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Research gaps and 
opportunities in diabetic 
kidney disease
Diabetic kidney disease (DKD), defined 
broadly as kidney damage due to diabetes, 
is the leading global cause of progressive 
chronic kidney disease and end-stage kid-
ney disease (ESKD) (1,2). DKD develops in 
approximately 40% of patients with diabe-
tes, which has seen a remarkable increase in 
global prevalence and is expected to affect 
nearly 800 million people by the year 2045 
(3). Despite recent advances in the thera-

peutic landscape, including the addition of 
sodium-glucose cotransporter-2 (SGLT2) 
inhibitors and nonsteroidal mineralocorti-
coid receptor antagonists to the armamen-
tarium, patients with DKD continue to have 
a substantial residual risk of kidney and 
cardiovascular morbidity and mortality (4). 
The standard markers of estimated glomer-
ular filtration rate (eGFR) and albuminuria 
can mislead clinicians in the initial stages 
of DKD, a time when structural damage is 
already occurring (5). eGFR can be normal 
or increased in the early stages of DKD, and 

the onset of macroalbuminuria may already 
coincide with advanced and irreversible 
lesions. In fact, the majority of patients with 
type 2 diabetes may have normoalbumin-
uria or microalbuminuria at the time that 
reduced kidney function is detected (5). The 
next frontier will involve the development 
of personalized therapies that target specif-
ic mechanisms of disease progression early 
in the disease course. A critical component 
of this effort is finding biomarkers that not 
only identify patients in the early stages of 
disease who are at high risk for DKD pro-
gression, but can also enable future drug 
development and clinical trials enriched for 
kidney outcomes. An approach based on 
individualized biomarker profiles will pave 
the way for precision medicine to change 
the trajectory of DKD for patients while 
they are still at an early stage of their disease 
when there is still a chance to intervene.

DKD provides a robust space for mech-
anistic biomarker discovery. Multiple inter-
linked processes contribute to the onset 
and progression of kidney damage in dia-
betes, including metabolic, hemodynamic, 
inflammatory, and fibrotic pathways (4). 
Several biomarkers of inflammation and 
fibrosis are independent predictors of DKD 
progression, including tumor necrosis fac-
tor receptor 1 (TNFR1), TNFR2, and kidney 
injury molecule-1 (KIM-1) (6, 7). TNFR1 
and TNFR2 are circulating receptors of the 
proinflammatory cytokine TNF-α; KIM-1 is 
expressed in the apical membrane of prox-
imal tubular cells in response to injury and 
promotes kidney fibrosis. Plasma levels of 
TNFR1, TNFR2, and KIM-1 are associated 
with higher risk of eGFR decline in patients 
with early or advanced DKD, and TNF 
receptors in particular have been associated 
with kidney outcomes, even among patients 
with diabetes and normoalbuminuria (6, 7). 
Notably, baseline levels of many of these 
inflammatory mediators are markedly inter-
correlated, suggesting that these biomarkers 
are regulated by common upstream mecha-
nisms that remain to be elucidated (8). Iden-
tification of such mechanistic biomarkers 

  Related Article: https://doi.org/10.1172/JCI170341

Conflict of interest: AF is one of the inventors on pending patents (“Methods of Treating Renal Disease Associated 
With Chronic Kidney Disease Such as Alport Syndrome” [PCT/US2019/032215, US 17/057,247], “Method for treating 
kidney disorders” [PCT/US2019/041730], “Method of using cyclodextrin” [PCT/US2013/036484], “Assays, methods 
and kits for predicting renal disease and personalized treatment strategies” [CA2,930,119, CA2,852,904], “Soluble 
Urokinase Receptor [suPAR] in Diabetic Kidney Disease” [PCT/US2012/062594], and “Materials and Methods for 
Modulating Insulin Signaling and Preserving Podocyte Function” [PCT/US2017/057151]) and on issued patents 
(“Method for preventing and treating renal disease” [US10,183,038] and “Assays, methods and kits for predicting 
renal disease and personalized treatment strategies” [US10,052,345]). AF also holds equity in ZyVersa Therapeutics 
Inc. and in Renal 3 River Corporation. YD holds equity in Pfizer Inc. AF and YD receive research support from Pfizer.
Copyright: © 2023, Drexler et al. This is an open access article published under the terms of the Creative Commons 
Attribution 4.0 International License.
Reference information: J Clin Invest. 2023;133(20):e174015. https://doi.org/10.1172/JCI174015.

Enabling the early detection and prevention of diabetic kidney damage 
has potential to substantially reduce the global burden of kidney failure. 
There is a critical need for identification of mechanistic biomarkers 
that can predict progression and serve as therapeutic targets. In this 
issue of the JCI, Sharma and colleagues used an integrated multiomics 
approach to identify the metabolite adenine as a noninvasive biomarker 
of progression in early diabetic kidney disease (DKD). The highest tertile 
of urine adenine/creatinine ratio (UAdCR) was associated with higher risk 
for end-stage kidney disease and mortality across independent cohorts, 
including participants with early DKD without macroalbuminuria. Spatial 
metabolomics, single-cell transcriptomics, and experimental studies 
localized adenine to regions of tubular pathology and implicated the mTOR 
pathway in adenine-mediated tissue fibrosis. Inhibition of endogenous 
adenine production was protective in a diabetic model. These findings 
exemplify the potential for multiomics to uncover mechanistic biomarkers 
and targeted therapies in DKD.
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— and spatial organization. Integration of 
these multiomics data sets provides a cru-
cial framework for understanding molec-
ular mechanisms of disease and for identi-
fying potential predictive biomarkers that 
are then validated in animal models, inves-
tigated in patient cohorts for linking to clin-
ical phenotypes, and ultimately mapped in 
individual patients (Figure 1).

Endogenous adenine in diabetic 
kidney disease progression
In this issue of the JCI, Sharma and col-
leagues used an integrated multiomics 
approach to demonstrate that endoge-
nous adenine mediated injury in DKD 
models and predicted the progression of 
DKD in patients (9). In a previous analysis, 
the investigators used a high-throughput 
untargeted metabolomic platform com-
bined with machine learning to examine 
nearly 700 metabolite ions in the urine of 
participants from the Chronic Renal Insuf-
ficiency Cohort (CRIC) study and identi-
fied 99 metabolites that were associated 
with progression to ESKD after adjusting 
for clinical variables (13). Pathway analy-

to truly understand disease processes and 
bridge the gap toward therapeutic devel-
opment, it is imperative to consider the 
metabolomic footprint in the context of 
the structure-function relationship at the 
level of the diseased tissue. At the forefront 
of this effort, the Kidney Precision Medi-
cine Project (KPMP) study has developed 
a human kidney tissue atlas — using kid-
ney biopsies from unaffected patients and 
those with kidney disease — that makes it 
possible to map structure-function relation-
ships at the single-cell level and understand 
how cell-type-specific processes and their 
metabolites are altered in different disease 
states (12). The data derived from this effort 
are extremely robust and diverse, including 
transcriptomics using single-cell and sin-
gle-nucleus RNA-sequencing technologies, 
regional (i.e., glomerular and tubulointer-
stitial) bulk transcriptomics, proteomics, 
metabolomics, and mass spectrometry 
imaging–based spatial metabolomics. The 
kidney is uniquely suited to this effort, with 
its diversity of cellular subtypes — includ-
ing glomerular, proximal tubular, vascular, 
and resident and circulating immune cells 

will require multimodal approaches, includ-
ing the use of kidney biopsies for molecular 
analysis at the cellular level in combination 
with blood and urine markers. In this issue 
of the JCI, Sharma and colleagues used this 
groundbreaking approach to demonstrate 
that endogenous adenine drives kidney dis-
ease progression in DKD (9).

Multiomics approach to 
elucidating mechanisms of 
kidney disease
Metabolomic analyses hold the potential to 
revolutionize the field of biomarker research 
through the identification and quantitation 
of all metabolites present in a given biofluid 
or tissue sample (10). Nontargeted metab-
olomics allows for global profiling of all 
possible metabolites and is typically used 
for discovery, while targeted metabolom-
ics quantifies selected metabolites that are 
associated with a pathway of interest or dis-
ease state; it is typically hypothesis driven 
but can also serve as a method of discovery 
(11). As a next step, pathway enrichment 
analysis can help derive biological meaning 
from the metabolomic footprint. However, 

Figure 1. Multiomics approaches enable discovery of mechanistic biomarkers and targeted therapies in diabetic kidney disease. Kidney biopsy tissue and 
biospecimens (urine, plasma) are used to generate multiple types of molecular data, including single-cell transcriptomics, mass spectrometry imaging-based 
spatial metabolomics, and urine and plasma. These multimodal data are integrated using bioinformatic analysis to validate metabolites, cell types, and 
pathways. The pathways and biomarkers are then studied in experimental models to validate the target and allow for early-stage drug development. Finally, 
the novel biomarker is translated into mechanistic-based interventional clinical trials for clinical development of new DKD therapeutics. The UAdCR mechanis-
tic biomarker could be used to stratify patients who are in the early stage of disease but at high risk for disease progression, to identify relevant subgroups of 
patients who are more likely to benefit from the targeted therapy for enrollment in clinical trials, and as a measure of target engagement in interventional trials 
of emerging therapeutics. DKD, diabetic kidney disease; HK-2, human kidney proximal tubular; MTAP, methylthioadenosine phosphorylase; MTC, murine kidney 
proximal tubular epithelial; mTOR, mammalian target of rapamycin; RNP, ribonucleoprotein; SGLT2i, sodium-glucose cotransporter-2 inhibitor; UAdCR, urine 
adenine/creatinine ratio.
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developing therapeutics based on those 
targetable pathways. This approach also 
provides a framework to elucidate mech-
anisms of kidney protection for known 
therapeutics and to promote drug discov-
ery. SGLT2 inhibitor treatment results in 
dose-dependent improvements in mea-
sures of kidney function and inflammato-
ry and oxidative stress in animal models 
of adenine-induced chronic kidney dis-
ease (16, 17) and leads to early decreases 
in kidney injury markers independently 
of albuminuria in individuals with dia-
betes. Furthermore, there is recent evi-
dence that SGLT2 inhibitors restore dia-
betes-induced metabolic perturbations 
via suppression of mTORC1 signaling in 
proximal tubular cells in young individu-
als with type 2 diabetes and in a diabetes 
mouse model (19). The study by Sharma 
and colleagues suggests that some of the 
benefit of SGLT2 inhibitors may derive 
from reduced endogenous adenine levels, 
as measured by UAdCR. SGLT2 inhibi-
tors may in fact mitigate adenine-induced 
tubular injury via the mTOR pathway as 
a cellular mechanism of kidney protec-
tion. Importantly, inhibition of endoge-
nous adenine production with the specific 
small-molecule inhibitor MTDIA, which 
reduced kidney adenine and appears to 
be well tolerated in mice, can be investi-
gated as a potential therapeutic, using the 
UAdCR biomarker as a measure of target 
engagement (9, 20).

With this breakthrough study by Shar-
ma and colleagues, we can more clear-
ly envision a future where multiomics 
approaches enable discovery of predictive 
biomarkers — such as the UAdCR — that 
can be assayed routinely and noninvasive-
ly early in the disease course. This exam-
ple should serve as a call to accelerate drug 
discovery, which will be needed to truly 
revolutionize our ability to prevent DKD.
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can Indians with preserved measured GFR 
and Southeast Asian participants with 
reduced eGFR. Second, the investigators 
evaluated the effect of different glycemic 
conditions and therapeutic intervention 
with the SGLT2 inhibitor empagliflozin on 
UAdCR in nonmacroalbuminuric partic-
ipants. Despite no effect of acute hyper-
glycemia on UAdCR, eight weeks of treat-
ment with empagliflozin reduced UAdCR 
levels by more than one-third, suggesting 
that UAdCR could be used to monitor 
response to treatment in nonmacroalbu-
minuric patients. Third, the investigators 
used spatial metabolomics to determine 
the regional localization of adenine in kid-
ney biopsy tissue sections. While adenine 
was present at low intensity in healthy con-
trol kidney, adenine was increased overall 
and in areas of glomerular, tubular, and 
vascular pathology among patients with 
diabetes, even among those without mac-
roalbuminuria. Fourth, the investigators 
used single-cell transcriptomics to analyze 
differentially expressed genes from prox-
imal tubular cells in patients with DKD 
compared with those in individuals used 
as healthy controls. Pathway enrichment 
analysis identified the ribonucleoprotein 
biogenesis pathway as the top upregu-
lated pathway in DKD biopsies from the 
KPMP and a second independent study. 
Additional experiments provided further 
mechanistic insights. Adenine stimulated 
matrix molecules in proximal tubular cells, 
an effect mediated by the mTOR pathway 
and blocked via inhibition of mTORC1 
with rapamycin. Adenine administration 
to healthy mice increased levels of the inju-
ry markers soluble TNFR1 (sTNFR1) and 
KIM-1 and induced kidney hypertrophy, 
kidney mTOR activity, and kidney matrix 
production. Finally, blocking endoge-
nous adenine production using a specific 
small-molecule inhibitor of methylthioad-
enosine phosphorylase was protective in 
diabetic mice, as evidenced by improve-
ments in diabetic kidney hypertrophy, 
kidney function, and injury biomarkers, 
including kidney KIM-1 levels.

Clinical and research 
implications
Sharma and colleagues have demon-
strated how an integrated multiomics 
approach can bridge the gap between 
identifying mechanistic biomarkers and 

sis revealed metabolic pathways that were 
consistently enriched, and a targeted assay 
validated 13 of 15 metabolites — includ-
ing adenine — that were associated with 
ESKD. Adenine is a purine nucleobase 
that is known to induce progressive kidney 
damage, including glomerular and proxi-
mal tubular injury and induction of proin-
flammatory and profibrotic pathways, as 
an exogenous toxin in animal models (14). 
Adenine also stimulates the mTOR com-
plex 1 (mTORC1), which plays a key role 
in promoting ribosome biogenesis — an 
energy-intensive and highly regulated cel-
lular process — and enhancing global pro-
tein synthesis and cell growth (15). While 
exogenous adenine is a known mediator 
of injury in kidney disease models, much 
less is known about the role of endogenous 
adenine in the initiation and progression 
of kidney disease.

In a multifaceted approach, Sharma 
and colleagues first used urine metabolo-
mics to determine whether urine adenine 
levels can predict kidney failure and mor-
tality, even among patients with normal or 
elevated GFR without macroalbuminuria. 
Specifically, the authors evaluated several 
independent, diverse cohorts of patients 
with diabetes for an association between 
baseline urine adenine/creatinine ratio 
(UAdCR) and clinical endpoints — name-
ly ESKD and all-cause mortality (9). They 
determined urine levels of adenine nor-
malized to urine creatinine using a rapid 
throughput assay that combines a micro-
fluidic chip for metabolite separation with 
mass spectrometry. In a sample of over 900 
participants with diabetes and reduced 
eGFR from the CRIC study, the highest 
UAdCR tertile compared with the lowest 
was associated with a 1.57-fold higher risk 
for ESKD or all-cause mortality (adjusted 
HR, 1.57; 95%, CI 1.18–2.10) independent 
of baseline eGFR and albuminuria. Sim-
ilar robust associations between UAdCR 
and risk of ESKD were found when ana-
lyzing cohorts without macroalbumin-
uria. Among 551 CRIC participants with 
reduced eGFR and without macroalbu-
minuria, the highest UAdCR tertile com-
pared with the lowest identified partici-
pants with a 2.36-fold higher risk for ESKD 
(adjusted HR, 2.36; 95%, CI 1.26–4.39). 
Findings in CRIC were validated in sepa-
rate cohorts of patients with diabetes with-
out macroalbuminuria, including Ameri-
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