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Abstract: Bile acids are recognized as important signaling
molecules that enable fine-tuned inter-communication from
the liver, through the intestine, to virtually any organ, thus
encouraging their pleiotropic physiological effects. Aging is a
complex natural process defined as a progressive decline in
cellular and organismal functions. A causal link between hile
acids and the aging process is emerging. However, there are
gaps in our understanding of the molecular mechanisms and
precise targets responsible for the alteration of hile acid pro-
files and their role in the aging process. Intestinal barrier
dysfunction leads to endotoxemia, systemic inflammation,
insulin resistance, diabetes, lipid accumulation, obesity and
fatty liver diseases, and health decline and death. In fact, in-
testinal barrier dysfunction is suggested to be an evolution-
arily conserved hallmark of aging. Bile acids may modulate
the aging process by regulating intestinal barrier integrity.

Keywords: age; bile acid; gut microbiota; enterohepatic cir-
culation; intestinal barrier

In 2022, almost 10 % of the global population was 65 years or
older. This segment has been growing at an increasing rate.
It is expected to reach 16 % in 2050 and 24 % by 2100.
Alarmingly, 90 % of individuals within this age group are
grappling with age-associated dysfunctions. There is still a
need to develop effective safe treatments that address the
underlying causes of aging and provide a path to healthier
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aging. A better understanding of the causes and conse-
quences of age-onset intestinal barrier dysfunction has
relevance to the development of interventions to improve
healthspan. Beyond nutrient digestion and absorption, bile
acids (BAs) play a crucial role in various physiological
functions, such as metabolism and cancer, as signaling
molecules. However, BAs have been ignored in terms of
age-associated conditions.

The current understanding of the
relationship between BAs and aging

Reciprocal regulation between BAs and gut
microbiota

BAs are synthesized from cholesterol in the liver through
oxidation catalyzed by hepatic cytochrome P450 (CYP) and
conjugation catalyzed by bhile acid-CoA synthase (BACS)
and bile acid-CoA: amino acid N-acyltransferase (BAAT).
Subsequently, BAs are secreted into the intestine, where
BAs undergo transformation into secondary or tertiary
BAs via de-hydroxylation and/or de-conjugation facili-
tated by enzymes in the gut microbiota. In turn, BAs in-
fluence the composition of the intestinal microbiota by
exhibiting antimicrobial activity and activating signaling
pathways crucial for maintaining gut homeostasis. The
interaction between BAs and gut microbiota is a dynamic
equilibrium. Disruption of this balance could lead to
metabolic diseases, inflammation, and cancer, and accel-
erate the aging process.

Gut microbiota and aging

The gut microbiota plays a crucial role in both the devel-
opment and maintenance of the host immune system and
the functionality of the intestinal barrier. When fecal
microbiota is transplanted from young mice to aged coun-
terparts, the recipients exhibit significant extension in
healthspan [1]. This effect was attributed to the correction
of aging-associated intestinal dysbiosis and the restoration
of secondary bhile acids. Gut microbes, including Akker-
mansia muciniphila (A. muciniphila), which comprise 3-5 %
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of the intestinal microbial community in humans, have
contributed to extending healthspan and lifespan in mice.
In mice, the introduction of exogenous A. muciniphila to the
intestine improved barrier integrity, reduced endotoxin
induction and inflammation, protected against metabolic
disorders and inflammatory bowel disease (IBD), and
modulated the aging process [2]. These findings underscore
a role for the gut microbiota in aging.

Role of BAs in the intestinal barrier

Intestinal barrier dysfunction was suggested to be an
evolutionarily conserved hallmark of aging. Alterations in
the gastrointestinal environment can impact the integrity of
the intestinal barrier. For example, the presence of deoxy-
cholic acid (DCA) in drinking water disrupted the mucosal
barrier and induced intestinal inflammation in mice [3].
DCA inhibits mucosal healing, while ursodeoxycholic acid
(UDCA) promotes it [4]. Additionally, DCA and cholic acid
(CA) reduced the expression of a-defensins in cultured ileum
in vitro [5]. Cytochrome P450 family 8 subfamily B member 1
(Cyp8b1) knockout mice, characterized by an altered BA
profile with a decreased ratio of 12a-hydroxylated (12a-OH)
BAs to non-120-OH BAs, exhibited elevated levels of antimi-
crobial peptides, such as regenerating islet-derived protein
type 3 (Reg3). Reg3 promoted the self-renewal of the intestinal
lining and modified the growth of gut microbes [6].
Conversely, exogenous CA or liver CYP8B1 overexpression
exacerbated intestinal injury by suppressing the renewal of
intestinal stem cells (ISC) and reducing the levels of antimi-
crobial peptides [7]. Therefore, dysregulation of enterohepatic
circulating BAs may alter the function of the intestinal barrier
by influencing ISC renewal (physical barrier), immune cell
differentiation (immunological barrier), and commensal
bacterial dysbiosis (biochemical barrier).

Alteration of BA profile with age

Aging is associated with a decline in BA levels and alter-
ation in BA profile [8]. Existing information hinted at a
potential connection between BAs and the aging process,
exemplified by the anti-aging effects of lithocholic acid
(LCA) in yeast and the enrichment of LCA derivative (e.g.,
isoallo-LCA) in centenarians [9]. Additionally, UDCA and its
derivatives play a role in protecting against neurodegen-
erative disorders [10]. Bile acid sequestrants can be used
to treat conditions such as hypercholesterolemia and
dyslipidemia, which impact healthspan. Notably, regular
exercise and diet modulation can change the profiles of BAs
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and gut microbiota, and have a pronounced effect on in-
testinal barrier function, impacting aging and lifespan.
These findings suggest that an altered BA profile and/or
specific BAs may contribute to the age-related neural
decline and longevity.

Perspectives
Targeting BA receptors

BA receptors help maintain the intestinal barrier function.
Beyond the role in maintaining cholesterol and BA balance
in the liver, farnesoid X receptor (FXR) is vital for the
inflammatory response and preservation of the intestinal
barrier function. FXR ligands demonstrated therapeutic
efficacy in IBD by enhancing the intestinal barrier [11].
Similarly, activation of Takeda G protein-coupled receptor 5
(TGR5) is closely associated with anti-inflammatory effects
and the reinforcement of the intestinal barrier. Dietary
supplementation with tauroursodeoxycholic acid (TUDCA)
reduced the incidence of diarrhea in weaned piglets by
enhancing intestinal barrier function and immunity medi-
ated by TGR5 [12]. Vitamin D receptor (VDR) is highly
expressed in the intestine and is activated by specific BAs
such as LCA. As a transcription factor, VDR regulates the
expression of several tight junction genes, including those
that encode for Claudins and ZOs, in intestinal epithelial
cells [13]. Conjugated BAs activate sphingosine-1-phosphate
receptor 2 (SIPR2), and the inhibition of SIPR2 alleviated
colonic damage in mice with ulcerative colitis [14]. Given
that intestinal barrier dysfunction is recognized as an
evolutionarily conserved hallmark of aging, any modulation
that redirects BA receptor signaling pathways towards pro-
tecting the intestinal barrier holds the potential to extend
health and lifespan (Figure 1).

Targeting BA-gut microbiota

Inflammation and immunosenescence are prevalent fea-
tures of aging and compromised intestinal barrier may
drive the aging process. Multiple cellular and matric layers
compose the intestinal barrier. In this regard, the
commensal gut microbiota serves as a biological barrier
responsible for colonization resistance. Beyond A. mucini-
phila, numerous bacteria demonstrate protective effects on
the intestinal barrier. For example, Clostridia, a dominant
class of commensal microbes, stimulates the generation of
colonic regulatory T cells. These cells suppress inflammatory
and allergic responses by producing butyrate and other
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Figure 1: Illustration of potential pathways for BAs in regulating the
intestinal barrier functions that impact healthspan and lifespan. Bile acids
(BAs) undergo synthesis and modification by hepatic and gut enzymes.
These BAs, through a network of receptors (e.g., nuclear receptors VDR,
PPAR, and FXR, and G protein-coupled receptors TGR5 and S1PR2), play
pivotal roles in regulating various aspects of the intestinal barrier func-
tions. These include the modulation of the renewal and differentiation of
intestinal stem cells (ISC), the expression of tight junction and mucus layer
proteins, the secretion of antimicrobial peptides, and the function of
immune cells. Furthermore, BAs influence these functions by shaping the
profiles of gut microbiota (GM) and their metabolites. By strategically
targeting upstream enzymes or downstream receptors and modulating
gut microbiota to alter the BA pool towards a beneficial profile, which in
turn may extend healthspan and lifespan by enhancing the integrity and
functions of the intestinal barrier. VDR, vitamin D receptor; PPAR,
peroxisome proliferator-activated receptor; FXR, farnesoid X receptor;
TGRS, Takeda G protein-coupled receptor 5; STPR2, sphingosine-
1-phosphate receptor 2.

short chain fatty acids, thereby preserving the intestinal
barrier [15]. Conversely, certain gut microbiota produce
toxins that enter the circulation and contribute to diseases.
For instance, Muribaculaceae bacterium produces lipopoly-
saccharides (LPS) while abundance of Muribaculaceae
negatively correlates with mucus layer thickness and posi-
tively correlated with increased intestinal permeability and
liver inflammation [16]. As mentioned, BAs are determinants
of microbiota abundance, diversity, and metabolic activity.
Targeting the interplay between BAs and gut microbiota to
fortify the function of the intestinal barrier may provide a
means to extend healthspan and lifespan (Figure 1).
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Targeting enzymes for BA synthesis and
modification

Beyond the downstream targets of BAs, the upstream
enzymes that are responsible for BA synthesis and modi-
fication are essential for modifying the BA profiles that
ultimately regulate the animal physiology. For instance,
age is linked to reduced BA synthesis, possibly related to
decreased expression of cholesterol 7 alpha-hydroxylase
(CYP7A1). Deficiency in 12 alpha-hydroxylase (CYP8B1)
significantly lowers the levels of 12a-OH BAs, leading
to improved metabolism and reduced inflammation in
humans and rodents. Animals with silenced Cyp8b1 gene,
such as naked mole-rats, exhibit favorable metabolic
characteristics and longer lifespan. Moreover, the conju-
gation pattern of BAs, predominantly regulated by hepatic
BAAT and BACS and gut bile salt hydroxylase (BSH), un-
dergoes changes with age. Given these facts, modifying the
enzymes involved in BA synthesis and modification could
provide yet another strategy to extend healthspan and
lifespan (Figure 1).

In conclusion, maintaining the intestinal barrier integ-
rity is crucial for the overall wellbeing of the organism
across its lifespan. Strategically targeting the BAs profile and
related pathways to enhance the functionality of the intes-
tinal barrier represents a promising strategy to prevent or
delay age-associated conditions.

Acknowledgments: The figure was created using BioRender
(BioRender.com). We thank Drs. Chathurani S. Jayasena and
Jeffrey S. Isenberg (City of Hope, Duarte, CA) for editing the
manuscript and providing helpful comments. We have to
apologize that we are not able to include all relevant publi-
cations in this perspective because of space limitation.
Research ethics: Not applicable.

Informed consent: Not applicable.

Author contributions: L.J. and L.S.: original draft preparation.
L.J. and W.H.: conceptualization, review, editing, and funding
acquisition. All authors have read and agreed to the published
version of the manuscript.

Competing interests: Authors state no conflict of interest.
Research funding: This research was supported by funding
from the AR-DMRI Innovative Award Programs (L] and WH).
Data availability: Not applicable.

References

1. Bércena C, Valdés-Mas R, Mayoral P, Garabaya C, Durand S,
Rodriguez F, et al. Healthspan and lifespan extension by fecal


https://BioRender.com

DE GRUYTER

microbiota transplantation into progeroid mice. Nat Med 2019;25:
1234-42.

. van der Lugt B, van Beek AA, Aalvink S, Meijer B, Sovran B, Vermeij WP,
et al. Akkermansia muciniphila ameliorates the age-related decline in
colonic mucus thickness and attenuates immune activation in
accelerated aging Ercc1(-/7) mice. Immun Ageing 2019;16:6.

. LiuL, Dong WX, Wang SN, Zhang Y}, Liu TY, Xie RX, et al. Deoxycholic acid
disrupts the intestinal mucosal barrier and promotes intestinal
tumorigenesis. Food Funct 2018;9:5588-97.

. Mroz MS, Lajczak NK, Goggins BJ, Keely S, Keely SJ. The bile acids,
deoxycholic acid and ursodeoxycholic acid, regulate colonic epithelial
wound healing. Am ] Physiol Gastrointest Liver Physiol 2018;314:G378-87.
. Zhou H, Zhou SY, Gillilland M, Li }Y, Lee A, Gao J, et al. Bile acid toxicity in
Paneth cells contributes to gut dysbiosis induced by high-fat feeding.
JCI Insight 2020;5:e138881.

. Patankar JV, Wong CK, Morampudi V, Gibson WT, Vallance B,
Ioannou GN, et al. Genetic ablation of Cyp8b1 preserves host metabolic
function by repressing steatohepatitis and altering gut microbiota
composition. Am J Physiol Endocrinol Metab 2018;314:E418-32.

. Chen L, Jiao T, Liu W, Luo Y, Wang J, Guo X, et al. Hepatic cytochrome
P450 8B1 and cholic acid potentiate intestinal epithelial injury in colitis
by suppressing intestinal stem cell renewal. Cell Stem Cell 2022;29:
1366-81.€9.

. Perino A, Demagny H, Velazquez-Villegas L, Schoonjans K. Molecular
physiology of bile acid signaling in health, disease, and aging. Physiol
Rev 2021;101:683-731.

9.

Jin et al.: The role of bile acids in human aging —— 157

Rimal B, Patterson AD. Role of bile acids and gut bacteria in healthy
ageing of centenarians. Nature 2021;599:380-1.

. Huang F, Pariante CM, Borsini A. From dried bear bile to molecular

investigation: a systematic review of the effect of bile acids on cell
apoptosis, oxidative stress and inflammation in the brain, across pre-
clinical models of neurological, neurodegenerative and
neuropsychiatric disorders. Brain Behav Immun 2022;99:132-46.

. Ding L, Yang L, Wang Z, Huang W. Bile acid nuclear receptor FXR and

digestive system diseases. Acta Pharm Sin B 2015;5:135-44.

. Song M, Zhang FL, Fu YM, Yi X, Feng SC, Liu ZC, et al.

Tauroursodeoxycholic acid (TUDCA) improves intestinal barrier
function associated with TGR5-MLCK pathway and the alteration of
serum metabolites and gut bacteria in weaned piglets. ] Anim Sci
Biotechnol 2022;13:1917-31.

. SunJ, Zhang YG. Vitamin D receptor influences intestinal barriers in

health and disease. Cells 2022;11:1129.

. Chen TZ, Gu KE, Lin RY, Liu Y, Shan YF. The function of sphingosine-

1-phosphate receptor 2 (S1PR2) in maintaining intestinal barrier and
inducing ulcerative colitis. Bioengineered 2022;13:13703-17.

. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al.

Commensal microbe-derived butyrate induces the differentiation of
colonic regulatory T cells. Nature 2013;504:446-50.

. Xia'Y, Shi H, Qian C, Han H, Lu K, Tao R, et al. Modulation of gut

microbiota by magnesium isoglycyrrhizinate mediates enhancement of
intestinal barrier function and amelioration of methotrexate-induced
liver injury. Front Immunol 2022;13:874878.



	The role of bile acids in human aging
	The current understanding of the relationship between BAs and aging
	Reciprocal regulation between BAs and gut microbiota
	Gut microbiota and aging
	Role of BAs in the intestinal barrier
	Alteration of BA profile with age

	Perspectives
	Targeting BA receptors
	Targeting BA–gut microbiota
	Targeting enzymes for BA synthesis and modification

	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


