been suggested to reduce inflammation when combined
with resistance training, but excessive protein intake combined
with low carbohydrate intake may increase inflammatory mark-
ers such as TMAO and promote immunosuppression. Therefore,
balancing protein consumption with other macronutrients is
essential to ensure its beneficial effects while minimizing poten-
tial adverse effects.

Omega-3 fatty acids and moderate tryptophan intake demon-
strate notable anti-inflammatory effects, contributing to
reduced cytokine production and improved gut microbiota
diversity. GOS has been shown to exert anti-inflammatory
effects and positively modulate gut microbiota by increasing
beneficial bacteria, which enhance immune function and reduce
inflammation.

In conclusion, maintaining a balanced diet, as well as incor-
porating dietary components including omega-3 fatty acids,
tryptophan, and GOS can support healthy aging by alleviating
inflammation, improving gut microbiota profiles, and overall
immune functionality. Continued research of the interactions
between diet, immune function, and gut microbiota will be crit-
ical to developing personalized nutritional strategies to improve
health outcomes of the aging population, ultimately increasing
healthspan.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Immunometabolism

Funding

This work was supported by NIH grants: RO1AG064869 and
R01CA269726.

Acknowledgments

All figures were created with BioRender.com.

References

[1] Mark Mather PS. Fact Sheet: Aging in the United States. Available at:
https://www.prb.org/resources/fact-sheet-aging-in-the-united-states/.
Accessed April 1,2025.

[2] Duggal NA, Niemiro G, Harridge SDR, et al. Can physical activity
ameliorate immunosenescence and thereby reduce age-related multi-
morbidity? Nat Rev Immunol. 2019;19(9):563-72.

[3] Bonafe M, Prattichizzo F, Giuliani A, et al. Inflamm-aging: why
older men are the most susceptible to SARS-CoV-2 complicated out-
comes. Cytokine Growth Factor Rev. 2020;53:33-7. doi: 10.1016/j.
cytogfr.2020.04.005.

[4] Munteanu C, Schwartz B. The relationship between nutrition and
the immune system. Fromt Nutr. 2022;9:1082500. doi: 10.3389/
fnut.2022.1082500.

[5] Tourkochristou E, Triantos C, Mouzaki A. The influence of nutritional
factors on immunological outcomes. Front Immunol. 2021;12:665968.
doi: 10.3389/fimmu.2021.665968.

[6] Bagheri S, Zolghadri S, Stanek A. Beneficial effects of anti-inflammatory
diet in modulating gut microbiota and controlling obesity. Nutrients.
2022;14(19):3985. doi: 10.3390/mu14193985.

[7] Yang Q, Liang Q, Balakrishnan B, et al. Role of dietary nutrients in
the modulation of gut microbiota: a narrative review. Nutrients.
2020;12(2):381. doi: 10.3390/nu12020381.

[8] Marshall JS, Warrington R, Watson W, et al. An introduction to
immunology and immunopathology. Allergy Asthma Clin Immunol.
2018;14(Suppl 2):49. doi: 10.1186/s13223-018-0278-1.

[9] Sebastian C, Espia M, Serra M, et al. MacrophAging: a cellular and
molecular review. Immunobiology. 2005;210(2-4):121-6.

[10] Tortorella C, Simone O, Piazzolla G, et al. Age-related impairment of
GM-CSF-induced signalling in neutrophils: role of SHP-1 and SOCS
proteins. Ageing Res Rev. 2007;6(2):81-93.

[11] Jakubzick CV, Randolph GJ, Henson PM. Monocyte differentiation
and antigen-presenting functions. Nat Rev Immunol. 2017;17(6):349-
62. doi: 10.1038/nri.2017.28.

[12] Cline M]J, Lehrer RI. Phagocytosis by human monocytes. Blood.
1968;32(3):423-35.

[13] Karlmark K, Tacke F, Dunay I. Monocytes in health and disease —
minireview. Eur | Microbiol Immunol.2012;2(2):97-102. doi: 10.1556/
eujmi.2.2012.2.1.

[14] Zhu YP, Thomas GD, Hedrick CC. 2014 Jeffrey M. Hoeg award lec-
ture: transcriptional control of monocyte development. Arterioscler
Thromb Vasc Biol. 2016;36(9):1722-33.

[15] CaoY,FanY,LiF et al. Phenotypic and functional alterations of mono-
cyte subsets with aging. Immun Ageing. 2022;19(1):63. doi: 10.1186/
$12979-022-00321-9.

[16] Puchta A, Naidoo A, Verschoor CP, et al. TNF drives monocyte dysfunc-

tion with age and results in impaired anti-pneumococcal immunity. PLoS

Pathog. 2016;12(1):e1005368. doi: 10.1371/journal.ppat.1005368.

Seidler S, Zimmermann HW, Bartneck M, et al. Age-dependent

alterations of monocyte subsets and monocyte-related chemok-

ine pathways in healthy adults. BMC Immunol. 2010;11(1):30. doi:
10.1186/1471-2172-11-30.

Ginhoux F, Guilliams M. Tissue-resident macrophage ontogeny

and homeostasis. Immunity. 2016;44(3):439-49. doi: 10.1016/j.

immuni.2016.02.024.

[19] Hashimoto D, Chow A, Noizat C, et al. Tissue-resident macrophages

self-maintain locally throughout adult life with minimal contribution

from circulating monocytes. Immunity. 2013;38(4):792-804. doi:
10.1016/j.immuni.2013.04.004.

Chen S, Yang J, Wei Y, et al. Epigenetic regulation of macrophages:

from homeostasis maintenance to host defense. Cell Mol Immunol.

2020;17(1):36-49. doi: 10.1038/s41423-019-0315-0.

Mills CD, Kincaid K, Alt JM, et al. M-1/M-2 macrophages and the Th1/

Th2 paradigm. | Immunol. 2000;164(12):6166-73.

[22] Yu S, Ge H, Li S, et al. Modulation of macrophage polarization by
viruses: turning off/fon host antiviral responses. Front Microbiol.
2022;13:839585S.

(17

[18

120

[21


https://www.prb.org/resources/fact-sheet-aging-in-the-united-states/

Babakhani et al e 2025 (7):2

[23] Orecchioni M, Ghosheh Y, Pramod AB, et al. Macrophage polarization:
different gene signatures in M1 (LPS+) vs. classically and M2 (LPS-) vs.
alternatively activated macrophages. Front Immunol. 2019;10:451543.
Viola A, Munari F, Sanchez-Rodriguez R, et al. The metabolic signa-
ture of macrophage responses. Front Immunol. 2019;10:1462. doi:
10.3389/fimmu.2019.01462.
Gordon S, Martinez FO. Alternative activation of macrophages: mech-
anism and functions. Immunity. 2010;32(5):593-604.
Brubaker SW, Bonham KS, Zanoni I, et al. Innate immune pat-
tern recognition: a cell biological perspective. Annu Rev Immunol.
2015;33(1):257-90. doi: 10.1146/annurev-immunol-032414-112240.
Bona C, Robineaux R, Anteunis A, et al. Transfer of antigen from mac-
rophages to lymphocytes. II. immunological significance of the transfer
of lipopolysaccharide. Immunology. 1973;24(5):831-40.
Liu R, Cui J, Sun Y, et al. Autophagy deficiency promotes M1 macro-
phage polarization to exacerbate acute liver injury via ATGS repres-
sion during aging. Cell Death Discov. 2021;7(1):397. doi: 10.1038/
$41420-021-00797-2.
Becker L, Nguyen L, Gill J, et al. Age-dependent shift in macro-
phage polarisation causes inflammation-mediated degeneration
of enteric nervous system. Gut. 2018;67(5):827-36. doi: 10.1136/
gutjnl-2016-312940.
Linehan E, Fitzgerald DC. Ageing and the immune system: focus
on macrophages. Eur | Microbiol Immunol. 2015;5(1):14-24. doi:
10.1556/eujmi-d-14-00035.
De Maeyer RPH, Chambers ES. The impact of ageing on monocytes
and macrophages. Immunol Lett. 2021;230:1-10. doi: 10.1016/j.
imlet.2020.12.003.
Van Duin D, Mohanty S, Thomas V, et al. Age-associated defect in
human TLR-1/2 function. | Immunol. 2007;178(2):970-5.
Castelo-Branco C, Soveral I. The immune system and aging: a review.
Gynecol Endocrinol. 2014;30(1):16-22.
Banchereau J, Steinman RM. Dendritic cells and the control of immu-
nity. Nature. 1998;392(6673):245-52. doi: 10.1038/32588.
Steinman RM, Inaba K, Turley S, et al. Antigen capture, processing,
and presentation by dendritic cells: recent cell biological studies. Hum
Immunol. 1999;60(7):562-7.
Dudek AM, Martin S, Garg AD, et al. Immature, semi-mature, and
fully mature dendritic cells: toward a DC-cancer cells interface that
augments anticancer immunity. Front Immunol. 2013;4:438.
Mildner A, Jung S. Development and function of dendritic cell subsets.
Immunity. 2014;40(5):642-56.
Nutt SL, Chopin M. Transcriptional networks driving dendritic cell
differentiation and function. Immunity. 2020;52(6):942-56. doi:
10.1016/j.immuni.2020.05.00S.
Tang Q, Koh LK, Jiang D, et al. CD137 ligand reverse signaling skews
hematopoiesis towards myelopoiesis during aging. Aging (Albany NY).
2013;5(9):643-52.
Wang J, Geiger H, Rudolph KL. Immunoaging induced by hematopoi-
etic stem cell aging. Curr Opin Immunol. 2011;23(4):532-6.
Panda A, Qian F, Mohanty S, et al. Age-associated decrease in TLR
function in primary human dendritic cells predicts influenza vaccine
response. | Immunol. 2010;184(5):2518-27.
Garbe K, Bratke K, Wagner S, et al. Plasmacytoid dendritic cells and
their Toll-like receptor 9 expression selectively decrease with age. Hum
Immunol. 2012;73(5):493-7.
[43] JingY, Shaheen E, Drake RR, et al. Aging is associated with a numerical
and functional decline in plasmacytoid dendritic cells, whereas myeloid
dendritic cells are relatively unaltered in human peripheral blood. Hum
Immunol. 2009;70(10):777-84.
Agrawal A, Agrawal S, Cao JN, et al. Altered innate immune func-
tioning of dendritic cells in elderly humans: a role of phosphoinositide
3-kinase-signaling pathway. | Immunol. 2007;178(11):6912-22. doi:
10.4049/jimmunol.178.11.6912.
Metcalf TU, Cubas RA, Ghneim K, et al. Global analyses revealed
age-related alterations in innate immune responses after stimulation of
pathogen recognition receptors. Aging Cell. 2015;14(3):421-32.
Agrawal S, Ganguly S, Tran A, et al. Retinoic acid treated human den-
dritic cells induce T regulatory cells via the expression of CD141 and
GARP which is impaired with age. Aging (Milano). 2016;8(6):1223-35.
doi: 10.18632/aging.100973.
Zheng Y, Liu X, Le W, et al. A human circulating immune cell land-
scape in aging and COVID-19. Protein Cell. 2020;11(10):740-70. doi:
10.1007/s13238-020-00762-2.
[48] Jalali S, Harpur CM, Piers AT, et al. A high-dimensional cytometry
atlas of peripheral blood over the human life span. Irmmunol Cell Biol.
2022;100(10):805-21. doi: 10.1111/imcb.12594.

(24]

25

126

(27]

(28]

[29

[30

[31]

[32]
[33]
[34]

[35]

[36]

[37]

[38]

(39]

[40]

[41]

[42]

[44

[45

[46

[47]

10

Immunometabolism

[49] Villani A-C, Satija R, Reynolds G, et al. Single-cell RNA-seq reveals
new types of human blood dendritic cells, monocytes, and progenitors.
Science. 2017;356(6335):eaah4573.

Splunter M, Perdijk O, Fick-Brinkhof H, et al. Plasmacytoid dendritic

cell and myeloid dendritic cell function in ageing: a comparison between

elderly and young adult women. PLoS One. 2019;14(12):¢0225825.
doi: 10.1371/journal.pone.0225825.

Zacca ER, Crespo MI, Acland RP, et al. Aging impairs the ability of

conventional dendritic cells to cross-prime CD8+ T cells upon stim-

ulation with a TLR7 ligand. PLoS Omne. 2015;10(10):e0140672. doi:
10.1371/journal.pone.0140672.

Agrawal A, Agrawal S, Gupta S. Role of dendritic cells in inflammation

and loss of tolerance in the elderly. Front Immunol. 2017;8:896. doi:

10.3389/fimmu.2017.00896.

Agrawal A, Tay ], Ton S, et al. Increased reactivity of dendritic cells

from aged subjects to self-antigen, the human DNA. | Immunol.

2009;182(2):1138-45. doi: 10.4049/jimmunol.182.2.1138.

Frisch BJ, Hoffman CM, Latchney SE, et al. Aged marrow macrophages

expand platelet-biased hematopoietic stem cells via interleukin1B. JCI

Insight. 2019;5(10):e124213. doi: 10.1172/jci.insight.124213.

Tomay F, Wells K, Duong L, et al. Aged neutrophils accumulate in

lymphoid tissues from healthy elderly mice and infiltrate T-and B-cell

zones. Immunol Cell Biol. 2018;96(8):831-40.

[56] Butcher SK, Chahal H, Nayak L, et al. Senescence in innate immune

responses: reduced neutrophil phagocytic capacity and CD16 expres-

sion in elderly humans. | Leukoc Biol. 2001;70(6):881-6.

Verschoor CP, Loukov D, Naidoo A, et al. Circulating TNF and mito-

chondrial DNA are major determinants of neutrophil phenotype in the

advanced-age, frail elderly. Mol Immunol. 2015;65(1):148-56.

Brinkmann V, Reichard U, Goosmann C, et al. Neutrophil extracellu-

lar traps kill bacteria. Science. 2004;303(5663):1532-5. doi: 10.1126/

science.1092385.

Clark SR, Ma AC, Tavener SA, et al. Platelet TLR4 activates neutro-

phil extracellular traps to ensnare bacteria in septic blood. Nat Med.

2007;13(4):463-9.

[60] Ermert D, Urban CF Laube B, et al. Mouse neutrophil extracellular

traps in microbial infections. | Innate Immun. 2009;1(3):181-93. doi:

10.1159/000205281.

Tseng CW, Kyme PA, Arruda A, et al. Innate immune dysfunctions in

aged mice facilitate the systemic dissemination of methicillin-resistant

S. aureus. PLoS Omne. 2012;7(7):e41454. doi: 10.1371/journal.

pone.0041454.

Zhang D, Chen G, Manwani D, et al. Neutrophil ageing is regulated

by the microbiome. Nature. 2015;525(7570):528-32. doi: 10.1038/

naturel5367.

[63] Small C-L, McCormick S, Gill N, et al. NK cells play a critical protective

role in host defense against acute extracellular Staphylococcus aureus

bacterial infection in the lung. | Immunol. 2008;180(8):5558-68.

Schmidt S, Tramsen L, Hanisch M, et al. Human natural killer cells

exhibit direct activity against Aspergillus fumigatus hyphae, but not

against resting conidia. | Infect Dis. 2011;203(3):430-5. doi: 10.1093/

infdis/jiq062.

Sagiv A, Biran A, Yon M, et al. Granule exocytosis mediates immune

surveillance of senescent cells. Oncogene. 2013;32(15):1971-7.

Thorén FB, Riise RE, Ousbick J, et al. Human NK Cells induce neu-

trophil apoptosis via an NKp46-and Fas-dependent mechanism. |

Immunol. 2012;188(4):1668-74.

[67] Waggoner SN, Cornberg M, Selin LK, et al. Natural killer cells act as
rheostats modulating antiviral T cells. Nature. 2012;481(7381):394-8.

[68] Martin-Fontecha A, Thomsen LL, Brett S, et al. Induced recruitment
of NK cells to lymph nodes provides IFN-y for TH1 priming. Nat
Immunol. 2004;5(12):1260-5.

[69] Vitale M, Chiesa MD, Carlomagno S, et al. NK-dependent DC matura-
tion is mediated by TNFa and IFNy released upon engagement of the
NKp30 triggering receptor. Blood. 2005;106(2):566-71.

[70] Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural
killer-cell subsets. Trends Immunol. 2001;22(11):633-40.

[71] Facchini A, Mariani E, Mariani AR, et al. Increased number of circu-

lating Leu 11+ (CD 16) large granular lymphocytes and decreased NK

activity during human ageing. Clin Exp Immunol. 1987;68(2):340-7.

Sanchez-Correa B, Gayoso I, Bergua JM, et al. Decreased expression of

DNAM-1 on NK cells from acute myeloid leukemia patients. Immunol

Cell Biol. 2012;90(1):109-15.

Solana R, Campos C, Pera A, et al. Shaping of NK cell subsets by aging.

Curr Opin Immunol. 2014;29:56-61.

Gayoso I, Sanchez-Correa B, Campos C, et al. Inmunosenescence of

human natural killer cells. ] Innate Immun. 2011;3(4):337-43.

[50]

[51]

[52]

[53]

[54]

[55]

[57]

[58]

[59]

[e1]

[62]

[64]

[65]

[66]

[72]

[73]

[74]



Babakhani et al ¢ 2025 (7):2

[75] Lutz CT, Karapetyan A, Al-Attar A, et al. Human NK cells prolifer-
ate and die in vivo more rapidly than T cells in healthy young and
elderly adults. | Immunol. 2011;186(8):4590-8. doi: 10.4049/
jimmunol.1002732.

Le Garff-Tavernier M, Béziat V, Decocq J, et al. Human NK cells dis-

play major phenotypic and functional changes over the life span. Aging

Cell. 2010;9(4):527-35. doi: 10.1111/5.1474-9726.2010.00584..x.

Almeida-Oliveira A, Smith-Carvalho M, Porto LC, et al. Age-

related changes in natural killer cell receptors from childhood

through old age. Hum Immunol. 2011;72(4):319-29. doi: 10.1016/j.

humimm.2011.01.009.

Hazeldine J, Lord JM. The impact of ageing on natural killer cell func-

tion and potential consequences for health in older adults. Ageing Res

Rev.2013;12(4):1069-78. doi: 10.1016/j.arr.2013.04.003.

Quinn LS, Anderson BG, Strait-Bodey L, et al. Serum and muscle

interleukin-15 levels decrease in aging mice: Correlation with declines

in soluble interleukin-15 receptor alpha expression. Exp Gerontol.
2010;45(2):106-12. doi: 10.1016/j.exger.2009.10.012.

Robertson FC, Berzofsky JA, Terabe M. NKT cell networks in the reg-

ulation of tumor immunity. Front Immunol. 2014;5:543. doi: 10.3389/

fimmu.2014.00543.

[81] Jing Y, Gravenstein S, Chaganty NR, et al. Aging is associated with

a rapid decline in frequency, alterations in subset composition, and

enhanced Th2 response in CD1d-restricted NKT cells from human

peripheral blood. Exp Gerontol. 2007;42(8):719-32. doi: 10.1016/j.

exger.2007.01.009.

Peralbo E, Alonso C, Solana R. Invariant NKT and NKT-like lym-

phocytes: two different T cell subsets that are differentially affected

by ageing. Exp Gerontol. 2007;42(8):703-8. doi: 10.1016/.

exger.2007.05.002.

[83] Elmore SA. Enhanced histopathology of the thymus. Toxicol Pathol.
2006;34(5):656-65. doi: 10.1080/01926230600865556.

[84] Zdrojewicz Z, Pachura E, Pachura P. The thymus: a forgotten, but
very important organ. Adv Clin Exp Med. 2016;25(2):369-75. doi:
10.17219/acem/58802.

[85] Shanley DP, Aw D, Manley NR, et al. An evolutionary perspec-
tive on the mechanisms of immunosenescence. Trends Dmmunol.
2009;30(7):374-81.

[86] Chaudhry MS, Velardi E, Dudakov JA, et al. Thymus: the next (re)
generation. Immunol Rev. 2016;271(1):56-71.

[87] Cowan JE, Takahama Y, Bhandoola A, et al. Postnatal involution and
counter-involution of the thymus. Front Immunol. 2020;11:897.

[88] Youm YH, Kanneganti TD, Vandanmagsar B, et al. The Nlrp3 inflam-
masome promotes age-related thymic demise and immunosenescence.
Cell Rep.2012;1(1):56-68. doi: 10.1016/j.celrep.2011.11.005.

[89] Dixit VD. Impact of immune-metabolic interactions on age-related thy-
mic demise and T cell senescence. Semin Immunol. 2012;24:321-30.

[90] Weng NP, Akbar AN, Goronzy J. CD28(-) T cells: their role in

the age-associated decline of immune function. Trends Dmmunol.

2009;30(7):306-12. doi: 10.1016/.it.2009.03.013.

Seyda M, Elkhal A, Quante M, et al. T cells going innate. Trends

Immunol. 2016;37(8):546-56. doi: 10.1016/.it.2016.06.004.

Quan X-Q, Ruan L, Zhou H-R, et al. Age-related changes in peripheral

T-cell subpopulations in elderly individuals: an observational study.

Open Life Sci. 2023;18(1):20220557. doi: 10.1515/biol-2022-0557.

Strioga M, Pasukoniene V, Characiejus D. CD8* CD28- and CD8*

CD57+ T cells and their role in health and disease. Immunology.

2011;134(1):17-32. doi: 10.1111/j.1365-2567.2011.03470.x.

Nikolich-Zugich J. Ageing and life-long maintenance of T-cell sub-

sets in the face of latent persistent infections. Nat Rev Immunol.

2008;8(7):512-22.

[95] Terrabuio E, Zenaro E, Constantin G. The role of the CD8+ T cell com-

partment in ageing and neurodegenerative disorders. Front Immunol.

2023;14:1233870. doi: 10.3389/fimmu.2023.1233870.

Sachinidis A, Xanthopoulos K, Garyfallos A. Age-associated B cells

(ABCs) in the prognosis, diagnosis and therapy of systemic lupus

erythematosus (SLE). Mediterr | Rheumatol. 2020;31(3):311-8. doi:

10.31138/mjr.31.3.311.

[97] Johnson KM, Owen K, Witte PL. Aging and developmental transitions
in the B cell lineage. Int Immmunol. 2002;14(11):1313-23. doi: 10.1093/
intimm/dxf092.

[98] Johnson SA, Rozzo SJ, Cambier JC. Aging-dependent exclusion of

antigen-inexperienced cells from the peripheral B cell repertoire. |

Immunol.2002;168(10):5014-23. doi: 10.4049/jimmunol.168.10.5014.

Wang C, Liu Y, Xu LT, et al. Effects of aging, cytomegalovirus infec-

tion, and EBV infection on human B cell repertoires. | Immunol.

2014;192(2):603-11. doi: 10.4049/jimmunol.1301384.

[76]

[77]

[78]

[79]

[80]

[82]

[91]

[92]

[93]

[94]

[96]

[99]

11

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Immunometabolism

Tabibian-Keissar H, Hazanov L, Schiby G, et al. Aging affects B-cell
antigen receptor repertoire diversity in primary and secondary lym-
phoid tissues. Eur | Immunol. 2016;46(2):480-92. doi: 10.1002/
€ji.201545586.

Hao Y, O’Neill P, Naradikian MS, et al. A B-cell subset uniquely
responsive to innate stimuli accumulates in aged mice. Blood.
2011;118(5):1294-304. doi: 10.1182/blood-2011-01-330530.
Rubtsov AV, Rubtsova K, Fischer A, et al. Toll-like receptor 7 (TLR7)-
driven accumulation of a novel CD11c* B-cell population is important
for the development of autoimmunity. Blood. 2011;118(5):1305-15.
doi: 10.1182/blood-2011-01-331462.

Rubtsova K, Rubtsov AV, van Dyk LE et al. T-box transcrip-
tion factor T-bet, a key player in a unique type of B-cell activation
essential for effective viral clearance. Proc Natl Acad Sci U S A.
2013;110(34):E3216-24. doi: 10.1073/pnas.1312348110.

Russell Knode LM, Naradikian MS, Myles A, et al. Age-associated B
cells express a diverse repertoire of V(H) and Vi genes with somatic
hypermutation. | Immunol. 2017;198(5):1921-7. doi: 10.4049/
jimmunol.1601106.

Naradikian MS, Myles A, Beiting DP, et al. Cutting edge: IL-4, IL-21,
and IFN-y interact to govern T-bet and CD11c expression in TLR-
activated B cells. | Immunol. 2016;197(4):1023-8. doi: 10.4049/
jimmunol.1600522.

Rubtsov AV, Rubtsova K, Kappler JW, et al. CD11c-expressing B cells
are located at the T Cell/B Cell Border in Spleen and Are Potent APCs.
J Immunol. 2015;195(1):71-9. doi: 10.4049/jimmunol.1500055.
Frasca D, Diaz A, Romero M, et al. Aging effects on T-bet expres-
sion in human B cell subsets. Cell Immunol. 2017;321:68-73. doi:
10.1016/j.cellimm.2017.04.007.

Tavares S. Analyze the levels of immunoglobulins IgG and IgM in
Elderly and Youngs. Int | Immunol Immunother. 2015;2:003. doi:
10.23937/2378-3672/1410003.

Grimsholm O, Mortari EP, Davydov AN, et al. The interplay between
CD27dull and CD27bright B cells ensures the flexibility, stability, and
resilience of human B cell memory. Cell Rep. 2020;30(9):2963-77.¢6.
Ciocca M, Zaffina S, Fernandez Salinas A, et al. Evolution of
human memory B cells from childhood to old age. Front Immunol.
2021;12:690534. doi: 10.3389/fimmu.2021.690534.
Morrisette-Thomas V, Cohen AA, Fiilop T, et al. Inflamm-aging does
not simply reflect increases in pro-inflammatory markers. Mech
Ageing Dev. 2014;139:49-57. doi: 10.1016/j.mad.2014.06.005.
Fulop T, Larbi A, Dupuis G, et al. Inmunosenescence and inflamm-
aging as two sides of the same coin: friends or foes? Front Immunol.
2018;8:1960. doi: 10.3389/fimmu.2017.01960.

Giovannini S, Onder G, Liperoti R, et al. Interleukin-6, C-reactive
protein, and tumor necrosis factor-alpha as predictors of mortal-
ity in frail, community-living elderly individuals. ] Am Geriatr Soc.
2011;59(9):1679-85. doi: 10.1111/.1532-5415.2011.03570.x.
Salminen A. Activation of immunosuppressive network in the
aging process. Ageing Res Rev. 2020;57:100998. doi: 10.1016/.
arr.2019.100998.

Wang C, Zhou Z, Song W, et al. Inhibition of IKKB/NF-kB signal-
ing facilitates tendinopathy healing by rejuvenating inflamm-aging
induced tendon-derived stem/progenitor cell senescence. Mol Ther
Nucleic Acids. 2022;27:562-76. doi: 10.1016/j.omtn.2021.12.026.
Tchkonia T, Kirkland JL. Aging, cell senescence, and chronic disease:
emerging therapeutic strategies. JAMA. 2018;320(13):1319-20.

Xu M, Tchkonia T, Ding H, et al. JAK inhibition alleviates the cellular
senescence-associated secretory phenotype and frailty in old age. Proc
Natl Acad Sci U S A. 2015;112(46):E6301-10.

Farr JN, Fraser DG, Wang H, et al. Identification of senescent cells in
the bone microenvironment. | Bone Miner Res. 2016;31(11):1920-9.
Roos CM, Zhang B, Palmer AK, et al. Chronic senolytic treatment
alleviates established vasomotor dysfunction in aged or atheroscle-
rotic mice. Aging Cell. 2016;15(5):973-7.

Zhu Y, Tchkonia T, Pirtskhalava T, et al. The Achilles’ heel of
senescent cells: from transcriptome to senolytic drugs. Aging Cell.
2015;14(4):644-58.

Shimabukuro MK, Langhi LGP, Cordeiro 1, et al. Lipid-laden cells
differentially distributed in the aging brain are functionally active and
correspond to distinct phenotypes. Sci Rep. 2016;6(1):23795.
Hashimoto M, Asai A, Kawagishi H, et al. Elimination of p19ARF-
expressing cells enhances pulmonary function in mice. JCI Insight.
2016;1(12):e87732. doi: 10.1172/jci.insight.87732.

Waaijer ME, Parish WE, Strongitharm BH, et al. The number of
p16INK4a positive cells in human skin reflects biological age. Aging
Cell. 2012;11(4):722-5.



Babakhani et al e 2025 (7):2

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

Sis B, Tasanarong A, Khoshjou E et al. Accelerated expression of
senescence associated cell cycle inhibitor p16INK4A in kidneys with
glomerular disease. Kidney Int. 2007;71(3):218-26.

Coppé JP, Patil CK, Rodier F et al. Senescence-associated secre-
tory phenotypes reveal cell-nonautonomous functions of onco-
genic RAS. PLoS Biol. 2008;6(12):2853-68. doi: 10.1371/journal.
pbi0.0060301.

Gorgoulis V, Adams PD, Alimonti A, et al. Cellular senescence: defin-
ing a path forward. Cell. 2019;179(4):813-27.

Lei Q, Liu T, Gao F, et al. Microvesicles as potential biomarkers for
the identification of senescence in human mesenchymal stem cells.
Theranostics. 2017;7(10):2673-89. doi: 10.7150/thno.18915.
Limmermann I, Terlecki-Zaniewicz L, Weinmiillner R, et al.
Blocking negative effects of senescence in human skin fibroblasts
with a plant extract. NP] Aging Mech Dis. 2018;4:4. doi: 10.1038/
s41514-018-0023-5.

Olivieri F Rippo MR, Monsurrd V, et al. MicroRNAs linking
inflamm-aging, cellular senescence and cancer. Ageing Res Rev.
2013;12(4):1056-68. doi: 10.1016/j.arr.2013.05.001.
Terlecki-Zaniewicz L, Limmermann I, Latreille J, et al. Small extra-
cellular vesicles and their miRNA cargo are anti-apoptotic members
of the senescence-associated secretory phenotype. Aging (Albany NY).
2018;10(5):1103-32. doi: 10.18632/aging.101452.

Childs BG, Baker DJ, Wijshake T, et al. Senescent intimal foam
cells are deleterious at all stages of atherosclerosis. Science.
2016;354(6311):472-7. doi: 10.1126/science.aaf6659.

Correia-Melo C, Marques FD, Anderson R, et al. Mitochondria are
required for pro-ageing features of the senescent phenotype. EMBO ].
2016;35(7):724-42. doi: 10.15252/embj.201592862.

Franceschi C, Bonafé M, Valensin S, et al. Inflamm-aging. An evo-
lutionary perspective on immunosenescence. Ann N Y Acad Sci.
2000;908:244-54. doi: 10.1111/.1749-6632.2000.tb06651.x.

Li H, Slone J, Fei L, et al. Mitochondrial DNA variants and com-
mon diseases: a mathematical model for the diversity of age-related
mtDNA mutations. Cells. 2019;8(6):608.

De la Fuente M, Miquel J. An update of the oxidation-inflammation
theory of aging: the involvement of the immune system in oxi-
inflamm-aging. Curr Pharm Des. 2009;15(26):3003-26.

Pinti M, Cevenini E, Nasi M, et al. Circulating mitochondrial
DNA increases with age and is a familiar trait: implications for
“inflamm-aging.”. Eur | Immunol.2014;44(5):1552-62. doi: 10.1002/
€ji.201343921.

Zhernakova A, Kurilshikov A, Bonder M]J, et al; LifeLines cohort
study. Population-based metagenomics analysis reveals markers for gut
microbiome composition and diversity. Science. 2016;352(6285):565-
9. doi: 10.1126/science.aad3369.

Rothschild D, Weissbrod O, Barkan E, et al. Environment domi-
nates over host genetics in shaping human gut microbiota. Nature.
2018;555(7695):210-5. doi: 10.1038/nature25973.

Gacesa R, Kurilshikov A, Vila Vila A, et al. Environmental fac-
tors shaping the gut microbiome in a Dutch population. Nature.
2022;604(7907):732-9.

Lynch SV, Pedersen O. The human intestinal microbiome in health and
disease. N Engl | Med. 2016;375(24):2369-79.

Salazar N, Arboleya S, Fernandez-Navarro T, et al. Age-associated
changes in gut microbiota and dietary components related with the
immune system in adulthood and old age: a cross-sectional study.
Nutrients. 2019;11(8):1765. doi: 10.3390/nu11081765.

Claesson MJ, Cusack S, O’Sullivan O, et al. Composition, variabil-
ity, and temporal stability of the intestinal microbiota of the elderly.
Proc Natl Acad Sci U S A.2011;108(Suppl 1):4586-91. doi: 10.1073/
pnas.1000097107.

Saraswati S, Sitaraman R. Aging and the human gut microbiota-from
correlation to causality. Front Microbiol. 2014;5:764. doi: 10.3389/
fmicb.2014.00764.

Fusco W, Lorenzo MB, Cintoni M, et al. Short-chain fatty-acid-
producing bacteria: key components of the human gut microbiota.
Nutrients. 2023;15(9):2211. doi: 10.3390/nu15092211.

Fransen F, van Beek AA, Borghuis T, et al. Aged gut microbiota con-
tributes to systemical inflammaging after transfer to germ-free mice.
Front Immunol. 2017;8:1385. doi: 10.3389/fimmu.2017.01385.
Bodogai M, O’Connell J, Kim K, et al. Commensal bacteria contribute
to insulin resistance in aging by activating innate Bla cells. Sci Trans/
Med. 2018;10(467):eaat4271. doi: 10.1126/scitranslmed.aat4271.
King DE, Mainous AG, III, Lambourne CA. Trends in dietary
fiber intake in the United States, 1999-2008. | Acad Nutr Diet.
2012;112(5):642-8.

12

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

Immunometabolism

Misner S, Whitmer E, Florian TA. Dietary fiber. Available at: https://
arizona.aws.openrepository.com/handle/10150/298146?show=full.
Accessed April 1,2025.

Muthyala SDV, Shankar S, Klemashevich C, et al. Differential effects
of the soluble fiber inulin in reducing adiposity and altering gut
microbiome in aging mice. | Nutr Biochem. 2022;105:108999. doi:
10.1016/j.jnutbio.2022.108999.

Matt SM, Allen JM, Lawson MA, et al. Butyrate and dietary soluble
fiber improve neuroinflammation associated with aging in mice. Front
Immunol. 2018;9:1832. doi: 10.3389/fimmu.2018.01832.

Shivakoti R, Biggs ML, Djoussé L, et al. Intake and sources of dietary
fiber, inflammation, and cardiovascular disease in older US adults.
JAMA Netw Open. 2022;5(3):e225012.

Orozco-Angelino X, Espinosa-Ramirez ], Serna-Saldivar SO.
Extrusion as a tool to enhance the nutritional and bioactive potential
of cereal and legume by-products. Food Res Int. 2023;169:112889.
doi: 10.1016/j.foodres.2023.112889.

Fang W, Ting Y, Guohong H, et al. Gut Microbiota community
and its assembly associated with age and diet in Chinese centenar-
ians. | Microbiol Biotechnol. 2015;25(8):1195-204. doi: 10.4014/
jmb.1410.10014.

Kiewiet MBG, Elderman ME, Aidy S E, et al. Flexibility of gut micro-
biota in ageing individuals during dietary fiber long-chain inulin
intake. Mol Nutr Food Res. 2021;65(4):e2000390. doi: 10.1002/
mnfr.202000390.

Hutchinson NT, Wang SS, Rund LA, et al. Effects of an inulin fiber diet on
the gut microbiome, colon, and inflammatory biomarkers in aged mice.
Exp Gerontol. 2023;176:112164. doi: 10.1016/j.exger.2023.112164.
Kadyan S, Park G, Wang B, et al. Dietary fiber modulates gut micro-
biome and metabolome in a host sex-specific manner in a murine
model of aging. Front Mol Biosci. 2023;10:1182643. doi: 10.3389/
fmolb.2023.1182643.

Daly RM, O’Connell SL, Mundell NL, et al. Protein-enriched diet,
with the use of lean red meat, combined with progressive resistance
training enhances lean tissue mass and muscle strength and reduces
circulating IL-6 concentrations in elderly women: a cluster ran-
domized controlled trial. Am | Clin Nutr. 2014;99(4):899-910. doi:
10.3945/ajcn.113.064154.

Hafl U, Heider S, Kochlik B, et al. Effects of exercise and omega-3-
supplemented, high-protein diet on inflammatory markers in serum,
on gene expression levels in PBMC, and after ex vivo whole-blood
LPS stimulation in old adults. Int ] Mol Sci . 2023;24(2):928.

Pal S, Poddar MK. Dietary protein—carbohydrate ratio: Exogenous
modulator of immune response with age. Immunobiology.
2008;213(7):557-66. doi: 10.1016/j.imbi0.2008.01.002.

Wang X, Lu S, Fang Z, et al. A recommended amount of hydrolyzed
protein improves physiological function by regulating gut microbi-
ota in aged mice. Food Res Int. 2022;154:110970. doi: 10.1016/j.
foodres.2022.110970.

Ford AL, Nagulesapillai V, Piano A, et al. Microbiota stability and
gastrointestinal tolerance in response to a high-protein diet with
and without a prebiotic, probiotic, and synbiotic: a randomized,
double-blind, placebo-controlled trial in older women. | Acad Nutr
Diet. 2020;120(4):500-16.€10. doi: 10.1016/j.jand.2019.12.009.
Brahe LK, Astrup A, Larsen LH. Is butyrate the link between diet,
intestinal microbiota and obesity-related metabolic diseases? Obes
Rev.2013;14(12):950-9. doi: 10.1111/0br.12068.

Zheng W, Li R, Zhou Y, et al. Effect of dietary protein content shift
on aging in elderly rats by comprehensive quantitative score and
metabolomics analysis. Front Nutr. 2022;9:1051964. doi: 10.3389/
fnut.2022.1051964.

Louis P, Scott KP, Duncan SH, et al. Understanding the effects of
diet on bacterial metabolism in the large intestine. | Appl Microbiol.
2007;102(5):1197-208.

Wu GD, Bushmanc FD, Lewis JD. Diet, the human gut microbiota,
and IBD. Anaerobe. 2013;24:117-20.

Mitchell SM, Milan AM, Mitchell CJ, et al. Protein intake at twice
the RDA in older men increases circulatory concentrations of the
microbiome metabolite trimethylamine-N-oxide (TMAO). Nutrients.
2019;11(9):2207. doi: 10.3390/nu11092207.

Dahl WJ, Hung WL, Ford AL, et al. In older women, a high-protein
diet including animal-sourced foods did not impact serum levels and
urinary excretion of trimethylamine-N-oxide. Nutr Res. 2020;78:72-
81. doi: 10.1016/j.nutres.2020.05.004.

Murphy E, Cotter P, Healy S, et al. Composition and energy harvest-
ing capacity of the gut microbiota: relationship to diet, obesity and
time in mouse models. Gut. 2010;59(12):1635-42.


https://arizona.aws.openrepository.com/handle/10150/298146?show=full
https://arizona.aws.openrepository.com/handle/10150/298146?show=full

Babakhani et al ¢ 2025 (7):2

[169]

[170

[171

[172

[173]

[174]

[175]

[176

[177]

(178

[179]

[180]

[181

[182]

[183]

[184]

[185]

[186]

[187

[188

[189

Xu K, Guo Y, Wang Y, et al. Decreased Enterobacteriaceae translo-
cation due to gut microbiota remodeling mediates the alleviation of
premature aging by a high-fat diet. Aging Cell. 2023;22(2):e13760.
doi: 10.1111/acel.13760.

Vijaya AK, Kuras S, Simolitinas E, et al. Prebiotics mitigate the det-
rimental effects of high-fat diet on memory, anxiety and microglia
functionality in ageing mice. Brain Behav Immun. 2024;122:167-84.
doi: 10.1016/j.bbi.2024.08.022.

Daniel H, Gholami AM, Berry D, et al. High-fat diet alters gut micro-
biota physiology in mice. ISME J. 2014;8(2):295-308. doi: 10.1038/
ismej.2013.155.

Fontana L, Zhao E, Amir M, et al. Aging promotes the development
of diet-induced murine steatohepatitis but not steatosis. Hepatology.
2013;57(3):995-1004. doi: 10.1002/hep.26099.

Kim IH, Xu J, Liu X, et al. Aging increases the susceptibility of
hepatic inflammation, liver fibrosis and aging in response to high-
fat diet in mice. Age (Dordr). 2016;38(4):291-302. doi: 10.1007/
$11357-016-9938-6.

Kim SJ, Kim S-E, Kim AR, et al. Dietary fat intake and age modu-
late the composition of the gut microbiota and colonic inflammation
in C57BL/6] mice. BMC Microbiol. 2019;19(1):193. doi: 10.1186/
$12866-019-1557-9.

Tamura K, Sasaki H, Shiga K, et al. The timing effects of soy pro-
tein intake on mice gut microbiota. Nutrients. 2019;12(1):87. doi:
10.3390/nu12010087.

Holmes AJ, Chew YV, Colakoglu FE, et al. Diet-microbiome interac-
tions in health are controlled by intestinal nitrogen source constraints.
Cell Metab.2017;25(1):140-51. doi: 10.1016/j.cmet.2016.10.021.
Wei R, Ross AB, Su M, et al. Metabotypes related to meat and veg-
etable intake reflect microbial, lipid and amino acid metabolism in
healthy people. Mol Nutr Food Res. 2018;62(21):e1800583. doi:
10.1002/mnfr.201800583.

Prokopidis K, Cervo MM, Gandham A, et al. Impact of protein intake
in older adults with sarcopenia and obesity: a gut microbiota perspec-
tive. Nutrients. 2020;12(8):2285. doi: 10.3390/nu12082285.
Whitton C, Nicholson SK, Roberts C, et al. National Diet and
Nutrition Survey: UK food consumption and nutrient intakes from
the first year of the rolling programme and comparisons with pre-
vious surveys. Br | Nutr. 2011;106(12):1899-914. doi: 10.1017/
s0007114511002340.

Su C, Wang H, Wang Z, et al. [Status and trend of fat and cholesterol
intake among Chinese middle and old aged residents in 9 provinces
from 1991 to 2009]. Wei Sheng Yan Jiu. 2013;42(1):72-7.

Cani PD, Bibiloni R, Knauf C, et al. Changes in gut microbiota con-
trol metabolic endotoxemia-induced inflammation in high-fat diet-
induced obesity and diabetes in mice. Diabetes. 2008;57(6):1470-81.
doi: 10.2337/db07-1403.

de La Serre CB, Ellis CL, Lee ], et al. Propensity to high-fat diet-
induced obesity in rats is associated with changes in the gut micro-
biota and gut inflammation. Am ] Physiol Gastrointest Liver Physiol.
2010;299(2):G440-8. doi: 10.1152/ajpgi.00098.2010.

Kim K-A, Gu W, Lee I-A, et al. high fat diet-induced gut microbiota
exacerbates inflammation and obesity in mice via the TLR4 signal-
ing pathway. PLoS Omne. 2012;7(10):e47713. doi: 10.1371/journal.
pone.0047713.

Lam YY, Ha CW, Campbell CR, et al. Increased gut permeability
and microbiota change associate with mesenteric fat inflammation
and metabolic dysfunction in diet-induced obese mice. PLoS One.
2012;7(3):e34233. doi: 10.1371/journal.pone.0034233.

Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates
obesity and insulin resistance. Diabetes. 2007;56(7):1761-72. doi:
10.2337/db06-1491.

Cani PD, Neyrinck AM, Fava F, et al. Selective increases of bifidobac-
teria in gut microflora improve high-fat-diet-induced diabetes in mice
through a mechanism associated with endotoxaemia. Diabetologia.
2007;50(11):2374-83. doi: 10.1007/s00125-007-0791-0.

Neyrinck AM, Possemiers S, Druart C, et al. Prebiotic effects of wheat
arabinoxylan related to the increase in bifidobacteria, Roseburia
and Bacteroides/Prevotella in diet-induced obese mice. PLoS One.
2011;6(6):e20944. doi: 10.1371/journal.pone.0020944.

Park DY, Ahn YT, Park SH, et al. Supplementation of Lactobacillus
curvatus HY7601 and Lactobacillus plantarum KY1032 in diet-
induced obese mice is associated with gut microbial changes and
reduction in obesity. PLoS Omne. 2013;8(3):e59470. doi: 10.1371/
journal.pone.0059470.

Chen JJ, Wang R, Li XF, et al. Bifidobacterium longum supplemen-
tation improved high-fat-fed-induced metabolic syndrome and

13

[190]

[191]

[192]

[193]

[194]

[195]
[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

Immunometabolism

promoted intestinal Reg I gene expression. Exp Biol Med (Maywood).
2011;236(7):823-31. doi: 10.1258/ebm.2011.010399.

Pongratz G, Lowin T, Kob R, et al. A sustained high fat diet for two
years decreases IgM and IL-1 beta in ageing Wistar rats. Immun
Ageing. 2015;12(1):12. doi: 10.1186/s12979-015-0040-1.

Spencer SJ, D’Angelo H, Soch A, et al. High-fat diet and aging inter-
act to produce neuroinflammation and impair hippocampal- and
amygdalar-dependent memory. Neurobiol Aging. 2017;58:88-101.
doi: 10.1016/j.neurobiolaging.2017.06.014.

James M]J, Gibson RA, Cleland LG. Dietary polyunsaturated fatty
acids and inflammatory mediator production. Am | Clin Nutr.
2000;71(1 Suppl):343S-8S. doi: 10.1093/ajen/71.1.343s.

Gonzélez S, Lopez P, Margolles A, et al. Fatty acids intake and
immune parameters in the elderly. Nutr Hosp. 2013;28(2):474-8. doi:
10.3305/nh.2013.28.2.6183.

Yusufu I, Ding K, Smith K, et al. A tryptophan-deficient diet induces
gut microbiota dysbiosis and increases systemic inflammation in aged
mice. Int ] Mol Sci . 2021;22(9):5005. doi: 10.3390/ijms220950035.
L-Tryptophan. Monograph. Altern Med Rev. 2006;11(1):52-6.
Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: tryptophan’s
metabolites in exercise, inflammation, and mental health. Science.
2017;357(6349):eaaf9794. doi: 10.1126/science.aaf9794.

Zeden J-P, Fusch G, Holtfreter B, et al. Excessive tryptophan catabo-
lism along the kynurenine pathway precedes ongoing sepsis in criti-
cally ill patients. Anaesth Intensive Care. 2010;38(2):307-16.
Badawy AA. Kynurenine pathway of tryptophan metabo-
lism: regulatory and functional aspects. Int | Tryptophan Res.
2017;10:1178646917691938. doi: 10.1177/1178646917691938.
Pallotta MT, Rossini S, Suvieri C, et al. Indoleamine 2, 3-dioxygenase
1 (IDO1): an up-to-date overview of an eclectic immunoregulatory
enzyme. FEBS ]. 2022;289(20):6099-118.

Badawy AA. Hypothesis kynurenic and quinolinic acids: the main
players of the kynurenine pathway and opponents in inflamma-
tory disease. Med Hypotheses. 2018;118:129-38. doi: 10.1016/j.
mehy.2018.06.021.

Fabian CJ, Befort CA, Phillips TA, et al. Change in blood and benign
breast biomarkers in women undergoing a weight-loss intervention
randomized to high-dose omega-3 fatty acids versus Placebo. Cancer
Prev Res (Phila). 2021;14(9):893-904. doi: 10.1158/1940-6207.
CAPR-20-0656.

da Silva IDCG, Marchioni DML, Carioca AAF, et al. May crit-
ical molecular cross-talk between indoleamine 2,3-dioxygenase
(IDO) and arginase during human aging be targets for immunose-
nescence control? Immun Ageing. 2021;18(1):33. doi: 10.1186/
§12979-021-00244-x.

Wirthgen E, Hoeflich A, Rebl A, et al. Kynurenic acid: the Janus-faced
role of an immunomodulatory tryptophan metabolite and its link to
pathological conditions. Front Immunol. 2018;8:1957.

Gandhi R, Kumar D, Burns EJ, et al. Activation of the aryl hydrocar-
bon receptor induces human type 1 regulatory T cell-like and Foxp3+
regulatory T cells. Nat Immunol. 2010;11(9):846-53.

Zhu J, Luo L, Tian L, et al. Aryl hydrocarbon receptor promotes IL-10
expression in inflammatory macrophages through Src-STAT3 signal-
ing pathway. Front Immunol. 2018;9:2033.

Piper CJ, Rosser EC, Oleinika K, et al. Aryl hydrocarbon receptor con-
tributes to the transcriptional program of IL-10-producing regulatory
B cells. Cell Rep.2019;29(7):1878-92.¢7.

Diani-Moore S, Shoots J, Singh R, et al. NAD+ loss, a new player in
AhR biology: prevention of thymus atrophy and hepatosteatosis by
NAD#+ repletion. Sci Rep. 2017;7(1):1-10.

Laiosa MD, Wyman A, Murante FG, et al. Cell proliferation arrest
within intrathymic lymphocyte progenitor cells causes thymic
atrophy mediated by the aryl hydrocarbon receptor. | Immunol.
2003;171(9):4582-91.

Wu C-S, Muthyala SDV, Klemashevich C, et al. Age-dependent remod-
eling of gut microbiome and host serum metabolome in mice. Aging
(Milano). 2021;13(5):6330-45. doi: 10.18632/aging.202525.

Yin J, Zhang B, Yu Z, et al. Ameliorative effect of dietary tryptophan
on neurodegeneration and inflammation in d-galactose-induced aging
mice with the potential mechanism relying on AMPK/SIRT1/PGC-1a
pathway and gut microbiota. | Agric Food Chem. 2021;69(16):4732-
44. doi: 10.1021/acs.jafc.1c00706.

Shahidi F, Ambigaipalan P. Omega-3 polyunsaturated fatty acids and
their health benefits. Annu Rev Food Sci Technol. 2018;9:345-81. doi:
10.1146/annurev-food-111317-095850.

Thompson M, Hein N, Hanson C, et al. Omega-3 fatty acid intake
by age, gender, and pregnancy status in the United States: national



Babakhani et al e 2025 (7):2

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226

[227

health and nutrition examination survey 2003-2014. Nutrients.
2019;11(1):177.

McNamara RK, Jandacek R, Rider T, et al. Omega-3 fatty acid defi-
ciency increases constitutive pro-inflammatory cytokine production
in rats: relationship with central serotonin turnover. Prostaglandins
Leukot Essent Fatty Acids. 2010;83(4-6):185-91. doi: 10.1016/j.
plefa.2010.08.004.

Carpentier YA, Portois L, Malaisse W]. n-3 fatty acids and the meta-
bolic syndrome. Am | Clin Nutr. 2006;83(6 Suppl):1499S-504S. doi:
10.1093/ajcn/83.6.1499S.

Fabian CJ, Kimler BE, Hursting SD. Omega-3 fatty acids for breast
cancer prevention and survivorship. Breast Cancer Res. 2015;17:62.
doi: 10.1186/s13058-015-0571-6.

Baker EJ, Miles EA, Burdge GC, et al. Metabolism and functional
effects of plant-derived omega-3 fatty acids in humans. Prog Lipid
Res. 2016564:30-56. doi: 10.1016/).plipres.2016.07.002.

Gan RW, Young KA, Zerbe GO, et al. Lower omega-3 fatty acids
are associated with the presence of anti-cyclic citrullinated peptide
autoantibodies in a population at risk for future rheumatoid arthri-
tis: a nested case-control study. Rheumatology (Oxford, England).
2016;55(2):367-76. doi: 10.1093/rheumatology/kev266.

Calder PC. Omega-3: the good oil. Nutr Bull. 2017;42(2):132-40. doi:
10.1111/nbu.12261.

Acharya P, Talahalli RR. Aging and hyperglycemia intensify
dyslipidemia-induced oxidative stress and inflammation in rats: assess-
ment of restorative potentials of ALA and EPA + DHA. Inflammation.
2019;42(3):946-52. doi: 10.1007/s10753-018-0949-6.

Crupi R, Cuzzocrea S. Role of EPA in inflammation: mechanisms,
effects, and clinical relevance. Biomolecules. 2022;12(2):242.
Strandberg E, Ponsot E, Piehl-Aulin K, et al. Resistance training alone
or combined with N-3 PUFA-rich diet in older women: effects on
muscle fiber hypertrophy. | Gerontol Ser A. 2018;74(4):489-94. doi:
10.1093/geronalgly130.

Farzaneh-Far R, Harris WS, Garg S, et al. Inverse association
of erythrocyte n-3 fatty acid levels with inflammatory biomark-
ers in patients with stable coronary artery disease: the Heart and
Soul Study. Atherosclerosis. 2009;205(2):538-43. doi: 10.1016/j.
atherosclerosis.2008.12.013.

Ferrucci L, Cherubini A, Bandinelli S, et al. Relationship of plasma
polyunsaturated fatty acids to circulating inflammatory mark-
ers. | Clin Endocrinol Metab. 2006;91(2):439-46. doi: 10.1210/
j¢.2005-1303.

Kalogeropoulos N, Panagiotakos DB, Pitsavos C, et al. Unsaturated
fatty acids are inversely associated and n-6/n-3 ratios are positively
related to inflammation and coagulation markers in plasma of appar-
ently healthy adults. Clin Chim Acta. 2010;411(7-8):584-91. doi:
10.1016/j.cca.2010.01.023.

Vulevic J, Drakoularakou A, Yaqoob P,et al. Modulation of the fecal micro-
flora profile and immune function by a novel trans-galactooligosaccharide
mixture (B-GOS) in healthy elderly volunteers. Am | Clin Nutr.
2008;88(5):1438-46. doi: 10.3945/ajcn.2008.26242.

Vulevic ], Juric A, Walton GE, et al. Influence of galacto-oligosaccharide
mixture (B-GOS) on gut microbiota, immune parameters and meta-
bonomics in elderly persons. Br | Nutr. 2015;114(4):586-95. doi:
10.1017/s0007114515001889.

Kiecolt-Glaser JK, Belury MA, Porter K, et al. Depressive symp-
toms, omega-6:omega-3 fatty acids, and inflammation in older

14

Immunometabolism

adults.  Psychosom Med. 2007;69(3):217-24. doi: 10.1097/
PSY.0b013e3180313a45.

[228] Calder PC. Omega-3 fatty acids and inflammatory processes: from
molecules to man. Biochem Soc Trans. 2017;45(5):1105-15. doi:
10.1042/BST20160474.

[229] Kaliannan K, Wang B, Li X-Y, et al. A host-microbiome interaction
mediates the opposing effects of omega-6 and omega-3 fatty acids on
metabolic endotoxemia. Sci Rep. 2015;5(1):11276.

[230] ZhuL,ShaL,LiK,etal. Dietary flaxseed oil rich in omega-3 suppresses
severity of type 2 diabetes mellitus via anti-inflammation and modu-
lating gut microbiota in rats. Lipids Health Dis. 2020;19(1):1-16.

[231] Saeedi Saravi SS, Bonetti NR, Pugin B, et al. Lifelong dietary omega-3
fatty acid suppresses thrombotic potential through gut microbiota
alteration in aged mice. iScience. 2021;24(8):102897. doi: 10.1016/j.
1s¢i.2021.102897.

[232] Menni C, Zierer J, Pallister T, et al. Omega-3 fatty acids correlate with
gut microbiome diversity and production of N-carbamylglutamate
in middle aged and elderly women. Sci Rep. 2017;7(1):11079. doi:
10.1038/s41598-017-10382-2.

[233] Claesson M]J, Jeffery IB, Conde S, et al. Gut microbiota com-
position correlates with diet and health in the elderly. Nature.
2012;488(7410):178-84.

[234] Biddle A, Stewart L, Blanchard J, et al. Untangling the genetic basis of
fibrolytic specialization by Lachnospiraceae and Ruminococcaceae in
diverse gut communities. Diversity. 2013;5(3):627-40.

[235] Azcarate-Peril MA, Altermann E, Goh Y], et al. Analysis of the genome
sequence of Lactobacillus gasseri ATCC 33323 reveals the molec-
ular basis of an autochthonous intestinal organism. Appl Environ
Microbiol. 2008;74(15):4610-25. doi: 10.1128/AEM.00054-08.

[236] Bhatia S, Prabhu PN, Benefiel AC, et al. Galacto-oligosaccharides may
directly enhance intestinal barrier function through the modulation of
goblet cells. Mol Nutr Food Res. 2015;59(3):566-73. doi: 10.1002/
mnfr.201400639.

[237] Sherwin E, Bordenstein SR, Quinn JL, et al. Microbiota and the social
brain. Science. 2019;366(6465):eaar2016. doi: 10.1126/science.
aar2016.

[238] Otieno DO. Synthesis of p-galactooligosaccharides from lactose
using microbial B-galactosidases. Compr Rev Food Sci Food Saf.
2010;9(5):471-82. doi: 10.1111/5.1541-4337.2010.00121.x.

[239] Arnold JW, Roach J, Fabela S, et al. The pleiotropic effects of prebiotic
galacto-oligosaccharides on the aging gut. Microbiome. 2021;9(1):31.
doi: 10.1186/s40168-020-00980-0.

[240] Depeint F, Tzortzis G, Vulevic ], et al. Prebiotic evaluation of a novel
galactooligosaccharide mixture produced by the enzymatic activity of
Bifidobacterium bifidum NCIMB 41171, in healthy humans: a ran-
domized, double-blind, crossover, placebo-controlled intervention
study. Am | Clin Nutr. 2008;87(3):785-91.

[241] Walton GE, van den Heuvel EG, Kosters MH, et al. A randomised
crossover study investigating the effects of galacto-oligosaccharides
on the faecal microbiota in men and women over 50 years of age. Br
J Nutr. 2012;107(10):1466-75. doi: 10.1017/s0007114511004697.

How to cite this article: Babakhani K, Kucinskas AL, Ye X,
et al. Aging immunity: unraveling the complex nexus of diet,
gut microbiome, and immune function. Immunometabolism.
2025;7(2):00061. doi: 10.1097/IN9.0000000000000061.



