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A Systems-Level View of Renal Metabolomics
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Abstract

The measurement of select circulating metabolites such as creatinine, glucose, and cholesterol are
integral to clinical medicine, with implications for diagnosis, prognosis, and treatment.
Metabolomics studies in Nephrology research seek to build on this paradigm, with the goal to
identify novel markers and causal participants in the pathogenesis of kidney disease and its
complications. This article reviews three themes pertinent to this goal. Each is rooted in long-
established principles of human physiology, with recent updates enabled by metabolomics and
other tools. First, the kidney has a broad and heterogeneous impact on circulating metabolites,
with progressive loss of kidney function resulting in a multitude of small molecule alterations.
Second, an increasing number of circulating metabolites have been shown to possess functional
roles, in some cases acting as ligands for specific G-protein coupled receptors. Third, circulating
metabolites traffic through varied, and sometimes complex, inter-organ circuits. Taken together,
these themes emphasize the importance of viewing renal metabolomics at the systems-level,
recognizing the diverse origins and physiologic effects of blood metabolites. However, how to
synthesize these themes and how to establish clinical relevance remain uncertain and will require
further investigation.

Keywords
Metabolomics; Metabolism; Systems Biology

The metabolome refers to the global collection of small molecules—e.g. sugars, amino acids,
organic acids, nucleotides, acylcarnitines, lipids, bile acids, etc—in a cell or biologic
specimen.! This includes many molecules, such as creatinine, urea, uric acid, lactic acid,
glucose, triglycerides and cholesterol that are routinely measured in clinical practice. A
consideration of a few of these molecules is instructive. Creatinine is released primarily
from muscle and is excreted by the kidney. Blood levels of creatinine are the most
commonly utilized biomarker of renal failure, but the molecule itself is not harmful. Glucose
has many sources, including diet, as well as gluconeogenesis within the liver and kidney. It
is freely filtered at the glomerulus, but then undergoes almost complete tubular reabsorption
such that its blood levels are not directly affected by renal failure.2 3 It is both a fundamental

Correspondence: Thier Building, 1051, Massachusetts General Hospital, 50 Blossom Street, Boston, MA 02114, (P) 617-643-2888,
(F) 617-724-1122, eprhee@partners.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhee

Page 2

fuel required throughout the body, but also deleterious if chronically elevated. Cholesterol
can be absorbed through diet or synthesized and released from the liver. It circulates in the
context of lipoprotein particles and thus does not undergo glomerular filtration; as with
glucose, prolonged elevations are harmful. Altogether, these examples demonstrate several
important features of circulating metabolites, including the heterogeneous impact of renal
failure on blood levels, the potential for both salutary and adverse functional effects, and
their complex inter-organ traffic. As will be detailed in this article, each of these features or
themes has been reinforced and expanded with the application of metabolomics across
clinical, basic, and physiologic studies.

The impact of kidney function on the metabolome

The kidneys generate ~140 liters of glomerular filtrate per day, only to reabsorb the vast
majority of filtered sodium and water, glucose, amino acids, and other urinary constituents.
Although this continuous cycle of filtration and reabsorption seems energetically wasteful, it
permits very high rates of clearance of freely soluble waste products such as creatinine and
urea. In addition to glomerular filtration, normal renal excretory function includes tubular
secretion, a critical mechanism for the excretion of protein-bound or lipophilic waste
products that do not readily cross the glomerular filtration barrier. Finally, the kidneys also
take up and catabolize some circulating small molecules, such as asymmetric
dimethylarginine (ADMA) and S-adenosylhomocysteine (as well as numerous peptides).4-5
Thus, through a combination of filtration, reabsorption, secretion, and metabolism, the
kidneys have a broad and heterogeneous impact on circulating metabolite levels, minimizing
the loss of desired nutrients while facilitating the excretion of unwanted metabolic waste
products.

Metabolites that are normally cleared by the kidneys accumulate as kidney function
declines. The relative rise of metabolites, however, varies significantly. For example protein
bound metabolites or metabolites that are catabolized within the kidney can increase out of
proportion to the increase in creatinine levels.” This discrepancy is magnified among
patients with ESRD on dialysis. For both hemodialysis and peritoneal dialysis, the clearance
of freely soluble metabolites such as creatinine is substantially below normal, but the
clearance of protein-bound metabolites is even lower, because it is free (un-bound) levels
that determine the diffusion gradient across the hemodialysis or peritoneal membrane. For
example, one study showed elevations of phenylacetylglutamine (122-fold), hippurate (108-
fold), indoxyl sulfate (116-fold), and p-cresol sulfate (41-fold), four metabolites normally
cleared by tubular secretion, significantly greater than for urea (5-fold) and creatinine (13-
fold) among ESRD patients.8

Building on these long-established principles of renal physiology, metabolomics studies
have generated a broader and more detailed view of how kidney function impacts the
metabolome. This includes relatively smaller studies of individuals across different stages of
CKD,%11 as well as large studies correlating metabolites with eGFR in population based
cohorts.12 In the largest data set published to date, Sekula and colleagues measured ~500
blood metabolites in 1735 participants of the KORA F4 study, followed by replication in
1164 individuals in the TwinsUK registry. Most (=95%) of the individuals across these
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studies had an eGFR > 60 mL/min/1.73m2. Despite a relative paucity of CKD in these
samples, this “metabolome-wide association study” nevertheless demonstrated the
substantial impact of kidney function—in KORA F4, 112 metabolites were significantly
associated with eGFR at a conservative Bonferroni adjusted significance threshold, 54 of
which replicated in TwinsUK.13 For select metabolites most strongly correlated with eGFR,
estimated on the basis of serum creatinine or cystatin C, the authors then examined their
association with measured GFR among 200 participants of the AASK study, highlighting c-
mannosyltryptophan and pseudouridine (r=0.78 for both) as alternative or complementary
markers of kidney function. One potential advantage of these markers is that unlike
creatinine, their levels are largely unaffected by sex.

Measurement of peripheral blood levels can provide a catalog of metabolites that increase
when kidney function is reduced, but it does not necessarily prove that the elevations are
because of reduced renal clearance. Concurrent measurement in urine can be helpful in this
regard. For example, Duranton et al. measured amino acids and amino acid derivatives in
plasma and urine from 52 individuals across different stages of CKD and plasma only from
25 individuals on dialysis.24 By examining paired plasma and urine, the authors could
conclude that uremic elevations in plasma ADMA are due to decreased urinary clearance,
whereas elevations in plasma citrulline are due to systemic overproduction. Increased
overproduction can result from changes in diet or changes in endogenous metabolism
triggered by renal failure.

Direct measurement of metabolite gradients across the renal vasculature is also informative.
We applied metabolomics to plasma obtained from the aorta and renal vein of nine
individuals who were already scheduled for left and right heart catheterization.1® Indications
for cardiac catheterization spanned evaluation of valve disease, dyspnea, and monitoring of
orthotopic heart transplants. Mean age was 72.2, mean eGFR was 65.4 mL/min/1.73m2, and
the prevalence of comorbidities such as coronary disease (66%), hypertension (100%), and
type 2 diabetes (33%) was high. With these caveats, Figure 1 shows the distribution of mean
venous to arterial ratio for ~220 metabolites, providing a graphical depiction of how the
human kidney impacts these circulating metabolites. Several observations warrant mention.
First, many metabolite levels are lower in the renal vein than in the aorta, consistent with
some degree of renal clearance (many of the metabolites that do not change or change
minimally from aorta to renal vein are lipids). Second, the drop in creatinine levels provides
an index for the effect of glomerular filtration, acknowledging that that 16% fall in
creatinine in this sample is less than would occur in healthy adults. Third, a substantial
number of metabolites fall more than creatinine does from aorta to renal vein, implicating
some additional or alternative mechanism for their excretion, such as tubular secretion or
intra-organ metabolism. Paired analysis of urine samples was performed to formally
demonstrate tubular secretion of kynurenic acid (fractional excretion in urine >100%) and
intra-organ metabolism of choline and citrulline (very low fractional excretion).1® Finally,
some metabolites are actually higher in the renal vein than in the aorta, a topic that is
discussed in more detail in the section on inter-organ metabolite traffic.

In addition to studies of mild to moderate kidney dysfunction, metabolomics has been
utilized to better characterize uremia. Indeed, given the long-standing interest in small
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molecules as potential uremic toxins, studies of ESRD were among the earliest applications
of metabolomics in nephrology research.16-18 These efforts have rapidly added to the
compendium of retained metabolites in ESRD, expanding the list to >270 metabolites.19: 20
These results largely confirm the view of uremia as a state of small molecule retention;
however, they have also shown that a substantial number of metabolites, particularly lipid
metabolites such as low molecular weight triacylglycerols and select phosphatidylcholines,
are depleted in uremic blood (Figure 2).16 Metabolomics studies of ESRD have also
underscored the fundamental importance of diet and the gut microbiome on modulating the
blood metabolome. In an elegant study, Aronov et al. profiled blood obtained from 9
hemodialysis patients with intact colons and 6 hemodialysis patients who had previously
undergone colectomy.2! These authors demonstrated normal levels of established uremic
metabolites such as indoxyl sulfate and p-cresol sulfate, metabolites that are known to
require bacterial metabolism for their synthesis, among individuals without colons.
Similarly, many other compounds measured by mass spectrometry, most of uncertain
identity, were only elevated among hemodialysis patients with intact colons. Studies of mice
with renal failure in germ-free (no gut microbes) versus control conditions have
corroborated these findings, implicating gut microbes in the production of many uremic
metabolites.?2

Thus, the impact of kidney function on circulating metabolite levels is complex and includes
both direct and indirect effects. Loss of kidney function directly results in the accumulation
of many metabolites, although the relative degree of accumulation may differ depending on
the relative importance of glomerular filtration, tubular secretion, or intra-organ metabolism
for each metabolite. In addition, kidney disease can indirectly modify the rate of metabolite
production by leading to alterations in diet or the composition of the gut microbiome,23 or
alternatively, can alter metabolism in general through incompletely understood effects on
insulin resistance and protein energy wasting.24-26 Finally, non-renal mechanisms of
clearance increase for some metabolites in the context of renal failure; for example,
creatinine excretion through the gastrointestinal tract is known to increase with advancing
CKD.27 Regardless of why they occur, the numerous and significant alterations outlined by
metabolomics raise the question of whether select metabolites may play a causal role in the
morbidity and mortality that accompany CKD.

Novel functional roles for circulating metabolites

As noted, glucose and cholesterol are paradigmatic examples of how elevations in blood
metabolites can exert toxicity. Decades of research have examined the potential deleterious
effects of metabolites retained in renal failure, particularly in uremia, where traditional
cardiovascular risk factors are less informative as biomarkers and ineffective as treatment
targets.28 Although many candidate metabolite toxins have been examined, definitive proof
of toxicity has remained elusive. Table 1 summarizes some of the mechanisms by which
alterations in the metabolome may exert adverse effects. Here, this article considers two
topics in more depth, the identification of trimethylamine-N-oxide (TMAOQ) as a vascular
toxin, and the growing recognition that some metabolites exert hormone-like effects as
ligands for specific G-protein coupled receptors (GPCRs).2°
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TMAQO was initially identified as a cardiovascular disease risk marker through a
metabolomics analysis of plasma obtained from 75 individuals who subsequently had a
myocardial infarction or stroke, or died, and 75 age- and gender-matched controls who did
not.30 Several studies since have replicated TMAQ’s association with cardiovascular
outcomes among individuals with normal kidney function, including a prospective study of
4007 patients undergoing elective coronary angiography.31 TMAO is largely excreted by the
kidneys and is significantly elevated in renal failure, but its association with cardiovascular
outcomes in the context of CKD has been mixed.32-34 TMAOQ is derived from the gut
microbial conversion of dietary choline and L-carnitine into trimethylamine and hepatic
oxidation of trimethylamine to TMAQ. A functional role for TMAQO in atherogenesis has
been hypothesized based on studies showing that TMAO inhibits reverse cholesterol
transport, increases platelet hyperresponsiveness, and promotes macrophage foam cell
formation in mice—in turn, the use of antibiotics to stop gut microbial production of TMAQO
is cardioprotective in animals.3% 3¢ Thus, TMAO is a potential circulating cardiovascular
toxin, with blood levels determined by a combination of diet, gut microbial, hepatic, and
renal function.

While TMAO was initially highlighted through a metabolomics study of human disease, the
potential functional role of other metabolites has emerged from the recognition that they are
ligands at specific GPCRs in vitro and in model systems. Many of these metabolites have
traditionally been defined in terms of their intracellular bioenergetic functions, but more
recent observations have outlined roles as extracellular signaling molecules. For example,
He et al. discovered that the citric acid cycle intermediate succinate binds the previously
“orphan” GPR91.37 Previously thought to function exclusively as an intermediate in the
citric acid cycle, circulating succinate is now recognized to act through this receptor in the
kidney to trigger renin release and hypertension in rodents.3”: 38 Similarly, Pluznick et al.
have shown that circulating short chain fatty acids bind to OIfr78, a receptor expressed in the
renal juxtaglomerular apparatus, to mediate renin secretion in mice.3% The short chain fatty
acids acetate, propionate, and butyrate are products of the gut microbial fermentation of
polysaccharides such as cellulose and starch, providing a potential link between the gut
microbiome and blood pressure homeostasis. Bile acids, also modulated by gut bacteria,
have emerged as systemic metabolic regulators functioning beyond their traditional role in
lipid absorption within the gut lumen. Watanabe et al. have shown that bile acids signal
through TGR5 to promote intracellular thyroid hormone activation, whereas others have
shown that bile acid signaling through FXR (an intracellular receptor rather than a GPCR)
mediates the weight loss effects of sleeve gastrectomy in mice.*? 41 Finally, the tryptophan
metabolite kynurenic acid has been identified as a ligand for GPR35, a previously orphan
receptor highly expressed on leukocytes,*2 and signaling through this receptor induces
monocyte firm arrest to endothelium in vitro.43

Of the examples detailed here, only kynurenic acid is an established uremic solute, and its
effects through GPR35 raise the possibility it makes a functional contribution to aberrant
inflammation in kidney disease. It is likely that future studies will reveal unanticipated
biologic effects for other uremic metabolites as well. In addition, metabolite ligands of
GPCRs are of interest even if not significantly elevated in renal failure. That these
metabolites have cognate cell surface receptors means that even relatively modest

Semin Nephrol. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhee

Page 6

concentration changes that might occur with acute or chronic renal dysfunction may be
biologically meaningful. They also outline novel treatment approaches. For example,
administration of short-chain fatty acids has been shown to protect against ischemic AKI in
mice, although it is unclear if this effect is dependent on agonism through OIfr78, other
GPCRs, or the fact that they can also inhibit histone deacetylases inside the nucleus.** Taken
together, the recognition that circulating metabolites directly impact a range of biologic
processes including blood pressure, metabolism, and inflammation—at least in animal
models—enhances interest in circulating metabolites as causal factors in human kidney
disease and its complications.

Inter-organ metabolite traffic

Although not as much a focus of metabolomics research as the previous two themes, this
topic is discussed here because it is complementary with the overarching focus on
circulating metabolites and because it emphasizes the importance of a systems-level view.
The kidney’s contribution to inter-organ metabolite circuits is usually considered through its
impact on metabolite clearance, whether through filtration, secretion, or catabolism. For
example, excess nitrogen from muscle and throughout the body is delivered as amino groups
in glutamine, alanine, and other amino acids to the liver, incorporated into urea, and then
renally excreted. However, the kidneys play other roles as well, including as the target organ
for bioactive metabolites generated elsewhere, such as gut-derived short chain fatty acids or
succinate released from other tissues. In addition, the kidneys have anabolic functions,
including the synthesis of both proteins (renin and erythropoietin) and metabolites (calcitriol
and glucose) with important biologic roles. Under fasting conditions, renal glucose
production is responsible for approximately 40% of total body gluconeogenesis.? 3

Long before the advent of metabolomics, plasma sampling from the renal artery and vein of
human volunteers showed that the kidneys are also responsible for the net release of several
amino acids, including serine, tyrosine, and arginine.*> 46 These amino acids are not made
de novo within the organ, but rather are generated from single enzymatic steps to circulating
glycine (hydroxymethyl transfer), phenylalanine (hydroxylation), and citrulline
(transamination), respectively.% 47 The inter-organ exchange required for arginine synthesis
is complex; first, ingested glutamine is metabolized within the gut epithelium yielding
ammonia and citrulline; second, ammonia is incorporated into urea in the liver whereas
citrulline passes through the liver un-metabolized; third, citrulline is taken up by the kidneys
where it is transaminated to arginine.* The kidneys synthesize 2—4 g of arginine per day,
which may provide 35%-75% of normal daily arginine intake. Why this should occur in the
kidney is unclear. Arginine is an essential component of proteins and plays key roles in other
metabolic processes as well. It is tempting to hypothesize that its synthesis in the kidney is
related to its role as the precursor for nitric oxide synthase mediated NO production. The
kidney also plays a major role in the degradation of the NO synthase inhibitor and arginine
derivative ADMA. However, a formal role for renal arginine biosynthesis in the organ’s
overall control of systemic blood pressure or vascular reactivity in humans has not been
demonstrated.
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As previously noted, metabolomic profiling of samples acquired from the aorta and renal
vein demonstrates the net release of several metabolites from the kidney. These data
recapitulate prior observations with serine, tyrosine, and arginine (Figure 3), and highlight
other metabolites that have not been previously described. Although not all of these
metabolites are necessarily being synthesized within the organ—for example, the intra-organ
breakdown of small peptides or other macromolecules could lead to higher levels of some
metabolites in the renal vein relative to the aorta—it is possible that these kinds of studies will
reveal new renal anabolic products, perhaps with functional effects throughout the body.
Loss of renal anabolic activity, for example in ESRD, could lead to lower levels of these
metabolites as has been demonstrated for arginine. Clearly, replication in additional samples
followed by in depth mechanistic work in model systems would be required to substantiate
these speculations. Regardless, with examples here that span established physiology to
hypothesis-generating observations, maintaining a systems-level view will be important for
capturing the full discovery potential of metabolomics in kidney disease (Figure 4).

Establishing clinical relevance

A circulating metabolite may be of interest for different reasons, including markedly
elevated or depressed levels in CKD, specific hormone-like effects ascribed to the
metabolite, or the fact that it is produced by the kidney. Demonstrating the clinical
importance of select metabolites, however, is challenging given the multiplicity of
metabolite alterations that arise with renal failure, the fact that metabolites may act in
concert to co-activate common pathways, and the lack of ideal animal models for kidney
disease or its complications.

One approach to prioritizing among numerous metabolites is to identify which have the
strongest statistical associations with adverse clinical outcomes. This strategy is feasible
because the relatively high throughput of current metabolomics approaches has enabled
profiling of large patient cohorts. For example, several groups have measured baseline blood
metabolites in >1000 subjects each from the KORA S4/F4Study, the Framingham Heart
Study (FHS), and the Atherosclerosis Risk in Communities (ARIC) Study, testing the
association of baseline metabolites with the subsequent decline of eGFR to < 60 mL/min/
1.73m2.15.49. 50 gmaller, more selected patient cohorts have been used to examine
progression to hard endpoints such as ESRD or death.?1 Although each study has nominated
select metabolites of interest, methodologic differences across studies have been a barrier to
systematic meta-analysis. More specifically, at present all metabolomics platforms provide
incomplete coverage of the metabolome, with considerable areas of non-overlap across
platforms. As a result, no unequivocal “winner” has emerged from these studies, although
partial overlap across data sets has highlighted tryptophan metabolites such as kynurenine
and kynurenic acid as potential predictors of GFR loss. In ESRD, elevated levels of p-cresol
sulfate, indoxyl sulfate, ADMA, and TMAQO have been associated with cardiovascular
outcomes or death in some, but not all studies performed to date.>2 53 Metabolite
associations with other complications of kidney disease, including malnutrition,
inflammation, or uremic symptoms have received less attention to date, and are important
areas for future investigation. Finally, there have been relatively fewer studies associating
urine metabolites with clinical outcomes. In part, this reflects the lower availability of high
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quality urine samples (particularly 24 hour collections) in large epidemiologic cohorts, as
well as technical challenges introduced by the presence of proteinuria and wide range of
urinary dilution/concentration.

Although linking metabolites—in blood or urine—uwith clinical outcomes is of interest, it is
insufficient to prove causality, as confounding variables may underlie the association
between select metabolites and outcomes. Mendelian randomization leverages human
genetics to test the causality of associations between biomarkers and clinical outcomes. The
logic of this approach is illustrated by studies of LDL cholesterol. Because circulating LDL
cholesterol is deleterious, genetic variants that increase LDL cholesterol levels are expected
to contribute to the risk of cardiovascular disease. Consistent with this, genetic variants that
increase LDL cholesterol levels have been shown to be enriched among individuals with
cardiovascular disease compared to individuals without cardiovascular disease, and a
combined score of these genetic variants is an independent predictor of new onset heart
disease.>* 55 Although these studies were not required to prove the atherogenecity of LDL
cholesterol, which had already been long-established, they provide proof of principle for the
application of this approach to metabolites of uncertain toxicity.

Metabolomic profiling in large cohorts has led to genome wide association studies of the
blood metabolome, laying the groundwork for Mendelian randomization analyses.®%: 57 As
reviewed by Kottgen and colleagues, however, these analyses require not just that the genetic
determinants of the metabolite of interest have been identified, but that the genetic
determinants have a clinically meaningful impact on metabolite levels and that the genetic
determinants only affect disease status via their effect on the metabolite.58 To date, these
preconditions have not been met for most of the circulating metabolites measured with
current metabolomics approaches.

Conclusion

The term “systems biology” can refer to different analytical and computational techniques,
but is often defined in contrast to or as the antithesis of reductionism, which seeks to explain
biologic phenomena on the basis of individual parts and their interactions.>® By contrast,
systems biology “is about putting together rather than taking apart, integration rather than
reduction.”8% From a practical standpoint, this can involve the simultaneous application of
multiple omics approaches such as genomics, transcriptomics, proteomics, and
metabolomics, along with bioinformatics tools to generate a comprehensive view of
biological processes. The focus of this article is a little different, with specific emphasis on
the blood metabolome in kidney disease. By referring to a “systems-level” view, however, it
purposefully echoes the archetype of systems biology, invoking the need for an integrated
perspective that considers the whole organism. The kidneys have complex effects on
circulating metabolite levels, which in turn may have diverse functional effects throughout
the body. Metabolomics studies have enriched our appreciation for this complexity, and will
likely yield further insights on the metabolic inter-relationships across organs, but translating
these findings to improved diagnosis, prognosis, and treatment of kidney disease in the clinic
will require further study.
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Figure 1. Renal Arterio-Venous Metabolite Gradients in Humans
Mean venous to arterial ratios for ~220 metabolites, ordered left to right on the x-axis from

lowest to highest ratio. For any given metabolite, [V]/[A] <1 is consistent with net renal
uptake, whether via filtration, secretion, and/or metabolism, whereas [V]/[A] >1 suggests net
release by the kidney. Representative metabolites, including creatinine, kynurenic acid,
choline, and citrulline are highlighted.
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Figure 2. ESRD is a State of Small Molecule Disarray
Mean ratio in peripheral plasma of ESRD patients versus control for ~220 metabolites, with

polar (left) and lipid (right) metabolites shown separately. Metabolites are ordered from left
to right on the x-axis from highest to lowest ratio. Two representative metabolites, kynurenic
acid and arginine are highlighted.
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Figure 3. Net Renal Release of Select Metabolites
Aortic and renal venous levels for creatinine, serine, arginine, and tyrosine, reported as peak

areas detected by the mass spectrometer. The uniform decrease in creatinine is a positive
control, consistent with renal clearance. Serine and arginine increased from aorta to renal
vein in all nine individuals, whereas tyrosine increased in seven individuals (P < 0.001 for
all three metabolites).
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Figure 4. Selected Examples of Inter-organ Metabolite Traffic
Four distinct circuits are shown. (Green) Dietary choline is converted by gut microbes to

trimethylamine (TMA), which undergoes oxidation in the liver to generate trimethylamine-
N-oxide (TMAOQO). TMAO is renally cleared and has toxic cardiovascular effects. (Yellow)
Dietary starch is converted by gut microbes to short chain fatty acids (SCFA, butyrate
shown), which can then exert biologic effects as ligands for specific GPCRs, including in the
kidney. (Blue) Dietary glutamine is converted by enterocytes to citrulline, which can then
undergo enzymatic conversion in the kidney to arginine, which then exerts a range of
biologic effects. Finally urea, which is synthesized primarily in the liver from excess
ammonia derived from throughout the body (not shown) is excreted by the kidney.
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Table 1

Potential Adverse Effects of Metabolite Alterations

Direct cellular toxicity

Inflammation and oxidative
stress

Enzyme inhibition

Central nervous system
activity

Protein modification

Metabolite depletion

GPCR signaling

A major focus of uremia research, with metabolites such as p-cresol sulfate and indoxyl sulfate shown to impact
cell proliferation, cell senescence, fibrosis, and inflammation/oxidative stress (see below).61

Metabolites such as p-cresol sulfate and indoxyl sulfate can also increase leukocyte activation and adhesion,
leukocyte free radical production, and renal cell cytokine expression, and lower endothelial cell glutathione
levels.61

As substrates and products of defined biochemical reactions, some metabolites can modulate specific enzyme
actions; e.g. ADMA inhibits nitric oxide synthase, preventing the synthesis of NO from arginine.52

The presence of organic ion transporters at the blood-brain barrier, in some cases the same as expressed in renal
tubules,53: 8 suggests that the accumulation of some metabolites that undergo active renal secretion are
neurotoxic.5®

Metabolites can covalently modify proteins in circulation and in tissue, altering structure and function. Examples
include glycation (due to hyperglycemia and oxidative stress) and carbamylation (a urea derived modification).66

Some metabolites are actually depleted in renal failure, for example due to reduced dietary intake, loss of renal
biosynthesis, or increased clearance for patients on dialysis. Carnitine depletion has been hypothesized to
contribute to skeletal and cardiac myopathy in ESRD.%7

Several metabolites have emerged as extracellular signaling molecules that are ligands at specific GPCRs, with
actions pertinent to blood pressure, metabolism, and inflammation.2®
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