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Abstract

More than 850 million individuals worldwide, accounting for 10-15% of the adult population, are
estimated to have chronic kidney disease. Each of these individuals is host to tens of trillions of
microorganisms that are collectively referred to as microbiota — a dynamic ecosystem that both
influences host health and is itself influenced by changes in the host. Available evidence supports
the existence of functional connections between resident microorganisms and kidney health that
are altered in the context of specific kidney diseases, including acute kidney injury, chronic kidney
disease and renal stone disease. Moreover, promising data from preclinical studies suggest that
targeting of gut microbial pathways may provide new therapeutic opportunities for the treatment
of kidney disease. This Roadmap describes current understanding of the mechanisms by which
microorganisms regulate host organ function, the effects of kidney disease on the gut microbiome,
and how these insights may contribute to the development of microbe-targeted therapeutics. We
highlight key knowledge gaps that remain to be addressed and strategies for addressing these,
outlining both the promise and the potential pitfalls of leveraging our understanding of the gut
microbiota to better understand and treat kidney disease.

Introduction

Current estimates suggest that 10-15% of the global population are affected by chronic
kidney disease (CKD). Kidney replacement therapy — namely, dialysis or transplantation
— is the only treatment option for patients who progress to kidney failure. Although

life sustaining, dialysis takes a substantial toll on patient quality of life and is associated
with high health care costs. Transplantation is generally associated with better outcomes
than dialysis, but is limited by the number of donor organs. Neither option is universally
available. Thus, novel perspectives that advance our understanding and treatment of CKD to
slow progression to kidney failure are crucial.

Studies over the past decade have highlighted the existence of functional connections
between resident microorganisms and kidney health that are altered in the context of
CKD and acute kidney injury (AKI). These interactions are bidirectional in that the
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microorganisms can influence host health, and conversely, are themselves influenced by
changes in host health (Fig. 1). Some of the effects of microorganisms on the host are
mediated by microbial metabolites such as trimethylamine (TMA), short-chain fatty acids
(SCFAs), and uraemic toxins. These metabolites are produced by microorganisms and
interact with host signalling pathways to alter host function. These findings and others
suggest that the microbiome could represent a therapeutic target to improve kidney health
and slow the progression of disease in patients with CKD. To advance our understanding

of this area and facilitate interactions across disciplines, the National Institutes of Health
(NIH) sponsored a scientific workshop on 28 and 29 May 2024 entitled “Gut Microbiota
and Kidney Disease” that was organized and hosted by the National Institute of Diabetes
and Digestive and Kidney Diseases. This workshop involved attendees with expertise in
diverse fields including nephrology, microbiology and bioengineering, and fostered robust
discussions across a variety of topics including the bidirectional interactions between
microorganisms and the kidney, microorganism—drug interactions in kKidney disease, and the
potential utility of microorganisms as prognostic tools or future therapeutics. This resultant
Roadmap is aimed at documenting the current standing of the field and highlighting key
challenges and opportunities for the future. We highlight studies that have uncovered
insights into the functional interactions between microorganisms and kidney health.
Specifically, we explore whether changes in gut microorganisms are a cause or consequence
of kidney disease and the underlying mechanisms by which these changes occur; available
evidence that supports the prognostic value of microorganisms and their metabolites; how
gut microorganisms may interact with therapeutic agents; and the potential to leverage
microorganisms as therapeutics. Although most studies in this area have focused on CKD,
we also discuss other forms of kidney disease where data are available. In each section,

we emphasize key gaps in knowledge and approaches that are needed to address these gaps
and move the field forward. It is our hope that this Roadmap will serve as a blueprint that
highlights key challenges and opportunities in the field as we strive to leverage this exciting
new area to advance patient care.

Microbial changes in kidney disease

Studies to date strongly suggest a link between the gut microbiome and kidney health,
although the directionality has not been clear. In fact, emerging data suggest that the
relationship is bidirectional.

Influence of chronic kidney disease on the gut microbiome

A substantial body of evidence suggests that CKD influences the microbiome. CKD is
associated with a shift in the composition of microbiota, the functions they carry out

and the production of their metabolites. Such changes are often referred to as dysbiosis;
however, the appropriateness of this terminology is questionable (Box 1). Microbial
metabolites that are altered in the context of CKD include those produced by saccharolytic
fermentation (SCFAs) and protein fermentation (aromatic amino-acid-derived uraemic
toxins)2:3. A systematic review of adults with various kidney diseases reported a higher
relative abundance of Pseudomonadota (previously known as Proteobacteria), unclassified
Enterobacteriaceae, unclassified Enterococcaceae and Streptococcus, and a lower relative

Nat Rev Nephrol. Author manuscript; available in PMC 2025 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bloom et al.

Page 5

abundance of Bacillota (previously Firmicutes), unclassified Prevotellaceae and Prevotella
than that of control individuals without kidney disease®. Interestingly, some of the microbial
changes observed in adults have been validated in children with CKD, and seem to be
largely independent of risk factors such as diabetes mellitus that are common in adults

with CKD?®. In addition, microbial changes that are typical of CKD can resolve after

kidney transplantation; conversely, the (re-)appearance of CKD-typical microbiome changes
can precede kidney transplant rejection®. However, we note that substantial interindividual
variation exists in baseline microbiota composition between individuals, regardless of
disease status. Indeed, CKD-associated microbiome changes are complex and dependent

on environmental factors, such as individual diet and age, and intrinsic host factors that
have not yet been fully elucidated. Thus, changes in the microbiota during disease might be
influenced by the disease itself and by confounding factors, such as comorbid diseases or
risk factors, as well as diet or medication exposure. With this point in mind, it is important
to note that studies in animal models, in which diet and other factors can be controlled, have
also demonstrated that CKD alters the gut microbiota’=®.

A key early hypothesis to explain the shift in microbial composition and function in

CKD suggested that the toxic effects of urea on the intestinal barrier and subsequent
diffusion of urea into the intestinal lumen might favour the growth of urea-metabolizing
microorganisms%11. In support of this hypothesis, a secondary analysis of a study” that
examined the gut microbiome in patients on haemodialysis reported that several of the
enriched bacterial families possessed urease, uricase and other enzymes that promote

the formation of the uraemic toxins, indole and p-cresol, whereas the depleted bacterial
families included those that possessed the enzymes needed for SCFA production2.

This shift in microbiome functional capacity was also observed in a subsequent, more
comprehensive, assessment that involved shotgun metagenomics coupled with faecal and
circulating metabolomics studies in individuals undergoing haemodialysis and healthy
control individuals'3. Specifically, that study found that the faecal microbiome of individuals
with kidney failure was enriched in functions related to aromatic amino-acid degradation
that correlated with higher concentrations of aromatic amino-acid precursors of uraemic
toxins (that is, indole and p-cresol) and higher concentrations of aromatic amino-acid-
derived uraemic toxins (that is, indoxyl sulfate and p-cresol sulfate)13. A 2025 study
furthermore found that CKD severity correlated with a greater concentration of faecal
uraemic toxins as well as greater enrichment of uraemic-toxinproducing bacterial®.
Collectively, available evidence supports a direct effect of kidney disease on gut microbial
composition and function. Although data are sparse, it is important to note that changes in
the gut microbiome have also been reported in the context of AKI15:16,

Influence of the gut microbiome on chronic kidney disease

Insights into the effects of the microbiome on CKD have primarily been gained from

animal studies. For example, one study reported that mice with adenine-induced CKD raised
under germ-free (GF) conditions had worse kidney-related outcomes than mice raised under
specific pathogen-free (SPF) conditions!’. In contrast to SPF mice, the GF mice had very
low or non-detectable concentrations of harmful uraemic toxins, including indoxyl sulfate,
p-cresol sulfate, and phenyl sulfate, and lower levels of potentially beneficial SCFAsY’.
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In a separate study, an absence of bacterial SCFA production was proposed to underlie

the more extensive kidney damage observed in hypertensive GF mice than that of SPF
controls!8. These data suggest a potential key role of the microbiome in kidney disease,
and indicate that the consequence of microbiome changes may depend on the concentration
of microbe-derived metabolites, including the balance between beneficial metabolites such
as SCFAs, and harmful uraemic toxins. Additional rodent studies have confirmed that the
microbiota is a critical mediator of susceptibility and resistance to CKD3:14, Other data
have shown that the microbiome influences the course of AKI9 and kidney-stone disease??;
of note, available data also indicate that the microbiome can modulate renal parameters

in health, including glomerular filtration rate (GFR), renal gene expression and circulating
aldosterone levels21-23,

The effects of microbial metabolites on kidney function are supported by a study in

which administration of the TMA-lyase inhibitor, iodomethylcholine, attenuated renal
tubulointerstitial fibrosis and damage induced by dietary choline and its subsequent
metabolism to TMA and trimethylamine-Atoxide (TMAQ)24. In line with this finding,

a community-based study reported an association between TMAO (generated from gut-
derived TMA\) and the risk of incident CKD and kidney function decline?®. These findings
are supported by an analysis of 1,741 adult Europeans with features of the metabolic
syndrome in the MetaCardis cohort, which reported an inverse relationship between TMAO
and kidney function, and by studies in mice with unilateral ureter obstruction-induced
CKD, in which supplementation with choline or TMAQ exacerbated kidney fibrosis2®. Other
studies have demonstrated an important and causal role for TMA and TMAQO in mediating
cardiovascular risk?”-28, Overall, these data suggest that microbe-derived uraemic toxins
exert detrimental effects on the kidney and other organs. Available evidence also suggests
that this damage can be further exacerbated by an accumulation of toxins as a result of
impaired renal clearance?®.

Challenges and opportunities

The processes that lead to an altered gut microbiome in CKD are insufficiently understood;
assessing the timing and functional relevance of gut microbiome changes during the
development and progression of CKD represents one of the most important challenges in
the field. Although many studies continue to highlight the importance of the gut microbiome
in kidney disease, several knowledge gaps must be addressed to move the field forward
(Table 1).

First, studies often focus on one defined model or patient population of CKD, but it is
unlikely that changes in the gut microbiome seen in one population are generalizable to

all kidney diseases at all stages (Box 2). Thus, one must be careful not to overextend
findings. On the other hand, and as described later, the disruption of microbial oxalate
metabolism in the gut and its association with both renal-stone disease (RSD) and CKD is
well established30-323 implying that at least some changes may be common to more than
one disease outcome. Nevertheless, a deeper understanding of the individual phenotypes of
different diseases would facilitate improved studies that focus on both the specific type of
pathology and the disease stage. Unfortunately, examination of individuals with later-stage
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kidney pathology may miss crucial early events that occur as the disease is established.
Thus, future research should focus on earlier events to identify factors that influence the gut
microbiome and could facilitate disease-modifying interventions.

Second, important confounding or effect-modifying variables must be considered in clinical
studies. Numerous host and environmental characteristics such as diet34-36, physical
activity37-38 medications3940, intestinal transit time*! and comorbid cardiometabolic
diseases*243 influence the gut microbiome and could mediate the effect of the microbiome
on clinical outcomes; therefore, any investigation that does not consider these potential
confounders or effect modifiers could yield misleading results. One strategy is to perform
case—control studies, in which patients with kidney disease are compared with matched
control individuals. For instance, several studies have reported that the gut microbiota
composition of patients with advanced CKD is essentially the same as that of control
individuals from the same household*445. Similarly, the gut microbiota composition of
patients with moderate CKD is reportedly similar to that of age-, sex- and race-matched
control individuals who consume a similar diet#6. One inherent challenge in selecting
control groups is the lack of a consensus definition of a ‘normal’ range for gut microbial
communities, although a 2024 study made some progress in this area*’. Another strategy

is to perform statistical adjustments for suspected confounding variables in cohort-study
designs. Alternatively, prospective nested case—control studies could follow patients at risk
of CKD, and compare the microbiomes of those who develop the disease (cases) with

those who do not (controls), thus enabling cases and controls to be matched on important
characteristics. In such studies, the gut microbiome will usually be the exposure variable and
a key clinical event will be the outcome of interest.

Third, most studies to date have focused on gut bacteria, often ignoring the potential
effects of other types of microorganisms. Understanding and leveraging the inter- and
intraindividual variability in all gut microbiota constituents, including viruses and fungi,
represent an opportunity for future targeted, personalized interventions. It will also be
important to investigate the roles of microorganisms at sites beyond the colon; for example,
microorganisms in the proximal gut host critical metabolic functions. Beyond the gut,
bacteria that inhabit the urinary tract, termed the urobiome, represent an emerging field of
research. Although the microbial density of the urobiome is far lower than that of the gut
microbiota, these bacteria are in closer proximity to the kidneys and multiple studies have
shown associations between the urobiome and CKD#8-50,

Fourth, new preclinical models are needed to determine the cause and effect of microbial
perturbations on kidney disease. In animal models, diet and environment — key factors

that influence gut microorganisms — can be controlled. Gnotobiotic mice associated with
defined microbial communities could potentially be used to identify the ecological causes
and consequences of CKD-associated microbiome changes. However, a general limitation
of animal studies is that they often do not adequately model the complex environmental

and genetic contributors that influence the development of human kidney disease. Indeed,
no single animal model recapitulates all aspects of CKD, and each of the commonly used
models has limitations that skew their representation of disease in humans®1. Nonetheless,
findings that are replicated in multiple models are more likely to be generalizable. Thus, the
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ability to dissect cellular and molecular mechanisms in animal models is invaluable, and the
continued development of animal models that faithfully recapitulate key aspects of human
disease remains an important task.

Fifth, one impediment to the interpretation of existing studies is the absence of critical
metadata — for example, information about the sample, participant and site, including
clinical information. However, new guidelines for the reporting of microbiome studies
should address this issue®2. Minimum data requirements, including cataloguing of critical
dietary and behavioural factors, are needed to ensure interpretability of studies. Given

the massive advances in personal technology and the increasing availability of personal
electronics, one tool that may aid this form of research is the development of apps that track
such information in study participants. On a similar note, improved data sharing between
studies will facilitate greater discovery, as will computational modelling approaches. The
collection of such data, if of high quality, could also enable future meta-analyses that may
identify and/or confirm key themes across studies. Of note, currently available microbiome
data are predominantly from high-income countries®3; to support health equity and improve
understanding of the regional effects of diets and other factors, it will be important to
generate and use datasets from diverse global sites. Reporting of accurate metadata is also
crucial for the interpretation and reproducibility of animal studies: key factors that affect gut
microorganisms and often vary between studies include diet, bedding, suppliers, and how
animals are caged. Adherence to guidelines that recommend best practices for these and
other factors®* is crucial to ensure that findings from animal models have maximum impact.

Sixth, most published studies that have investigated the gut microbiome in kidney disease
have used 16S rRNA gene amplicon sequencing (16S), which has well-documented
strengths and limitations compared with metagenomic sequencing®®. In brief, 16S identifies
bacterial taxa based on specific regions of the 16S rRNA gene, which often leads to
genus-level taxon resolution. By contrast, metagenomic sequencing captures the gene
content of the entire community and enables greater taxon resolution, often at the species
and strain level. This increased resolution is important as many bacterial functions are
strain specific; metagenomic sequencing therefore provides the ability to directly identify
microbial functions. 16S is also constrained to bacterial sequences, whereas metagenomic
sequencing can also identify fungi and viruses. Conversely, metagenomic sequencing is
more prone to host contamination (more so in tissue samples than stool) and requires

a far greater computational processing capacity. Moreover, a higher proportion of the

data obtained with metagenomic sequencing cannot be accurately assigned owing to

flaws in reference databases®®57. If only 16S data are available, the use of amplicon
sequence variant (ASV; that is, sequences unique to the nucleotide level) instead of
operational taxonomic units (OTUs; that is, clusters of similar sequences, often with 97%
similarity threshold)-based clustering approaches may improve accuracy and reproducibility
across studies®6:57. Future studies should integrate multi-omics approaches (for example,
metagenomics, metatranscriptomics, metaproteomics and metabolomics) to capture the
comprehensive set of functions performed by the gut microbiome. Further validation of
the effects of the identified bacterial species and associated metabolites on kidney function
would considerably strengthen any conclusion that can be derived from the data.
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Finally, improved incorporation of our current understanding of microbial physiology
into computational tools could enable the discovery of emergent properties of microbial
communities and help the field to move beyond the concept of keystone species (for
example, the identification of a particular fermenter species) to that of functional traits
(for example, the function of fermentation). Iterative modelling and experimental validation
are powerful strategies with which to gain a comprehensive understanding of host—
microorganism interactions; however, the full potential of these approaches is yet to be
realized. Future population-level multi-omics studies are needed to obtain further insight.
In addition, analyses that incorporate the complexity and interdependencies of microbial
communities, rather than focusing on individual species, may provide critical insights for
novel intervention strategies.

Prognostic value of microbiome changes in kidney disease

Research to date has uncovered extensive effects of the gut microbiome on human health®8-
60, These studies have also led to a growing appreciation of the importance of interactions
between diet, microbial metabolites and the gut microbiota in host well-being, including

in kidney health61-63, Urea, phosphate, and uraemic toxins originate in the gut as a
consequence of dietary intake and microbial metabolism of dietary components®4-66. In
patients with AKI or CKD, these toxins accumulate in the blood, and are recognized as
major mediators of cardiovascular complications, cognitive dysfunction and risk of disease
progression to kidney failure8”-89. Of note, uraemic toxins are believed to be both a

cause and a consequence of kidney disease: uraemic toxins accumulate in the blood as a
consequence of kidney disease (owing to their decreased renal clearance), and as ‘toxins’
these compounds can also contribute to disease progression, at least in part by mediating
changes in redox status’%-73,

The mechanistic links between gut microbiota, microbial metabolites and kidney disease
suggest that these components could be used as biomarkers of CKD. An ideal biomarker
would reflect disease activity and represent a therapeutic target. For example, an approach
to remove or prevent the generation of toxins in the gut, thereby lowering their flux into
the bloodstream and slowing kidney-disease progression, would represent an attractive
alternative to dialysis’*.

Clear evidence supports a role for microbial metabolites as potential biomarkers to monitor a
range of outputs, including the risk and/or rate of kidney-disease progression’>76, potential
adverse outcomes’® 76, proximal-tubule function’’, the effect of diet’” and the response

to therapeutic interventions such as sodium—glucose co-transporter 2 (SGLT2) inhibitors’8.
Some of these metabolites are produced by the gut microbiota from dietary substrates. For
example, TMA is produced by specific bacteria in the gut from the dietary precursors,
carnitine and choline, and is subsequently converted to TMAQ by the host”>79.80, Similarly,
the uraemic toxin p-cresol is produced via bacterial metabolism of the aromatic amino acid
tyrosine8l. However, the presence of such metabolites in the circulation often depends on
more than one microorganism; in addition, circulating levels may be influenced by reduced
renal clearance in the setting of CKD. Nevertheless, potential opportunities exist for the
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advancement of biomarker discovery and validation given the availability of several large
and well-annotated CKD cohorts.

The potential of gut microbiota composition to be used as a biomarker in kidney diseases

is less clear, in part because of our current inability to readily define a ‘normal’ range

for various gut microorganisms. Initial efforts to use human gut microbiota data for
prognostic value sought to identify differences in microbiome composition between cases
and controls, for example, by assessing alpha diversity (that is, the number of different kinds
of microorganisms or functions within a sample) or beta diversity (that is, the dissimilarity
in community membership between samples)82. The introduction of machine-learning
approaches such as random forests®3 provided a dramatic improvement in capability by
enabling the construction of models that classify an individual as belonging to one group

or another, along with statistics that determine the accuracy of such classifications®. Such
models also provide feature importance measures that can reveal which specific taxa or
functions are responsible for the classification into a healthy or diseased population. Of note,
these variable importance scores must be treated with caution in instances where several
variables are correlated, as often only one of the variables is used to build the classifier.
Random-forest models have been used to associate the gut microbiome with hundreds

of diseases, including various forms of kidney disease in adults®>-98 and children®®.
Intriguingly, the orall%0 and urinel® microbiomes have also been associated with CKD

and calcium oxalate stones, respectively, suggesting that such readily available specimens
may yield useful biomarkers of diseases.

Challenges and opportunities

Despite the opportunities, several challenges exist in the field of microbial metabolomics of
relevance to biomarker discovery for kidney diseases (Table 2). Untargeted metabolomic
platforms that are generally used in biomarker discovery are only semi-quantitative.
However, to have any clinical utility, a biomarker requires absolute quantification through
the use of standards'92:193 Currently, most analytes are mere spectral features that do

not have a true identity, and thus may be described differently between different studies
owing to a lack of consensus across databases; moreover, they may be prone to variation
due to instrument settings and batch effects194. Of note, a disease biomarker does not
necessarily need to be a bioactive compound — for example, a toxin — from a functional
standpoint. However, a biomarker must have a meaningful association with the disease
and exceed interindividual variability; if a biomarker varies by sex, age, ethnicity or other
metadata, then this variation should be clearly documented. Finally, a useful biomarker
should have greater utility and be more cost-effective than currently available biomarkers,
such as creatinine for renal clearance. One way to increase the predictive efficacy of
microbe-derived metabolites and reduce issues associated with interindividual variability
is to focus on a set of metabolites that are highly prevalent for the phenotype of interest
rather than individual metabolites10°,

The development of predictive models for microbial metabolite or microbiota-derived
biomarkers requires the necessary data inputs to be available. The predictive ability of
any model will be improved by the inclusion of data inputs from prospective longitudinal

Nat Rev Nephrol. Author manuscript; available in PMC 2025 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bloom et al.

Page 11

studies, intervention studies and more diverse cohorts. Prognostic models that predict
responses to gut microbiome-related therapeutics are also needed. Computationally, newer
artificial intelligence approaches, such as transformer models (neural networks that extract
context and relationships from sequential data akin to reading a sentence, paragraph or
manuscript) and related attention models (mechanisms that enhance deep-learning models,
including transformer models, by prioritizing the most relevant inputs within a larger context
similar to how humans scan visual fields until something attracts their attention)%6 may
further improve classification and regression tasks, and their application in understanding
the contributions of microorganisms to different kidney diseases holds considerable promise.
However, caution must be exercised in the use of artificial intelligence technologies given
the risks of overfitting, propagating bias and challenges in interpretabilityl%7. Improvements
in technologies associated with data archiving would also improve accessibility to important
data inputs. Predictive and prognostic biomarkers for kidney disease and health are lacking,
and more consideration in this area is needed.

Gut microbiota—drug interactions

Interactions between medications and the gut microbiota have emerged as one of the most
relevant and rapidly evolving topics in the microbiome field1%8. Early examples helped

to define the roles of specific non-host factors in the efficacy and toxicity of a range of
therapeutics, including cancer drugst®® and heart medications!19; subsequent research has
extended these findings into other medical specialties, including nephrology.

Specific microbial gene products can affect the metabolism of certain drugs. In the context
of reduced kidney function, it may be possible to block the activity of gut microbial
proteins or use prebiotic or other dietary interventions to alter the composition of the
microbiota to reduce microbial effects on, for example, nephrotoxic drugs. Beyond gene
products, the protein factors expressed by the gut microbiome have important roles in
medicating therapeutic outcomes. For example, differential activities of gut microbial
beta-glucuronidases can modify the toxicity and efficacy of the immunosuppressant
mycophenolate, which is widely used by kidney-transplant recipients!11. Such microbial
signatures may influence the response of individual patients to treatment and suggest that
monitoring of the gut microbiome may provide an avenue to improve transplantation and
other outcomes.

The role of the gut microbiome in mediating drug interactions in CKD is also highlighted
by the fact that microbiota—drug interactions have been reported for both of the first-line
drugs used in patients with CKD, namely angiotensin-converting-enzyme (ACE) inhibitors
and SGLT2 inhibitors. For example, the anaerobic gut bacterium, Coprococcus comes, can
catabolize ester ACE inhibitors, and was demonstrated to attenuate the antihypertensive
effects of ester ACE inhibitors (such as quinapril and ramipril) but not nonester forms

of the drug (such as lisinopril) in a rat model of hypertensionl12. Another study in rats
found that depletion of gut microorganisms with antibiotics enhanced the blood-pressure-
lowering effects of the ACE inhibitor, captoprill13. SGLT2 inhibitors are associated with
broad cardio-renal and metabolic benefits}14. They act by inhibiting glucose uptake in

the proximal tubule; however, they also affect organic anion and amino-acid transporters
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within the kidney tubules, and reconfigure the composition of the gut microbiotall®. These
alterations in gut and kidney components led to decreased levels of the uraemic toxin,
p-cresol sulfate, in mice — even in the absence of SGLT2 transporters, and in patients
treated with SGLT2 inhibitors. These studies emphasize the central role of the kidney
proximal tubule in handling metabolic waste and coordinating other metabolic functions!16
but also demonstrate that communication exists between the kidney and gut microbial
communities — probably even before effects on the heart are observed. Further research
needs to address the identity of the microbial and renal off-target effects of SGLT2 inhibitors
through direct binding and biochemical studies. Of note, the potential beneficial effects of
the oral antidiabetic drug metformin — which is often used by patients with diabetic kidney
disease — on cardiovascular comorbidities may also be dependent on the gut microbiome
and SCFAs, further supporting the notion that microbial interactions with key drugs may
affect the outcomes of patients with CKD117.

Challenges and opportunities

Despite advances in our understanding of microbiota—drug interactions, critical knowledge
gaps remain (Table 3). Challenges, particularly in human translation, include the various
comorbidities associated with kidney disease and the lack of translatability of animal
models. For human studies, use of controlled study designs with carefully defined diets and
assessment of microbial communities and their function against defined molecular subtypes
of kidney disease are essential to better define potential interactions between drugs and the
microbiome. Improved translatability of animal models requires validation of findings across
multiple models and the continued development of models that better represent human
disease and drug metabolism.

A general knowledge gap relates to the mechanisms by which microbial metabolites are
handled by the kidney — specifically the role of organic anion transporters and other drug
transporters in this process116:118 _ as well as the mechanisms by which microbial and
drug metabolites are handled by the microorganisms themselves. Modelling approaches have
been used to predict how changes in the handling of an electrolyte in one part of the nephron
(or a change in filtered load) might alter transport of the electrolyte elsewherel19.120 The
development of similar models for the renal, intestinal and microbial handling of key drugs
and drug metabolites could enhance our ability to predict how handling of these compounds
could be altered under various conditions. However, a prerequisite for model development is
high-quality training data, and this key information is largely lacking for both microbial and
systemic drug handling.

Finally, advanced analytical tools such as activity-based proteome profiling!2, in vivo
isotope labelling and tracing!?2, and tools for the profiling of microbial communities that
take into account community interactions rather than focusing on one or a few taxa, need to
be further developed to gain insights into small molecule mechanisms and their handling.
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Therapeutic targeting of the gut microbiota

Therapeutic

Therapeutic

As described above, a growing body of evidence suggests that interactions between the gut
microbiota and kidney are key contributors to several kidney diseases, including AKI, CKD
and RSD, as well as outcomes following kidney transplantation.

interventions for acute kidney injury

Patients with AKI exhibit unique changes in their gut microbiome compared with patients
with CKD and healthy control individualsi8. Moreover, different aetiologies of AKI — for
example, ischaemic and nephrotoxin-induced — also lead to distinct changes in the gut
microbiomel®. The microbiome, in turn, influences the course of AKI as demonstrated
using germ-free mice and in faecal transfer studies!®. Studies have also demonstrated
important roles for gut-derived SCFAs, p-serine, antibiotics and probiotics in the prevention
of AKI123-126_The kidney-protective effects of probiotics seem to be mediated by certain
metabolites, including SCFAs, which improve gut-barrier function and reduce systemic
inflammation126:127 A 2023 study in mice demonstrated that recovery from severe AKI was
improved by amoxicillin treatment, by changing the composition of colonic bacteria and
reducing numbers of CD8" (cytotoxic) T cells128.

interventions in chronic kidney disease

As described earlier, shifts in the composition of gut microbiota have been observed in
patients with CKD. These findings suggest that approaches to reverse these shifts could
represent a therapeutic avenue for the treatment of CKD. This hypothesis is supported

by findings from animal studies. For example, supplementation with Faecalibacterium
prausnitzii reduced kidney dysfunction in a mouse model of CKD129, Available evidence
also suggests that the gut microbial changes observed over the course of CKD contribute

to disease progression through the induction of various metabolic changes, including the
excessive production of uraemic toxins such as indoxyl sulfate, oxalate, phenyl acetate,
p-cresol sulfate, TMA and TMAO30-132_ Uraemic toxins induce the production of reactive
oxygen species and can lead to insulin resistance, inflammation and fibrosis, all of

which exacerbate CKD progression133, Indeed, clinical studies have revealed microbial
metabolites that are associated with reductions in estimated GFR134-137, Future studies
should investigate the gut microbiota composition at various stages of kidney disease,
particularly in the early stages, and across CKD pathologies such as diabetic kidney disease,
glomerulopathies, autoimmune-mediated diseases such as lupus nephritis, and ciliopathies
such as polycystic kidney disease.

Preclinical studies that have used agents to target gut microbial enzymes have shown
considerable promise in mitigating cardiac and kidney diseases and provide a potential path
towards new therapeutics. For example, the development of oral agents that potently inhibit
CutC/D enzymes — which are responsible for the production of TMA by microorganisms
— reduced circulating TMAO levels and ameliorated thrombosis risk in a mouse model

of carotid-artery thrombosis!38. The therapeutic potential of these agents should also be
explored in models of CKD, given the association of TMAQ with incident CKD and CKD
progression?®, Similar approaches could also be used to inhibit the production of microbial
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uraemic toxins. Another such target is the uraemic toxin, indoxyl sulfate, which is poorly
cleared by damaged kidneys and exacerbates kidney damage. Indoxyl sulfate is formed

by the host from indole. However, indole is derived from the enzymatic processing of the
essential dietary amino acid tryptophan by gut microbial tryptophanases (tryptophan-indole
lyases). A 2023 study described the development of a pan-tryptophanase inhibitor that
blocked the formation of indole in the mouse gut, and subsequently reduced indoxyl-sulfate
levels in serum139,

Uraemic toxin levels could alternatively be lowered by targeting their removal from the gut;
however, such approaches are currently limited. Future studies might find inspiration from
wastewater treatment science, which has used technologies such as hydrogel-encapsulated
microorganisms to target the removal of nitrogen-, carbon- and phosphate-rich constituents
from wastewater40-146 Alternatively, future approaches could find inspiration from drugs
such as AST-120, which adsorbs and eliminates enteric acidic and basic compounds,
including some that are nephrotoxic’3.

The potential use of prebiotic and other dietary approaches to manipulate microbiota
composition is also an active area of investigation47-150. Healthy diets, such as the DASH
(Dietary Approaches to Stop Hypertension) diet, may lower the risk of developing CKD

but may also benefit patients with established CKD, especially those with early-to-mid
stage diseasel®1, However, comprehensive data on which to base CKD stage-specific dietary
recommendations that take the microbiota into account are currently lacking. A 2025 study
that evaluated the effect of a diet high in plant diversity (defined as =30 unique plant foods
weekly) in individuals with CKD stages 3-4 reported changes in gut microbiota, including a
shift towards increased production of butyrate/isobutyrate, and achieved decreased levels

of indoxyl sulfate and p-cresyl sulfate only in patients with more advanced CKD152,
Clinical evidence indicates a reduction in faecal levels of SCFAs in patients with CKD,

and preclinical studies have demonstrated the potential benefits of increasing SCFA levels
in CKD1%3-156 Approaches to modulating dietary amino-acid composition have also been
explored as a way of reducing uraemic toxins. For example, dietary methionine and cysteine
might inactivate microbial enzymes that are critical for the generation of uraemic toxins
such as indole. Specifically, these amino acids influence the production of hydrogen sulfide
by gut microorganisms, which promotes s-sulfhydration and reduces the uraemic toxin-
producing activity of microbial enzymes!®’. Although patient adherence to dietary regimens
can be challenging, further studies in larger cohorts are needed to further investigate the
extent to which the beneficial effects of a healthy diet can be attributed to effects on the gut
microbiome. Additional studies are also needed to further examine the metabolic capacities
of gut microorganisms and targeted strategies to decrease the production of uraemic toxins.

Of note, patients on dialysis and kidney-transplant recipients have extensive health care
exposures that increase their risk of infection with multidrug-resistant bacteria, which can
lead to deleterious clinical outcomes such as death or graft loss1°8. Observational research
has identified an association between the relative abundance of enteric pathogens in the gut
and the risk of bloodstream and urinary tract infections!®9. These data indicate that safe and
effective treatments to reduce the relative abundance of gut pathogens may have meaningful
health benefits, even for patients with low colonization levels1®%-162_ For these reasons,
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patients with kidney diseases are an important group to prioritize for microbiome-based
infection-prevention therapies63.

interventions for hyperuricaemia

Hyperuricaemia is highly prevalent among patients with CKD, and CKD is an independent
risk factor for the development of gout. Humans lack uricase — which in other mammals
catalyses the oxidation of uric acid to allantoin — and therefore in humans, uric acid

(or its conjugate base urate) is the end product of purine metabolism64. Hyperuricaemia
causes gout, which affects ~5% of the US population; approximately 6.5 million US adults
have gout and CKD165, Urate is excreted mainly through the kidneys and intestines via
specific transporters. In patients with CKD, the intestines become the major route for
uric-acid excretion1®6, The management of gout and hyperuricaemia in patients with CKD
is challenging owing to the potential nephrotoxicity and drug interactions of currently
approved medications. As a result, patients with CKD and gout have considerably worse
outcomes than patients without CKD167  highlighting a major unmet need for innovative,
safe and effective urate-lowering therapies for patients with impaired renal clearance.
Certain strains of the gut microbiota consume purines and purine derivatives, including uric
acid, in the gut and can reduce serum urate levels68:169 These bacteria use a set of genes
not previously known to be involved in purine metabolism that probably encode a novel
pathway for anaerobic purine metabolism. These developments suggest that the regulation
of uric acid levels through microbial therapeutics represents a promising approach to the
creation of safe treatments for gout in patients with CKD.

interventions in renal stone disease

RSD is a common, increasingly prevalent and multifactorial condition that has diverse
clinical phenotypes. Eighty-five per cent of cases are caused by calcium oxalate (CaOx)
stones'70:171 RSD is typically chronic, recurrent and is typically associated with multiple
interventions, diagnostic procedures, medication use and reduced quality of lifel72,
Available evidence suggests that gastrointestinal and urinary-tract microorganisms might
influence stone development. Historically, the degradation of oxalate in the gut was
attributed solely to obligate oxalotrophs, such as Oxalobacter species. Of note, in addition
to its oxalate-degrading function, Oxalobacter formigenes also stimulates colonic oxalate
secretion via an unknown secretagogue, and thereby reduces urinary oxalate excretionl73.
However, phase I-111 trials of O. formigenes in patients with primary hyperoxaluria failed to
lower urine or plasma oxalate levels, probably because of problems in patient selection
(for example, the inclusion of patients whose RSD was unrelated to gut microbiome
dysfunction) and dietary factors (for example, oxalate restriction, which limited microbial
colonization)174-182 However, a number of studies have now shown that diverse oxalate-
degrading bacteria maintain oxalate homeostasis. Specifically, gut oxalate metabolism is
mediated by complex microbial communities that are defined by distinct selective pressures
and often lack O. formigenes, providing an important potential source of variability in
clinical trials with O. formigenes?®31.183_QOxalate is among the 20 most abundant uraemic
toxins, and levels are substantially higher among patients with uraemial84, As a toxic end
product with no known physiological function, elevated 24-h urinary oxalate excretion is
an independent risk factor for CKD progressionl8. Plasma oxalate levels rise substantially
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(>30 uM) with declining estimated GFR, and is associated with an increased risk of CaOx
supersaturation, inflammasome-induced inflammation and adverse cardiovascular outcomes,
including sudden cardiac death in patients with kidney failurel86.187_|n addition, increased
proximal tubular oxalate secretion promotes CaOx crystal-induced renal inflammation,
which contributes to CKD progression!86:187. Beyond oxalate degradation, RSD is also
linked to deficient butyrate metabolism by gut microorganisms. In rats, oral supplementation
with SCFAs upregulated the expression of intestinal oxalate transporters, enhanced caecal
SCFA production and reduced urinary oxalate and renal CaOx crystals'88. Of interest, one
study reported that stone formation was more strongly associated with the composition of
the urobiota as opposed to that of the gut microbiotal®®. This finding is in line with a study
in animal models, which showed that antibiotics exposure induces metabolomic changes that
result in a shift in the composition of the urobiota towards a more lithogenic environment,
characterized by an increase in uropathogenic bacteria that promote CaOx mineralization
and a decrease in uroprotective bacterial®. Future research in RSD should explore potential
roles for gut-urinary microbiota interactions that may influence mineralization, strategies to
enhance distal colonic oxalate excretion and oxalate-degrading capacity, and approaches to
increasing SCFA production.

Challenges and opportunities

A number of challenges and opportunities should be considered in the context of approaches
to therapeutically targeting the microbiome (Table 4). First, our understanding of the role

of the gut microbiome across all stages of CKD is impeded by a lack of population-

based cohorts with well-annotated metadata and deep microbiome profiling (that is,
metagenomics, metatranscriptomics, metaproteomics and metabolomics data). Although
extensive preclinical intervention studies in animal models are required to build a framework
for the identification of mechanistic processes and therapeutic targets, large-scale human
investigations are essential to enrich our understanding of microbiota populations in humans
and how these relate to observed intraindividual and interindividual variation in disease
progression and clinical responses.

Second, it will also be important to consider the effects of key biological factors — such as
sex, age, diet, geographic region and genetic factors — that may influence the relationship
between microbial therapies and outcomes. For example, sex differences in the aetiology
and progression of CKD are well-documented!92, as are sex differences in gut microbiota
composition and the metabolome192,

Third, the identification of specific taxa and downstream signals (for example, metabolites
and proteins) that drive host—-microorganism communication is needed to stratify risk of
disease progression under various conditions and translate findings into clinical applications.
However, it should be noted that microorganisms live and function as a community, and
future therapeutics could be designed from this perspective. For example, studies from

the past few years have established defined consortia of common human gut bacteria as
model communities; such insights may be useful for future mechanistic interrogations of
gut microbiome function193:194, |n addition, researchers should, where possible, avoid an
over-reliance on faecal samples for analyses of gut microbiota composition, given that faecal
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samples may not be representative of the most relevant microbial communities that influence
therapeutic responsiveness.

Fourth, as diet is one of the largest effectors of gut microbiome shifts, future studies will
need to ensure that diet compositions are properly reported — a task that is tractable for
basic science investigations but much more involved for clinical studies. Cultural and/or
regional differences in food intake and potential interactions with existing medications are
also relevant considerations for the implementation of microbe-based therapeutics in CKD
and other diseases. Guidelines for the reporting of microbiome studies should be followed
to ensure that studies adhere to best practices and report relevant metadata®2>4. Although
diet clearly affects the composition and function of the gut microbiome, it is important to
note that most diet-induced microbiome changes are short-lived and revert when dietary
perturbations are removed, which potentially limits the durability of this intervention type34.

Fifth, gastrointestinal tract function and transit times differ between individuals, and
compensatory changes in intestinal function can occur in CKD and may complicate the
development of precision gut microbiome interventions and therapies. At a minimum, such
differences must be considered as confounding variables in analyses. Ideally, transit time
data from radio-tracing studies should be incorporated into models to control for this
variable; however, substantial progress has been made in predicting transit time from the
microbiology of the stool sample itself41.

Sixth, microorganisms with selected or engineered activities are exciting therapeutic
avenues in CKD195.19_ For example, studies have reported that manipulation of the niche
responsible for bile-acid 7a-dehydroxylation in defined complex human gut bacterial
communities led to a massive, differential perturbation of phenylalanine metabolites,

which are key metabolites associated with cardiorenal risk196:197 Engineered beneficial
lactobacilli are also available and have been demonstrated to attenuate hypertension in
rats198. Moreover, a growing number of tools are rendering gut anaerobes more amenable
to genetic modification99-202_ |nvestment in genetic platforms for the rapid manipulation
of gut microorganism functions would help to advance research in this area towards clinical
translation. However, again it is important to consider that microorganisms function in

a community; thus, it may be useful to design interventions that focus on collective
microbiota function rather than taxonomic composition. Faecal microbiota transplantation
(FMT) is one of the most direct approaches to transferring microbial communities from
healthy donors and achieving gut microbiome shifts in patients. Most data describing the
use of FMTs in renal-transplant recipients are from retrospective analyses of patients with
recurrent Clostridioides difficile or urinary tract infections162:203.204 Although limited in
their scope, these studies did not identify increased risks of FMT in these groups. The

FDA has approved two faecal microbiota products (faecal microbiota, live-jsim and faecal
microbiota spores, live-brpk) to prevent recurrent C. difficile infection. As more safety data
for these products are gathered, their use may be expanded, but clinical guidelines currently
recommend conventional FMT (that is, stool from a healthy donor) for mild or moderately
immunocompromised patients, such as solid-organ-transplant recipients20.
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Despite the need to screen donors for potential opportunistic infections, FMTs may provide
an approach to beneficially modify the composition and function of enteric microbiota in
patients with kidney disease2%6. Although further work is needed to develop next-generation
products that overcome safety and scalability limitations, initial FMT applications have
shown promise. For example, in the PREMIX trial, 8 of 9 renal transplant recipients with
enteric multidrug-resistant bacterial colonization had negative stool cultures after FMT
treatment, and key taxonomic and metabolite dynamics were associated with response to
treatment297. Additional translational studies of FMTs and consortia of bacteria associated
with positive responses are needed to expand microbiota treatment options for patients with
kidney disease.

Finally, like the vast majority of studies involving the gut microbiome, microbial
associations with kidney diseases are mainly based on analyses of stool owing to

difficulties in accessing and sampling the intestinal tract208, However, an important yet
often overlooked aspect of the gut is the regional heterogeneity throughout the intestines
and how it affects local physiology299-211, Stool samples reflect the microbiota composition
of the colon and its associated waste products, within which regional variation is lost. The
small intestine is where nutrients are absorbed and the interface for interactions between gut
microorganisms and the mucosal immune system. Alterations in the microbiota of the small
intestine have been linked to numerous serious conditions in humans2%9, The development
of a passive sampling device?!2 that collects fluid from multiple locations in the human
intestines for ex vivo analysis has facilitated the discovery of large differences between

the small intestine and stool in microbiota composition, abundance of gene classes such

as carbohydrate active enzymes, and viromes, as well as gradients of metabolites such as
microbially transformed bile acids?12:213, Such devices could reveal biological factors that
are inaccessible from stool or endoscopic sampling but have important connections with
kidney disease. Moreover, the ability to culture microorganisms that have been obtained
from the small intestine for use in animal models?14 may provide further mechanistic
insights into host—microbiome interactions, enable the identification of potential probiotics
that can specifically colonize the small intestine and improve the next generation of FMT
therapies.

Conclusions

In this Roadmap, we have outlined current understanding of the relationship between the
microbiome and kidney disease, highlighting the prognostic value of microorganisms and
their metabolites, the clinical implications of microorganism—drug interactions and the
concept of microorganisms as therapeutics. We have also attempted to outline solutions

to help to drive this area forwards; however, we fully acknowledge that financial

and other practical obstacles may constrain researchers from following every idealized
recommendation in every study. Nevertheless, several key themes have emerged from these
efforts that we believe are widely applicable. One is that kidney disease is hot monolithic;
at least some gut microbial interactions are likely to be specific to certain disease types

and disease stages. In addition, it is clear that our concept of ‘normal’ or ‘healthy’ gut
microorganisms is somewhat elusive and probably represents a broad spectrum; thus, it is
crucial that comparator groups in clinical studies are carefully selected. Similarly, in certain
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contexts, specific microorganisms may be pathological whereas in other contexts those
microorganisms may be neutral or even advantageous. This plasticity could be triggered

by exposure to different gut-based environmental conditions, highlighting the need to focus
on aggregate microbial functions rather than the effect of an individual species on human
health. Indeed, and as stated earlier, microorganisms exist in a community, and therefore we
must consider both individual taxa and community ecology. Furthermore, the relationship
between host physiology and microorganisms is bidirectional, in that microorganisms
influence host health and conversely, changes in host health influence microorganisms.
Another key theme is the necessity for key metadata to be collected and routinely reported
for both clinical and basic science studies. This practice will ensure that findings can be
more fully leveraged by the scientific community and ultimately used to move the field
forwards. A final theme is the concept that, for some urinary conditions, the urinary-tract
microbiome (the urobiome) may have an important role in human health, highlighting the
potential broader relevance of the microbiome beyond the gut.

In sum, although investigations of the gut microbiome and its metabolome constitute a
rapidly advancing area of study, a substantial gap currently exists in our ability to interpret
data and apply findings to clinical care. Broader scientific communication and additional
funding for multidisciplinary microbiome-related translational science related to CKD is
desperately needed. Although a number of challenges remain to be addressed in this
emerging field, it is clear that these challenges represent exciting opportunities to accelerate
our understanding of host—-microbiome interactions in kidney disease and move towards
clinical applications.
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Box 11
Dysbiosis no more?

‘Dysbiosis’ is a term that is typically used to refer to an imbalance in gut microbiota.
However, this term is highly misleading for two reasons. First, ‘dysbiosis’ implies that a
normal, healthy standard exists. In reality, such a standard has not been clearly defined,
and can vary drastically between individuals (based in part on age or diet), as well as over
time in the same individual (owing to changes in age, diet or factors that we do not yet
fully understand). Second, ‘dysbiosis’ implies that any change from the idealized value

is detrimental (‘dys’ implying diseased or abnormal). However, some gut microbiome
changes that occur in the setting of host disease may be adaptive and beneficial to the
host. Thus, we propose simply noting ‘shifts’ or ‘changes’ in gut microbiota, rather than
labelling these states as ‘normal’ versus “dysbiotic’.
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Box 2|
Not all kidney diseases are alike

Kidney disease is extremely heterogenous, and it is important not to generalize findings
from one type of disease to other disparate conditions. Although the differences between
acute kidney injury and chronic kidney disease (CKD) are well appreciated, even within
a subgroup such as CKD there is a huge variety of pathologies, each with their own
(probably unique) relationship to the gut microbiome. Furthermore, the relationship of
the host to gut microorganisms in the early stages of CKD are probably distinct from the
relationships in patients with kidney failure. Thus, it is important to consider the context
of the disease and staging for each host-microorganism interaction.
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Key points

A bidirectional relationship exists between microorganisms and kidney
disease: microorganisms can influence host health, and are themselves
influenced by changes in host health.

The relationship between microorganisms and renal disease is likely to be at
least somewhat specific to each disease type.

Further studies are needed to determine the prognostic value of gut
microorganisms in kidney disease.

Available evidence suggests that interactions occur between microorganisms
and drugs used to treat kidney disease; further studies are needed to determine
the nature and consequences of these interactions.

There is also promise in the possibility of targeting gut microorganisms as a
therapeutic strategy.
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Fig. 1 I. Interactions between the kidney and gut microbiota.
Changes in kidney function can induce changes in gut microbial composition and

conversely, gut microbial changes can influence kidney function. Of note, the microbiome
changes that occur in the context of chronic kidney disease are complex and are also
probably influenced by environmental factors, such as diet and age, and intrinsic host
factors that are not yet fully understood. Altered microbial metabolites in chronic kidney
disease include those produced by saccharolytic fermentation, such as short-chain fatty
acids (SCFAs), and protein fermentation, such as aromatic amino-acid-derived uraemic
toxins including oxalate, trimethylamine (TMA) and trimethylamine oxide (TMAQ). In turn,
alterations in microbial composition and function have been linked to several downstream
effects, including alterations in immune cell function and impaired barrier function. TMAO
has been linked to adverse cardiovascular outcomes and oxalate is a risk factor for renal
stone disease.
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Table 2|
Approaches to assessing the prognostic value of gut microbiota and metabolites in kidney disease

Experimental challenge Potential solutions

Many metabolic biomarkers identified in studies to date are Focus on a set of biomarkers as opposed to a single biomarker
not suitable for clinical use

Use biomarkers that can be absolutely quantified

Clearly document whether a biomarker varies by clinical characteristics (for
example, sex, age)

Most studies lack sufficient metadata for interpretation Follow recommendations for best practices such as the STORMS checklist for
human studies®, and guidelines for animal studies>*

Use smart-device applications to assist participants in collecting dietary and
physical activity and other important metadata

The predictive abilities of current biomarkers are limited Future studies should be longitudinal to identify consistent microbial
signatures associated with disease

Use more diverse cohorts

Use artificial intelligence approaches, such as transformer models and related
attention models'% to improve on classification and regression tasks

STORMS, Strengthening The Organization and Reporting of Microbiome Studies.
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Table 31

Approaches to determining gut microbiota—drug interactions

Experimental challenge

Potential solutions

Comorbidities of human disease, which may
influence the microbiome and the microbiome-
kidney relationship and thus introduce experimental
and analytical challenges

Use study designs that control for comorbid conditions

Consider prescribing consistent or defined diets in clinical studies to increase
uniformity across different groups

Lack of translatability of animal models

Findings replicated in more than one model may be more generalizable

Novel preclinical models should be developed and explored with the aim of yielding
better human translation

Lack of general knowledge regarding metabolite
handling

Within the kidney, there is a need for studies to improve understanding of how
metabolites are handled along the nephron (in terms of their filtration, reabsorption
and secretion), and an understanding of how changes in metabolite handling at one site
influences their handling elsewhere

A focus on organic anion transporters and drug transporters would be particularly
useful

Beyond the kidney, studies should be aimed at improving understanding of metabolite
handling by microorganisms within the intestine and in other organs or sites

High-quality training data are a key prerequisite for the development of any model that
explains metabolite handling

Need for more sophisticated analytical tools

Development of microbial analyses with a community focus (taking into account
community interactions rather than focusing on one or a few taxa)

Development of activity-based proteome profiling
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Table 4 1

Challenges in the therapeutic targeting of gastrointestinal microbiota

Experimental challenge

Potential solutions

Lack of population-based cohorts with well-annotated
metadata and microbiome profiling

Preclinical animal studies that examine metagenomics, metatranscriptomics and
metaproteomics will help to build a framework of understanding

Large-scale human studies with well-annotated metadata and deep-
microbiome profiling (metagenomics, metatranscriptomics, metaproteomics and
metabolomics)

Need to consider other biological factors that may mitigate
the relationship between microbial therapies and outcomes

Clinical studies: include assessment of the potential effects of sex, age, diet and
genetic factors

Basic science studies: include assessment of the potential effects of sex, age and
diet

Need to consider the microbial community, instead of
individual taxa

Experiments that use a defined consortium of microorganisms rather than
studying individual taxa separately

Development of microbial analyses with a community focus (taking into account
community interactions, instead of focusing on individual taxa)

Most studies lack sufficient metadata for interpretation,
especially diet

Follow recommendations for best practices such as the STORMS checklist for
human studies®2, and guidelines for animal studies®

Potential interactions between diet and medications should be taken into account

Differing Gl transit times between individuals, especially
in patients with CKD

Radio tracers can be used to document transit times, and data incorporated into
models

Barriers to genetic manipulation of gut microorganisms

Genetic platforms for rapid manipulation of microbial function

Additional focus on microbial function, rather than taxonomy alone

Overreliance on faecal samples

Researchers should be cognizant of the heterogeneity of gut microorganisms

Where possible, use endoscopy or other devices that enable small-bowel
sampling

CKD, chronic kidney disease; Gl, gastrointestinal; STORMS, Strengthening The Organization and Reporting of Microbiome Studies.
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