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Despite important advances over the past few decades, 
chronic kidney disease-mineral and bone disorder remains 
a major clinical therapeutic challenge. Traditional 
interventions targeting hyperphosphatemia, impaired 
vitamin D metabolism, and secondary 
hyperparathyroidism overall failed to meet expectations. 
This calls for a paradigm shift. The 2023 Madrid Chronic 
Kidney Disease-Mineral and Bone Disorder Kidney Disease: 
Improving Global Outcomes (KDIGO) controversies 
conference advocated a holistic approach to replace the 
current parathyroid hormone-calcium phosphate–centric 
approach. In this context, the fibroblast growth factor 23– 
a-Klotho axis has emerged as a key regulator of mineral 
metabolism and a potential novel therapeutic target. In 
parallel, meta-organismal tryptophan dysmetabolism 
recently gained interest as a novel pathogenic driver of 
both chronic kidney disease–associated osteoporosis and 
cardiovascular disease. Chronic kidney disease not only 
profoundly disturbs microbial and endogenous 
tryptophan metabolism, but also causes accumulation of 
tryptophan metabolites, some of which are increasingly 
recognized as uremic toxins, including indoxyl sulfate, 
kynurenine, and kynurenic acid. They may confer 
cardiovascular and skeletal toxicity either by inducing 
direct cellular toxicity or by activating the aryl 
hydrocarbon receptor. While adding another level of 
complexity to the pathogenesis of chronic kidney disease- 
mineral and bone disorder, these insights also create novel 
therapeutic opportunities.
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C hronic kidney disease (CKD) is a global health issue, 
affecting 10%–15% of the general population. It is 
especially prevalent in the older patients and is pre

dicted to become the fifth worldwide cause of mortality by 
2040.1,2 Patients with CKD experience multiple complica
tions, some of which occurring already early in the course of 
the disease. These include anemia, acidosis, hyperkaliemia, 
and disturbances of mineral metabolism. In 2006, Kidney 
Disease: Improving Global Outcomes (KDIGO) coined the 
term CKD-mineral and bone disorder (CKD-MBD) as a 
systemic disorder of mineral and bone metabolism due to 
CKD manifested by either one or a combination of the 
following: abnormalities of calcium, phosphorus, parathyroid 
hormone, or vitamin D metabolism, abnormalities in bone 
(i.e., turnover, mineralization, volume, linear growth, or 
strength), and vascular or other soft-tissue calcification.3

CKD-MBD contributes to the excessive burden of cardio
vascular disease and fractures in patients with CKD, and as 
such represents an important therapeutic target. Therapy so 
far focused on hyperphosphatemia, vitamin D deficiency, 
and—most of all—hyperparathyroidism, but overall failed to 
meet expectations.4–6 This sobering observation calls for a 
paradigm shift. A 2023 KDIGO controversies meeting sug
gested a holistic approach to replace the current parathyroid 
hormone–centric approach and to that end also introduced 
the terms CKD-associated cardiovascular disease and oste
oporosis. It was emphasized that CKD-MBD results from the 
individual and combined effects of traditional and CKD- 
specific risk factors, the latter including the interplay of 
disturbances to mineral metabolism, uremic toxins, and the 
immune, endocrine, neurohormonal, and gut systems.7 This 
line of reasoning aligns with the increased awareness of 
interorgan crosstalk as having an important role in health 
and disease.8

Tryptophan metabolites may modulate the immune, 
metabolic, and neuronal responses at both local and distant 
sites,9,10 positioning meta-organismal tryptophan meta
bolism as a promising therapeutic target. Meta-organism is 
defined as the combination and interactions of the macro
scopic host (animals or plants) and all the microbial agents 
(bacteria, archaea, fungi, etc.). A key concept is that these 
interactions are bidirectional, with the host shaping its 
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microbiota and, in turn, being influenced by it.11 Meta- 
organismal tryptophan metabolism is disturbed in aging 
and chronic inflammatory conditions.12,13 Acknowledging 
CKD as a state of microinflammation and premature aging,14

it is likely that tryptophan metabolism is disturbed in CKD as 
well. Tryptophan metabolites, furthermore, are largely 
cleared by the kidneys and thus accumulate in the setting of 
CKD.15 As such, many of these metabolites are classified as 
uremic toxins, with harmful effects being reported on the 
cardiovascular system, skeleton, and the kidney. Further 
adding to the complexity of the disorder, other gut-derived 
uremic toxins such as trimethylamine and its oxidized de
rivative trimethylamine-N-oxide have also emerged as 
important contributors to CKD-associated cardiovascular 
and skeletal complications.16

In this review, we dissect the accumulating evidence 
pointing toward tryptophan dysmetabolism and metabolites 
as drivers of CKD-associated cardiovascular disease and 
osteoporosis. These insights add another level of complexity 
to the pathogenesis of CKD-MBD but also create novel 
therapeutic opportunities.

Meta-organismal tryptophan metabolism in health and CKD
Tryptophan is the largest of the 9 essential amino acids.17 It 
is notably found in dairy, soy, bread, and fruits such as ba
nanas. Dietary tryptophan is either used for protein synthesis 
or metabolized via 4 distinct pathways: the endogenous 
kynurenine, serotonin, and interleukin-4–induced 1 path
ways, and the microbial indole pathway.9 The kynurenine 
pathway accounts for 95% of tryptophan utilization and in
volves the rate-limiting enzymes tryptophan 2,3-dioxygenase 
and indoleamine 2,3-dioxygenase 1 and 2 (IDO1 and IDO2). 
IDO1 and IDO2 both catalyze the same reaction but differ in 
that IDO2 has a much lower affinity for tryptophan than 
IDO1. Tryptophan 2,3-dioxygenase is located primarily in 
the liver, is constitutively expressed, and is responsible for 
the production of most of the kynurenine in the circulation, 
at least under basal conditions; in contrast, IDO is expressed 
in multiple cell types including mesenchymal stem cells and 
macrophages to regulate local tryptophan breakdown. IDO1 
and IDO2 are inducible by inflammation, primarily by 
interferon-γ, and the resulting tryptophan depletion is sug
gested to attenuate immune responses.18,19 IDO functions at 
the interface between inflammation and tolerance, regulating 
and fine-tuning immune homeostasis while establishing an 
environment that supports mechanisms of self-tolerance.20

Kynurenine is the main initial stable metabolic product of 
the enzymatic breakdown of tryptophan. The kynurenine/ 
tryptophan ratio has been considered a proxy of IDO1 ac
tivity, but its validity can be questioned in the setting of 
CKD.21,22 Downstream, the kynurenine pathway produces a 
plethora of metabolites along the nicotinamide adenine 
dinucleotide, picolinic, and kynurenic acid branches. The 
second endogenous pathway encompasses the conversion of 
tryptophan into serotonin (5-hydroxytryptamine) by the 
enzyme tryptophan hydroxylase 1 in enterochromaffin cells 

in the gut and beyond. The interleukin-4–induced 1 pathway 
is mainly operational in cancer cells and produces indo-3 
pyruvic acid, which subsequently is converted into indole- 
3-acetic acid, indole-3-lactic acid, or kynurenic acid.23,24

Dietary tryptophan escaping intestinal absorption is 
metabolized by gut microbiota via the indole pyruvate 
pathway into a myriad of metabolites, including indole. 
Indole is absorbed and subsequently metabolized by phase I 
and II detoxification pathways in the liver, with indoxyl 
sulfate representing the major end product (Figure 1). The 
importance of microbial tryptophan metabolism is suggested 
by the observation of increased levels of circulating trypto
phan in germ-free mice.25 Microbial tryptophan metabolites 
may affect both the gut ecosystem and distant organs.9,10,26,27

Once in the systemic circulation, most tryptophan me
tabolites (kynurenine, kynurenic acid, indoxyl sulfate, 
indole-3-acetic acid, melatonin, and quinolinic acid)15 rely 
on renal tubular secretion, involving organic anion trans
porter 1 and 3, for their systemic clearance, because of tight 
protein-binding. Remote sensing and signaling in kidney 
proximal tubules stimulate gut microbiome–derived organic 
anion removal, further strengthening the concept of inter
organ crosstalk.28

Both endogenous and microbial tryptophan metabolites 
may have direct cellular effects but are also ligands of the aryl 
hydrocarbon receptor (AhR). The AhR, located in the cyto
plasm of numerous cell types, is a member of the PER- 
ARNT-SIM Q8superfamily of transcription factors. In its inac
tive cytoplasmic state, the AhR is part of a multiprotein 
complex that includes a 90 kDa dimer of heat shock protein 
(HSP90), the AIP (or XAP2) protein, the cochaperone p23, 
and the protein kinase SRC Q9.29 After ligand binding, the AhR 
is freed from the protein complex, and it migrates to the 
nucleus where it binds ARNT Q10and acts as a transcription 
factor by binding to the xenobiotic response element in the 
promoter of many genes involved in detoxification (CYP1A1, 
AHRR, etc.). The AhR can modulate the activation of various 
transcription factors such as the nuclear factor κB but can 
also interact with cytosolic proteins and act as an E3 ubiq
uitin ligand, regulating the half-life of various proteins, such 
as tissue factor.30 Importantly, downstream effects are 
context dependent, with properties of the ligand, exposure 
kinetics, species, and type of cell all being relevant.31

Mounting evidence indicates that tryptophan metabolites 
play an important role in maintaining homeostasis in several 
organ systems. With regard to the immune system, indo
leacrylic acid and indole-3-propionic acid directly stimulate 
the secretion of the anti-inflammatory cytokine interleukin- 
10 in macrophages, and inhibit the secretion of proin
flammatory cytokines interleukin-1β and interleukin-6 in 
peripheral blood mononuclear cells and tumor necrosis 
factor-α in innate immune cells.32 In the gut, several mi
crobial tryptophan metabolites have been shown to syner
gistically activate the AhR and play a crucial role in 
maintaining the gut barrier integrity.27,33,34 In parallel, 5- 
hydroxytryptophan, a metabolite of the endogenous 
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serotonin pathway, can communicate signals from the gut to 
local neurons, and disturbing this signaling causes gut 
motility alterations.35 5-Hydroxytryptophan cannot cross the 
blood-brain barrier but can be metabolized from tryptophan 
in the brain where it acts as a key neurotransmitter involved 
in the regulation of sleep and emotions.36

A disturbed tryptophan metabolism has been reported in 
several diseases,37,38 but whether it is a cause or consequence 
of the disease is a matter of debate.39 Information on the 
impact of CKD on tryptophan metabolism is scanty. Several 
lines of evidence indicate that CKD is a state of chronic 
microinflammation, which activates enzymes such as IDO1. 
This promotes a metabolic shift of tryptophan catabolism 
toward the kynurenine pathway, at the expense of the indole 
and serotonin pathways.40 Moreover, recent data combining 
a CKD mouse model and a human CKD cohort suggest a 
second shift in the kynurenine pathway itself from nicotin
amide adenine dinucleotide to kynurenic acid production.41

These shifts may confer cardiovascular and skeletal risks, but 
may also provoke constipation, sleep disorders, and neuro
psychiatric disorders, all prevalent complications in patients 
with CKD.

Furthermore, CKD causes the accumulation of trypto
phan metabolites, which, independent of alterations of 
tryptophan metabolism, may confer harm, either through 
direct toxicity or through activating the AhR.

Role of tryptophan dysmetabolism and tryptophan 
metabolites in CKD-associated cardiovascular disease
Growing evidence points toward disturbed tryptophan 
metabolism and accumulation of tryptophan metabolites as 
drivers of CKD-associated cardiovascular disease. Although 
an increase in IDO1 expression may be atheroprotective,39

deviation of downstream kynurenine metabolism toward the 
quinolinic branch37 and impaired conversion of quinolinic 
acid into nicotinamide adenine dinucleotide,42 conversely, 
may confer cardiovascular risks. It may be hypothesized that 
increased IDO1 activity, being protective in the acute phase, 
may turn maladaptive when chronically activated, for 
example, by inflammation. Several tryptophan metabolites 
generate intracellular oxidative stress (independent of AhR 
activation), and as such may trigger harmful cellular 
phenotypic changes both in the vasculature and the 
heart.43,44
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Figure 1 | Tryptophan metabolization pathways. Tryptophan (Trp) can either be used for protein synthesis or metabolized via 4 
pathways: the kynurenine pathway involves the tryptophan 2,3-dioxygenase (TDO) in the liver and the indoleamine 2,3-dioxygenase 1 and 2 
(IDO1 and IDO2) in mesenchymal cells and macrophages. IDO1 is inducible by inflammation. The serotonin pathway involves the tryptophan 
hydroxylase 1 in the enterochromaffin cells in the gut. The interleukin-4–induced 1 (IL4I1) pathway produces indole-3-pyruvic acid, which can 
be further metabolized into kynurenic acid, indole-3-acetic acid (IAA), or indole-3-lactic acid (ILA). The indole pathway involves 3 different 
enzymes possessed by different bacteria: the tryptophan dehydrogenase converts tryptophan into tryptamine, which is subsequently 
metabolized into IAA and indole-3-aldehyde (IAld). Tryptophanase can produce 3-indolepropionic acid (IPA) and indole, which will be 
converted into indoxyl sulfate in the liver after entering circulation. Aromatic amino acid aminotransferase converts tryptophan into ILA, 
indole-3-acrylic acid (IA), and IAA. NAD, nicotinamide adenine dinucleotide. Q14
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Furthermore, the accumulation of tryptophan metabolites 
in CKD renders CKD a state of “AhR overactivity.”45 An 
increased AhR activity has also been reported in a CKD mice 
model in various tissues (e.g., brain, aorta, heart, and kid
ney).46 AhR overactivity may confer cardiovascular harm by 
triggering vascular inflammation, calcification, and rarefac
tion through various mechanisms,47–54 and increase throm
bogenicity, either by activating platelets or by increasing the 
expression and activity of tissue factor55–57 (Figure 2).

Several clinical studies have shown an association of 
specific tryptophan metabolites,58 circulating AhR activity,57

and markers of IDO1 activity59,60 with cardiovascular 
morbidity and mortality.41

Role of tryptophan dysmetabolism and metabolites in 
CKD-associated osteoporosis
Tryptophan metabolites may promote a negative bone min
eral balance by disturbing osteoblastogenesis61–64 and/or by 
promoting osteoclastogenesis,65,66 at least in part involving 
altered AhR signaling. AhR signaling is closely connected to 

key signaling pathways related to bone remodeling, including 
the nuclear factor κB, Wnt, mitogen-activated protein ki
nases,67 and nuclear factor erythroid 2–related factor 2 
signaling pathways. AhR− /− mice with systemic or osteoclast- 
specific deficiencies in AhR expression exhibit increased bone 
mass with decreased bone resorption, and bone resorption 
increases in mice overexpressing constitutively activated 
AhR.66 Evidence indicates that the AhR is a positive regulator 
of osteoclastogenesis in vitro by mediating various activities of 
myeloid-lineage cells. Similarly, smoke carcinogens cause 
bone loss through AhR-dependent osteoclastogenesis.68

Indeed, the smoke toxin benzo(a)pyrene is an AhR ligand. 
Genetic and pharmacologic evidence demonstrates that 
benzo[a]pyrene and AhR agonists act through AhR-regulated 
detoxifying enzymes CYP1A1, CYP1A2, and CYP1B1 to 
stimulate osteoclastogenesis. AhR overactivity has been 
associated with decreased bone mass and strength in a uremic 
animal model,69 but confirmatory clinical data are scarce.

Acknowledging the intricate relationship between the 
skeleton and the immune system,70 it has been speculated 
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Figure 2 | Tryptophan dysmetabolism Q15and chronic kidney disease (CKD)–associated cardiovascular disease. Indoxyl sulfate (IS) and 
indole-3-acetic acid (IAA) accumulate in CKD due to reduced renal clearance and poor dialysis removal. This accumulation leads to aryl 
hydrocarbon receptor (AhR) overactivation, which in turn (i) reduces the liver production of fetuin-A, a key anticalcification protein; (ii) causes 
cardiac hypertrophy and fibrosis; (iii) increases the production of reactive oxygen species (ROS) and inflammatory cytokines, leading to 
impaired angiogenesis; and (iv) increases tissue factor (TF) expression and activity, contributing to increased thrombotic risk. IS and IAA can 
also directly increase platelet activity. The inhibitory effect of klotho on platelet overactivity is decreased because of reduced klotho levels in 
CKD. IL, interleukin.
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that tryptophan dysmetabolism may compromise bone 
health through the immune system.20,71 AhR signaling may 
cause the expansion of both Th17 and Treg cells in a ligand- 
dependent manner.72 The Treg-Th17 balance is increasingly 
recognized to be crucial in regulating bone destruction not 
only in classic chronic inflammatory diseases such as rheu
matoid arthritis, inflammatory bowel disease, and peri
odontitis, but also in the osteoporosis of postmenopausal 
women. It is therefore a promising pathway to be further 
explored in CKD-associated osteoporosis.73–76

Patients with fragility hip fractures and a low femoral 
bone mass were characterized by high kynurenine levels in 
the bone marrow.77 Interestingly, high kynurenine concen
trations were associated with increased TRAP-5bQ11 and re
ceptor activator of NF-κB ligand levels. However, in 
aggregate, experimental and clinical data overall reveal both 
beneficial and adverse skeletal effects of increased AhR 
signaling.29 This heterogeneity may be explained by the 
specific conditions of experimental settings examining the 
effect of different ligands (e.g., exposure kinetics, cell type, 
and culture medium) all playing a decisive role.78–80 While 
kynurenic acid showed bone catabolic properties, picolinic 
and quinolinic acid were found to exhibit anabolic proper
ties.81 The skeletal effects of indoxyl sulfate and kynurenine 
are modified by parathyroid hormone and male sex steroids, 
respectively.79,82 Bone outcomes may also depend on the 

production site, with gut-derived serotonin inhibiting bone 
formation, while brain-derived serotonin promoting bone 
mass gain.83,84 Most importantly, studies so far focused on a 
single AhR ligand, thereby ignoring the complexity of the 
in vivo situation. Indeed, in vivo, bone metabolism reflects 
the impact of a myriad of exogenous and endogenous AhR 
ligands acting in concert with a multitude of humoral and 
hormonal effectors.

Role of tryptophan dysmetabolism and tryptophan 
metabolites in CKD-associated inflammation
Inflammation is increasingly recognized to be involved in 
the pathogenesis of CKD-associated osteoporosis and car
diovascular disease85 and as such represents an important 
therapeutic target. A plethora of endogenous and exogenous 
mediators are known to induce inflammation in the CKD 
setting. Tryptophan metabolites can elicit inflammation 
either directly by activating well-defined cellular inflam
matory pathways or indirectly by inducing cellular 
senescence.85 In recent years, the disruption of the 
epithelial barrier has emerged as another important culprit 
in this context. Its pathogenesis is multifactorial and in
cludes sympathetic overactivity, intestinal congestion, 
hypogonadism, an increased exposure to urea-derived 
ammonia and ammonium hydroxide, and depletion of 
short-chain fatty acids as important drivers. Tryptophan 
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Figure 3 | Tryptophan dysmetabolism and inflammation. Factors associated with a disrupted gut epithelial barrier. Interleukin-22 (IL-22) 
produced by lymphoid cells acts as a key protector of intestinal barrier integrity through tight junction protein regulation and antimicrobial 
peptide production. Systemic inflammation associated with chronic kidney disease induces indoleamine 2,3-dioxygenase 1 (IDO1) 
overactivation, driving tryptophan metabolization through the kynurenine pathway, thereby decreasing indole production and therefore 
intestinal aryl hydrocarbon receptor activation. The subsequent decrease in interleukin (IL)-22 production contributes to intestinal barrier 
disruption. This increases the leakage of endotoxins and lipopolysaccharide (LPS), fueling inflammation in a vicious circle.
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dysmetabolism is increasingly recognized as another po
tential pathogenic factor. Increased intestinal IDO1 activity 
translates into increased production of kynurenines at the 
expense of generation of indole derivatives by gut micro
biota.86 Indoles control the regeneration of intestinal 
epithelial cells, expression of tight junction proteins, and the 
production of antimicrobial peptides indirectly through 
AhR activation in lymphoid cells, which in turn produce 
interleukin-22,27 a cytokine with well-known effects on in
testinal homeostasis.86,87 The susceptibility of colitis in
duction in germ-free or AhR knock-out mice illustrates the 
importance of microbial tryptophan metabolites.33 Howev
er, further validation in the context of CKD is warranted, as 
transcriptomic data from human CKD cohorts and from 

animals with experimental CKD do not consistently show 
elevated IDO1 expression (Björn Meijers et al., unpublished 
observations). Disruption of the gut epithelial barrier en
ables entry of lipopolysaccharides and other microbiota- 
associated molecular patterns into the systemic circula
tion, which in turn elicit a systemic inflammatory response 
and contribute to pathologic processes in distant organs 
(Figure 3). Lipopolysaccharides from Gram-negative bac
teria can be recognized by Toll-like receptor-4, leading to 
the activation of MyD88, nuclear factor κB, and mitogen- 
activated protein kinase signaling, which promotes inflam
mation in the intestinal wall and beyond, thereby fueling a 
vicious feed-forward cycle. A similar pattern has been 
described in obesity.86
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Therapeutic perspectives
The generation, elimination, and signaling of tryptophan 
metabolites may be targeted by dietary, nutraceutical, and 
pharmacologic means. A 2024 translational study showed 
that dietary fiber may direct microbial tryptophan meta
bolism via metabolic interactions in the gut microbiota. 
Specifically, dietary fiber repressed tryptophanase expression, 
thereby allowing tryptophan to be metabolized to protective 
indole-3-propionic acid.88 These findings are corroborated 
by clinical studies showing reduced indoxyl sulfate and 
increased indole-3-propionic acid levels in individuals 
consuming a high dietary fiber diet.89,90

Most tryptophan metabolites are strongly bound to al
bumin. Consequently, removal by conventional dialysis is 
poor. The development of new strategies to improve the 
clearance of protein-bound uremic toxins could improve the 
prognosis of patients. Assuming that the adverse health ef
fects of tryptophan metabolites are mainly mediated by AhR 
signaling, AhR blockers or modulators may represent a 
promising therapeutic option model.54 Both synthetic 
chemicals and phytochemicals may serve this goal. Several 
synthetic small molecules targeting AHR signaling have the 
potential to be used in cancer immunotherapy approaches91

and may theoretically also confer skeletal and cardiovascular 
benefits. Polyphenols are a class of compounds found in 
many plant foods. They are overall perceived as health- 
promoting nutraceuticals. Among them, resveratrol, which 
is found in berries, peanuts, and grapes, has not only anti- 
inflammatory and antioxidative properties but also the 
ability to inhibit the AhR.92 In a series of experimental 
studies, resveratrol was shown to reduce indoxyl sulfate– 
induced oxidative stress and to restore osteoblasto
genesis.62,93 Clinical trials with resveratrol are scarce and 
yielded inconsistent findings. A 2024 randomized controlled 
trial in 28 CKD patients with diabetes showed improved 
endothelial function in the resveratrol group.94 In another 
trial, a 4-week daily supplementation with 500 mg of 
resveratrol, however, failed to substantially impact Nrf2 and 
nuclear factor κB expression in nondialyzed patients with 
CKD.95 Both differences in resveratrol dosing and formu
lation may account, at least partly, for inconsistent results. 
Urolithins, that is, compounds partly originating from mi
crobial metabolism of the polyphenol ellagic acid, have been 
historically associated with similar health benefits as 
resveratrol, namely antioxidant, anticancer, and anti- 
inflammatory properties.96 In 2018, Muku et al.97 sug
gested that these beneficial effects may be mediated through 
inhibition of AhR as they demonstrated that urolithin A 
could bind to AhR, antagonize the effect of the AhR ligand 
2,3,7,8-tetrachlorodibenzo-p-dioxin, and attenuate the 
cytokine-induced interleukin-6 production in vitro. To date, 
highly specific AhR antagonists have been scarcely tested in 
experimental CKD models, and no selective AhR blockers 
have been administered to human patients with CKD, 
highlighting the need for further preclinical and clinical 
studies to evaluate safety and efficacy.

Conclusion
CKD-MBD remains a major therapeutic challenge. Current 
paradigm promotes a holistic approach to replace the para
thyroid hormone-calcium phosphate–centric approach. 
Meta-organismal tryptophan dysmetabolism and AhR over
activity are common features of CKD and may be involved in 
the pathogenesis of CKD-associated osteoporosis and car
diovascular disease. While adding another level of 
complexity to the pathogenesis of CKD-MBD, these insights 
also create novel therapeutic opportunities. Numerous 
nutraceuticals have AhR inhibiting properties and as such 
may prove to be useful adjuncts to conventional therapies, 
along the “food as medicine”concept.98

DISCLOSURE
GF reports grants from the FNRS Q12Research Fund. DS reports grants 
from the FWO Research Fund. LL reports consulting fees, honoraria, 
and support for attending meetings/travel from Vifor MedCare 
Pharma. PE reports consulting fees from Vifor CSL, honoraria from 
UCB, support for attending meetings/travel from Astellas, and 
leadership roles (paid or unpaid) as EUROD Chair (ERA) and in Kidney 
Disease: Improving Global Outcomes (KDIGO) CKD-MBD Q13. All the 
authors declared no competing interests.

REFERENCES
1. Mills KT, Xu Y, Zhang W, et al. A systematic analysis of worldwide 

population-based data on the global burden of chronic kidney disease 
in 2010. Kidney Int. 2015;88:950–957.

2. Foreman KJ, Marquez N, Dolgert A, et al. Forecasting life expectancy, 
years of life lost, and all-cause and cause-specific mortality for 250 
causes of death: reference and alternative scenarios for 2016-40 for 195 
countries and territories. Lancet Lond Engl. 2018;392:2052–2090.

3. Moe S, Drüeke T, Cunningham J, et al. Definition, evaluation, and 
classification of renal osteodystrophy: a position statement from Kidney 
Disease: Improving Global Outcomes (KDIGO). Kidney Int. 2006;69:1945– 
1953.

4. Fouque D, Roth H, Pelletier S, et al. Control of mineral metabolism and 
bone disease in haemodialysis patients: which optimal targets? Nephrol 
Dial Transplant. 2013;28:360–367.

5. St Peter WL, Wazny LD, Weinhandl ED. Phosphate-binder use in US 
dialysis patients: prevalence, costs, evidence, and policies. Am J Kidney 
Dis. 2018;71:246–253.

6. Lioufas NM, Pascoe EM, Hawley CM, et al. Systematic review and meta- 
analyses of the effects of phosphate-lowering agents in nondialysis CKD. 
J Am Soc Nephrol. 2022;33:59–76.

7. Ketteler M, Evenepoel P, Holden RM, et al. Chronic kidney disease- 
mineral and bone disorder: conclusions from a Kidney Disease: 
Improving Global Outcomes (KDIGO) controversies conference. Kidney 
Int. 2025;107:405–423.

8. Nigam SK, Bush KT. Uraemic syndrome of chronic kidney disease: altered 
remote sensing and signalling. Nat Rev Nephrol. 2019;15:301–316.

9. Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan 
metabolism in health and disease. Cell Host Microbe. 2018;23:716–724.

10. Madella AM, Van Bergenhenegouwen J, Garssen J, et al. Microbial- 
derived tryptophan catabolites, kidney disease and gut inflammation. 
Toxins. 2022;14:645.

11. Bosch TCG, McFall-Ngai MJ. Metaorganisms as the new frontier. Zool 
Jena Ger. 2011;114:185–190.

12. Sorgdrager FJH, Naudé PJW, Kema IP, et al. Tryptophan metabolism in 
inflammaging: from biomarker to therapeutic target. Front Immunol. 
2019;10:2565.

13. Gupta SK, Vyavahare S, Duchesne Blanes IL, et al. Microbiota-derived 
tryptophan metabolism: impacts on health, aging, and disease. Exp 
Gerontol. 2023;183:112319.

14. Schefold JC, Zeden JP, Fotopoulou C, et al. Increased indoleamine 2,3- 
dioxygenase (IDO) activity and elevated serum levels of tryptophan 
catabolites in patients with chronic kidney disease: a possible link 

G Fernandes et al.: Tryptophan metabolism in CKD-MBD m i n i  r e v i e w

SSU 5.7.0 DTD � KINT4498_proof � 9 January 2026 � ce 

Kidney International (2026) ■, ■–■ 7

667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722

723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778



between chronic inflammation and uraemic symptoms. Nephrol Dial 
Transplant. 2009;24:1901–1908.

15. Vanholder R, De Smet R, Glorieux G, et al. Review on uremic toxins: 
classification, concentration, and interindividual variability. Kidney Int. 
2003;63:1934–1943.

16. Glorieux G, Burtey S, Evenepoel P, et al. A guide to uraemic toxicity. Nat 
Rev Nephrol. 2026;22:50–68.

17. Alkhalaf LM, Ryan KS. Biosynthetic manipulation of tryptophan in 
bacteria: pathways and mechanisms. Chem Biol. 2015;22:317–328.

18. Jones SP, Franco NF, Varney B, et al. Expression of the kynurenine 
pathway in human peripheral blood mononuclear cells: implications for 
inflammatory and neurodegenerative disease. PloS One. 2015;10: 
e0131389.

19. Cole JE, Astola N, Cribbs AP, et al. Indoleamine 2,3-dioxygenase-1 is 
protective in atherosclerosis and its metabolites provide new 
opportunities for drug development. Proc Natl Acad Sci U S A. 2015;112: 
13033–13038.

20. Maria NI, van Helden-Meeuwsen CG, Brkic Z, et al. Association of 
increased Treg cell levels with elevated indoleamine 2,3-dioxygenase 
activity and an imbalanced kynurenine pathway in interferon-positive 
primary Sjögren’s syndrome. Arthritis Rheumatol. 2016;68:1688–1699.

21. Badawy AAB, Guillemin G. The plasma [kynurenine]/[tryptophan] ratio 
and indoleamine 2,3-dioxygenase: time for appraisal. Int J Tryptophan 
Res. 2019;12:1178646919868978.

22. Chen Y, Xie Z, Xiao C, et al. Peripheral kynurenine/tryptophan ratio is not 
a reliable marker of systemic indoleamine 2,3-dioxygenase: a lesson 
drawn from patients on hemodialysis. Oncotarget. 2017;8:25261–25269.

23. Lefrère A, Burtey S, Bobot S, et al. Depression in chronic kidney disease: 
particularities, specific mechanisms and therapeutic considerations, a 
narrative review. Behav Brain Res. 2025;483:115467.

24. Sadik A, Somarribas Patterson LF, Öztürk S, et al. IL4I1 is a metabolic 
immune checkpoint that activates the AHR and promotes tumor 
progression. Cell. 2020;182:1252–1270.e34.

25. Dodd D, Spitzer MH, Van Treuren W, et al. A gut bacterial pathway 
metabolizes aromatic amino acids into nine circulating metabolites. 
Nature. 2017;551:648–652.

26. Paeslack N, Mimmler M, Becker S, et al. Microbiota-derived tryptophan 
metabolites in vascular inflammation and cardiovascular disease. Amino 
Acids. 2022;54:1339–1356.

27. Zelante T, Iannitti RG, Cunha C, et al. Tryptophan catabolites from 
microbiota engage aryl hydrocarbon receptor and balance mucosal 
reactivity via interleukin-22. Immunity. 2013;39:372–385.

28. Granados JC, Richelle A, Gutierrez JM, et al. Coordinate regulation of 
systemic and kidney tryptophan metabolism by the drug transporters 
OAT1 and OAT3. J Biol Chem. 2021;296:100575.

29. Vyavahare S, Ahluwalia P, Gupta SK, et al. The role of aryl hydrocarbon 
receptor in bone biology. Int J Tryptophan Res. 2024;17: 
11786469241246674.

30. Ravid JD, Kamel MH, Chitalia VC. Uraemic solutes as therapeutic targets 
in CKD-associated cardiovascular disease. Nat Rev Nephrol. 2021;17:402– 
416.

31. Rothhammer V, Quintana FJ. The aryl hydrocarbon receptor: an 
environmental sensor integrating immune responses in health and 
disease. Nat Rev Immunol. 2019;19:184–197.

32. Wlodarska M, Luo C, Kolde R, et al. Indoleacrylic acid produced by 
commensal peptostreptococcus species suppresses inflammation. Cell 
Host Microbe. 2017;22:25–37.e6.

33. Chng SH, Kundu P, Dominguez-Brauer C, et al. Ablating the aryl 
hydrocarbon receptor (AhR) in CD11c+ cells perturbs intestinal 
epithelium development and intestinal immunity. Sci Rep. 2016;6:23820.

34. Vrzalová A, Pe�cinková P, Illés P, et al. Mixture effects of tryptophan 
intestinal microbial metabolites on aryl hydrocarbon receptor activity. 
Int J Mol Sci. 2022;23:10825.

35. Mawe GM, Hoffman JM. Serotonin signalling in the gut—functions, 
dysfunctions and therapeutic targets. Nat Rev Gastroenterol Hepatol. 
2013;10:473–486.

36. Jenkins TA, Nguyen JCD, Polglaze KE, Bertrand PP. Influence of 
tryptophan and serotonin on mood and cognition with a possible role 
of the gut-brain axis. Nutrients. 2016;8:56.

37. Baumgartner R, Berg M, Matic L, et al. Evidence that a deviation in the 
kynurenine pathway aggravates atherosclerotic disease in humans. 
J Intern Med. 2021;289:53–68.

38. Xue C, Li G, Zheng Q, et al. Tryptophan metabolism in health and 
disease. Cell Metab. 2023;35:1304–1326.

39. Ketelhuth DFJ. The immunometabolic role of indoleamine 2,3- 
dioxygenase in atherosclerotic cardiovascular disease: immune 
homeostatic mechanisms in the artery wall. Cardiovasc Res. 2019;115: 
1408–1415.

40. Salminen A. Role of indoleamine 2,3-dioxygenase 1 (IDO1) and 
kynurenine pathway in the regulation of the aging process. Ageing Res 
Rev. 2022;75:101573.

41. Chamieh CE, Liabeuf S, Larabi IA, et al. Uncovering the link between 
kynurenic acid pathway and kidney failure. Kidney Int Rep. 2025;10: 
1404–1414.

42. Bignon Y, Rinaldi A, Nadour Z, et al. Cell stress response impairs de novo 
NAD+ biosynthesis in the kidney. JCI Insight. 2022;7:e153019.

43. Yisireyili M, Shimizu H, Saito S, et al. Indoxyl sulfate promotes cardiac 
fibrosis with enhanced oxidative stress in hypertensive rats. Life Sci. 
2013;92:1180–1185.

44. Song P, Zou MH. Redox regulation of endothelial cell fate. Cell Mol Life 
Sci. 2014;71:3219–3239.

45. Dou L, Poitevin S, Sallée M, et al. Aryl hydrocarbon receptor is activated 
in patients and mice with chronic kidney disease. Kidney Int. 2018;93: 
986–999.

46. Walker JA, Richards S, Belghasem ME, et al. Temporal and tissue-specific 
activation of aryl hydrocarbon receptor in discrete mouse models of 
kidney disease. Kidney Int. 2020;97:538–550.

47. Adelibieke Y, Yisireyili M, Ng HY, et al. Indoxyl sulfate induces IL-6 
expression in vascular endothelial and smooth muscle cells through 
OAT3-mediated uptake and activation of AhR/NF-κB pathway. Nephron 
Exp Nephrol. 2014;128:1–8.

48. Bouabdallah J, Zibara K, Issa H, et al. Endothelial cells exposed to 
phosphate and indoxyl sulphate promote vascular calcification through 
interleukin-8 secretion. Nephrol Dial Transplant. 2019;34:1125–1134.

49. Dou L, Sallée M, Cerini C, et al. The cardiovascular effect of the uremic 
solute indole-3 acetic acid. J Am Soc Nephrol. 2015;26:876–887.

50. Opdebeeck B, Maudsley S, Azmi A, et al. Indoxyl sulfate and p-cresyl 
sulfate promote vascular calcification and associate with glucose 
intolerance. J Am Soc Nephrol. 2019;30:751–766.

51. Muteliefu G, Shimizu H, Enomoto A, et al. Indoxyl sulfate promotes 
vascular smooth muscle cell senescence with upregulation of p53, p21, 
and prelamin A through oxidative stress. Am J Physiol Cell Physiol. 
2012;303:C126–C134.

52. Ochi A, Mori K, Nakatani S, et al. Indoxyl sulfate suppresses hepatic 
fetuin-A expression via the aryl hydrocarbon receptor in HepG2 cells. 
Nephrol Dial Transplant. 2015;30:1683–1692.

53. Arinze NV, Yin W, Lotfollahzadeh S, et al. Tryptophan metabolites 
suppress the Wnt pathway and promote adverse limb events in chronic 
kidney disease. J Clin Invest. 2022;132:e142260.

54. Nguyen C, Edgley AJ, Kelly DJ, Kompa AR. Aryl hydrocarbon receptor 
inhibition restores indoxyl sulfate-mediated endothelial dysfunction in 
rat aortic rings. Toxins. 2022;14:100.

55. Gondouin B, Cerini C, Dou L, et al. Indolic uremic solutes increase tissue 
factor production in endothelial cells by the aryl hydrocarbon receptor 
pathway. Kidney Int. 2013;84:733–744.

56. Yang K, Du C, Wang X, et al. Indoxyl sulfate induces platelet 
hyperactivity and contributes to chronic kidney disease-associated 
thrombosis in mice. Blood. 2017;129:2667–2679.

57. Kolachalama VB, Shashar M, Alousi F, et al. Uremic solute-aryl 
hydrocarbon receptor-tissue factor axis associates with thrombosis after 
vascular injury in humans. J Am Soc Nephrol. 2018;29:1063–1072.

58. Barreto FC, Barreto DV, Liabeuf S, et al. Serum indoxyl sulfate is 
associated with vascular disease and mortality in chronic kidney disease 
patients. Clin J Am Soc Nephrol. 2009;4:1551–1558.

59. Pawlak K, Domaniewski T, Mysliwiec M, Pawlak D. The kynurenines are 
associated with oxidative stress, inflammation and the prevalence of 
cardiovascular disease in patients with end-stage renal disease. 
Atherosclerosis. 2009;204:309–314.

60. Pedersen ER, Svingen GFT, Schartum-Hansen H, et al. Urinary 
excretion of kynurenine and tryptophan, cardiovascular events, 
and mortality after elective coronary angiography. Eur Heart J. 2013;34: 
2689–2696.

61. Hsieh CW, Chang LH, Wang YH, et al. Indoxyl sulfate inhibits 
osteogenesis in bone marrow mesenchymal stem cells through the 
AhR/Hes1 pathway. Int J Mol Sci. 2024;25:8770.

62. Liu WC, Shyu JF, Lin YF, et al. Resveratrol rescue indoxyl sulfate-induced 
deterioration of osteoblastogenesis via the aryl hydrocarbon receptor 
/MAPK pathway. Int J Mol Sci. 2020;21:7483.

m i n i  r e v i e w  G Fernandes et al.: Tryptophan metabolism in CKD-MBD

SSU 5.7.0 DTD � KINT4498_proof � 9 January 2026 � ce 

8 Kidney International (2026) ■, ■–■

779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834

835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890



63. Pierce JL, Roberts RL, Yu K, et al. Kynurenine suppresses osteoblastic cell 
energetics in vitro and osteoblast numbers in vivo. Exp Gerontol. 
2020;130:110818.

64. Nii-Kono T, Iwasaki Y, Uchida M, et al. Indoxyl sulfate induces skeletal 
resistance to parathyroid hormone in cultured osteoblastic cells. Kidney 
Int. 2007;71:738–743.

65. Liu WC, Shyu JF, Lim PS, et al. Concentration and duration of indoxyl 
sulfate exposure affects osteoclastogenesis by regulating NFATc1 via 
aryl hydrocarbon receptor. Int J Mol Sci. 2020;21:3486.

66. Yu T yong, Kondo T, Matsumoto T, et al. Aryl hydrocarbon receptor 
catabolic activity in bone metabolism is osteoclast dependent in vivo. 
Biochem Biophys Res Commun. 2014;450:416–422.

67. Yu H, Jiang L, Wan B, et al. The role of aryl hydrocarbon receptor in bone 
remodeling. Prog Biophys Mol Biol. 2018;134:44–49.

68. Iqbal J, Sun L, Cao J, et al. Smoke carcinogens cause bone loss through 
the aryl hydrocarbon receptor and induction of Cyp1 enzymes. Proc Natl 
Acad Sci U S A. 2013;110:11115–11120.

69. Kalaska B, Pawlak K, Domaniewski T, et al. Elevated levels of peripheral 
kynurenine decrease bone strength in rats with chronic kidney disease. 
Front Physiol. 2017;8:836.

70. Takayanagi H. Osteoimmunology and the effects of the immune system 
on bone. Nat Rev Rheumatol. 2009;5:667–676.

71. Pallotta MT, Orabona C, Volpi C, et al. Indoleamine 2,3-dioxygenase is a 
signaling protein in long-term tolerance by dendritic cells. Nat Immunol. 
2011;12:870–878.

72. Ho PP, Steinman L. The aryl hydrocarbon receptor: a regulator of Th17 
and Treg cell development in disease. Cell Res. 2008;18:605–608.

73. Sakthiswary R, Uma Veshaaliini R, Chin KY, et al. Pathomechanisms of 
bone loss in rheumatoid arthritis. Front Med. 2022;9:962969.

74. Ciucci T, Ibáñez L, Boucoiran A, et al. Bone marrow Th17 TNFα cells 
induce osteoclast differentiation, and link bone destruction to IBD. Gut. 
2015;64:1072–1081.

75. Bhadricha H, Patel V, Patil A, et al. Characterization of peripheral T helper 
17 (Th17) cells phenotype in postmenopausal women with estrogen 
insufficiency. Blood Cells Mol Dis. 2023;98:102702.

76. Cafiero C, Gigante M, Brunetti G, et al. Inflammation induces osteoclast 
differentiation from peripheral mononuclear cells in chronic kidney 
disease patients: crosstalk between the immune and bone systems. 
Nephrol Dial Transplant. 2018;33:65–75.

77. Kim BJ, Hamrick MW, Yoo HJ, et al. The detrimental effects of 
kynurenine, a tryptophan metabolite, on human bone metabolism. 
J Clin Endocrinol Metab. 2019;104:2334–2342.

78. Shyu JF, Liu WC, Zheng CM, et al. Toxic effects of indoxyl sulfate on 
osteoclastogenesis and osteoblastogenesis. Int J Mol Sci. 2021;22:11265.

79. Chen NX, O’Neill KD, Wilson HE, et al. The uremic toxin indoxyl sulfate 
decreases osteocyte RANKL/OPG and increases Wnt inhibitor RNA 
expression that is reversed by PTH. JBMR Plus. 2025;9:ziae136.

80. Karbowska M, Pawlak K, Sieklucka B, et al. Dose-dependent exposure to 
indoxyl sulfate alters AHR signaling, sirtuins gene expression, oxidative 
DNA damage, and bone mineral status in rats. Sci Rep. 2024;14:2583.

81. Duque G, Vidal C, Li W, et al. Picolinic acid, a catabolite of tryptophan, has 
an anabolic effect on bone in vivo. J Bone Miner Res. 2020;35:2275–2288.

82. Bensreti H, Yu K, Alhamad DW, et al. Orchiectomy sensitizes cortical 
bone in male mice to the harmful effects of kynurenine. Bone. 2023;173: 
116811.

83. Pawlak D, Znorko B, Kalaska B, et al. LP533401 restores bone health in 5/ 
6 nephrectomized rats by a decrease of gut-derived serotonin and 
regulation of serum phosphate through the inhibition of phosphate co- 
transporters expression in the kidneys. Bone. 2018;113:124–136.

84. Al Saedi A, Sharma S, Summers MA, et al. The multiple faces of 
tryptophan in bone biology. Exp Gerontol. 2020;129:110778.

85. Evenepoel P, Stenvinkel P, Shanahan C, Pacifici R. Inflammation and gut 
dysbiosis as drivers of CKD-MBD. Nat Rev Nephrol. 2023;19:646–657.

86. Laurans L, Venteclef N, Haddad Y, et al. Genetic deficiency of 
indoleamine 2,3-dioxygenase promotes gut microbiota-mediated 
metabolic health. Nat Med. 2018;24:1113–1120.

87. Yang W, Yu T, Huang X, et al. Intestinal microbiota-derived short-chain 
fatty acids regulation of immune cell IL-22 production and gut 
immunity. Nat Commun. 2020;11:4457.

88. Sinha AK, Laursen MF, Brinck JE, et al. Dietary fibre directs microbial 
tryptophan metabolism via metabolic interactions in the gut microbiota. 
Nat Microbiol. 2024;9:1964–1978.

89. Sirich TL, Plummer NS, Gardner CD, et al. Effect of increasing dietary 
fiber on plasma levels of colon-derived solutes in hemodialysis patients. 
Clin J Am Soc Nephrol. 2014;9:1603–1610.

90. Tuomainen M, Lindström J, Lehtonen M, et al. Associations of serum 
indolepropionic acid, a gut microbiota metabolite, with type 2 diabetes 
and low-grade inflammation in high-risk individuals. Nutr Diabetes. 
2018;8:35.

91. Polonio CM, McHale KA, Sherr DH, et al. The aryl hydrocarbon receptor: a 
rehabilitated target for therapeutic immune modulation. Nat Rev Drug 
Discov. 2025;24:610–630.

92. Casper RF, Quesne M, Rogers IM, et al. Resveratrol has antagonist 
activity on the aryl hydrocarbon receptor: implications for prevention of 
dioxin toxicity. Mol Pharmacol. 1999;56:784–790.

93. Alvarenga L, Saldanha JF, Stockler-Pinto MB, et al. Effects of resveratrol 
on inflammation and oxidative stress induced by the uremic toxin 
indoxyl sulfate in murine macrophage-like RAW 264.7. Biochimie. 
2023;213:22–29.

94. Gimblet CJ, Kruse NT, Geasland K, et al. Effect of resveratrol on 
endothelial function in patients with CKD and diabetes: a randomized 
controlled trial. Clin J Am Soc Nephrol. 2024;19:161–168.

95. Alvarenga L, Cardozo LFMF, Leal V de O, et al. Can Resveratrol 
supplementation reduce uremic toxin plasma levels from the gut 
microbiota in nondialyzed patients with chronic kidney disease? J Ren 
Nutr. 2022;32:685–691.

96. Toney AM, Fox D, Chaidez V, et al. Immunomodulatory role of urolithin 
A on metabolic diseases. Biomedicines. 2021;9:192.

97. Muku GE, Murray IA, Espín JC, Perdew GH. Urolithin A is a dietary 
microbiota-derived human aryl hydrocarbon receptor antagonist. 
Metabolites. 2018;8:86.

98. Mafra D, Borges NA, Lindholm B, et al. Food as medicine: targeting the 
uraemic phenotype in chronic kidney disease. Nat Rev Nephrol. 2021;17: 
153–171.

G Fernandes et al.: Tryptophan metabolism in CKD-MBD m i n i  r e v i e w

SSU 5.7.0 DTD � KINT4498_proof � 9 January 2026 � ce 

Kidney International (2026) ■, ■–■ 9

891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941

942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992


	Meta-organismal tryptophan metabolism: an appealing therapeutic target in CKD-MBD
	Meta-organismal tryptophan metabolism in health and CKD
	Role of tryptophan dysmetabolism and tryptophan metabolites in CKD-associated cardiovascular disease
	Role of tryptophan dysmetabolism and metabolites in CKD-associated osteoporosis
	Role of tryptophan dysmetabolism and tryptophan metabolites in CKD-associated inflammation
	Therapeutic perspectives
	Conclusion
	Disclosure
	References


