
Present and future directions in diabetic kidney disease

Christine P. Limonte, MD1,2, Matthias Kretzler, MD3,4, Subramaniam Pennathur, MD3,5,6, 
Rodica Pop-Busui, MD PhD7, Ian H. de Boer, MD MS1,2

1Division of Nephrology, Department of Medicine, University of Washington, Seattle, WA, USA

2Kidney Research Institute, University of Washington, Seattle, WA, USA

3Division of Nephrology, University of Michigan, Ann Arbor, MI, USA

4Department of Computational Medicine and Bioinformatics, University of Michigan, Ann Arbor, 
MI, USA

5Michigan Regional Comprehensive Metabolomics Resource Core, Ann Arbor, MI, USA

6Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor, MI, USA

7Department of Internal Medicine, Division of Metabolism, Endocrinology and Diabetes, 
University of Michigan, Ann Arbor, MI, USA

Abstract

Diabetic kidney disease (DKD) is the leading cause of kidney failure and is associated with 

substantial risk of cardiovascular disease, morbidity, and mortality. Traditionally, DKD prevention 

and management have focused on addressing hyperglycemia, hypertension, obesity, and renin-

angiotensin system activation as important risk factors for disease. Over the last decade, 

sodium-glucose cotransporter-2 inhibitors and glucagon-like peptide-1 receptor agonists have been 

shown to meaningfully reduce risk of diabetes-related kidney and cardiovascular complications. 

Additional agents demonstrating benefit in DKD such as non-steroidal mineralocorticoid receptor 

antagonists and endothelin A receptor antagonists are further contributing to the growing arsenal 

of DKD therapies. With the availability of greater therapeutic options comes the opportunity to 

individually optimize DKD prevention and management. Novel applications of transcriptomic, 

proteomic, and metabolomic/lipidomic technologies, as well as use of artificial intelligence and 

reinforced learning methods through consortia such as the Kidney Precision Medicine Project and 

focused studies in established cohorts hold tremendous promise for advancing our understanding 

and treatment of DKD. Specifically, enhanced understanding of the molecular mechanisms 

underlying DKD pathophysiology may allow for the identification of new mechanism-based 

DKD subtypes and the development and implementation of targeted therapies. Implementation of 

personalized care approaches has the potential to revolutionize DKD care.
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PROBLEM

Diabetes affects approximately 10% of the overall United States population, amounting 

to roughly 32 million people.1 Diabetic kidney disease (DKD), defined as persistent 

albuminuria and/or decreased estimated glomerular filtration rate (eGFR) attributed to 

diabetes, occurs in approximately 30% of people with type 1 and type 2 diabetes (T1D 

and T2D, respectively).2,3 DKD is the leading cause of kidney failure in the United States, 

accounting for 47% of incident cases of kidney failure in 2019.4 Based on a 2021 report 

from the International Diabetes Federation, the prevalence of diabetes is projected to 

increase both in the United States and worldwide through 2045, ultimately affecting 780 

million people globally.1 With this, the burden of DKD and diabetes-related kidney failure 

is expected to proportionally increase over time.5,6 Further contributing to the growing 

prevalence of DKD is population aging, compounded with decreasing diabetes-related 

mortality.6,7

DKD is associated with substantially increased risk of cardiovascular disease and related 

morbidity and mortality. One study using data from the third National Health and Nutrition 

Examination Survey (NHANES III) found that the absolute risk of cardiovascular mortality 

over 10 years was 13% higher among those with T2D and kidney disease compared to 

those with T2D alone, adjusting for age, sex, race, smoking status, blood pressure, and 

cholesterol.8 Similarly, increased mortality has been reported in adults with T1D and kidney 

disease compared to adults with T1D and normal kidney function in longitudinal cohort 

studies based in the United States and Finland.9,10 Furthermore, cardiovascular risk and 

mortality risk increase progressively with lower GFR and higher albuminuria.

While coronary heart disease and diastolic dysfunction are the most commonly observed 

cardiovascular complications among people with chronic kidney disease (CKD), increased 

risk of peripheral vascular disease and stroke has also been observed. Accordingly, 

the American Heart Association has recognized those with CKD as belonging to the 

“highest-risk group” for the prevention, identification, and treatment of cardiovascular 

risk factors.11 The increased risk of cardiovascular disease seen with CKD is believed 

to result from the presence of both traditional cardiovascular risk factors (hypertension, 

endothelial dysfunction, chronic inflammation) and CKD-specific metabolic and hormonal 

derangements (mineral metabolism disorders, anemia, renin-angiotensin system [RAS] 

activation).12 However, the specific mechanisms by which kidney dysfunction contributes 

to cardiovascular risk have yet to be fully elucidated.

DKD also meaningfully contributes to population-based health care disparities in the 

United States. The prevalence of diagnosed T2D is higher among American Indian, Black, 

Hispanic, and Asian adults compared to White adults, placing these populations at greater 

risk of related complications, including DKD.13 Additionally, members of minority racial 

and ethnic groups with diabetes are more likely to develop DKD and progress to kidney 

failure compared to their White counterparts.4,14 Heightened risk of kidney disease in these 

populations is in part due to low socioeconomic status and reduced access to health care 

resulting from the perpetuation of systemic social and environmental barriers.
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The substantial, growing burden of DKD has been and will continue to be an important 

driver of increased morbidity and mortality in the United States and worldwide. Here, we 

detail advances made in recent decades in the care and prevention of DKD and highlight 

promising innovations in DKD research that are primed to yield meaningful progress in 

the field. Specifically, we discuss how novel applications of transcriptomic, proteomic, 

and lipidomic technologies combined with improved care implementation will culminate 

an enhanced understanding of DKD pathophysiology and the development of targeted 

diagnostic, prognostic, and therapeutic strategies. Ultimately, these efforts represent the 

ushering of a new era of precision medicine for DKD.

BACKGROUND

Until recently, DKD prevention and management have focused primarily on addressing 

hyperglycemia as an important risk factor for disease. Early, intensive glycemic control 

was demonstrated to reduce the risk of DKD and other microvascular complications in 

both T1D (as amply supported by the Diabetes Control and Complications Trial and 

Epidemiology of Diabetes Interventions and Complications [DCCT/EDIC]) and T2D (in the 

UK Prospective Diabetes Study [UKPDS] and ADVANCE).15–17 In the ADVANCE trial of 

T2D, tight glucose control also reduced the risk of kidney failure.17 In accordance with these 

recognized benefits, guidelines from the American Diabetes Association, European Society 

for the Study of Diabetes (ADA/EASD), and other professional organizations emphasize 

maintenance of tight glycemic control, with a recommended individualized hemoglobin A1c 

goal of less than approximately 7%.18 However, this must be balanced with risk of severe 

hypoglycemia, which may occur with specific glucose-lowering regimens in an effort to 

achieve intensive glycemic control and may contribute to poor outcomes.19 Additionally, 

along with management of blood glucose, treatment of hypertension and obesity have been 

recognized as important for reducing risk of DKD incidence and progression.16,20

Since the time RAS inhibition was discovered to slow decline in kidney function in 

diabetes, angiotensin converting enzyme inhibitors (ACEi) and angiotensin receptor blockers 

(ARB) have been a mainstay of DKD management. In randomized, controlled trials, RAS 

inhibition slowed eGFR decline and reduced albuminuria progression.21 These benefits are 

independent of blood-pressure lowering. While effective for preventing the progression of 

established DKD (with albuminuria), RAS inhibition has not been effective at reducing the 

incidence of DKD.22

Over the last decade, novel, glucose-lowering agents have been shown to meaningfully 

reduce the risk of kidney and cardiovascular complications of T2D, revolutionizing 

diabetes care (Figure 1). Sodium-glucose cotransporter-2 inhibitors (SGLT2i) have been 

demonstrated to significantly reduce the risk of progressive kidney function decline, incident 

kidney failure, cardiovascular death, and heart failure hospitalizations in adults with T2D 

with and without kidney disease.23 The profound renoprotective effect of SGLT2i has been 

observed in both primary cardiovascular and kidney outcome trials and is consistent across 

baseline eGFR and albuminuria subgroups.24 Trials of glucagon-like peptide-1 receptor 

agonists (GLP-1 RA) in T2D populations have also demonstrated significant kidney and 

cardiovascular benefits. Specifically, studies of GLP-1 RA have reported a reduction in 
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major adverse cardiovascular events as primary outcomes, and a reduction in eGFR decline 

or albuminuria progression as secondary outcomes.25 These findings have transformed the 

management of diabetes and related complications from a “glucose-centric” to a “cardio-

renal” risk reduction focused approach.26 The most recent ADA guidelines emphasize 

consideration of DKD when deciding on additional glucose-lowering therapies.27 For 

the management of DKD, 2022 Kidney Disease Improving Global Outcomes (KDIGO) 

guidelines consider SGLT2i along with metformin as first-line drug therapy, after which 

GLP-1 RA are recommended if needed to achieve glycemic target or if albuminuria is 

persistent.28

Further expanding the arsenal of DKD therapies is the non-steroidal mineralocorticoid 

receptor antagonist, finerenone. In randomized control trials of adults with T2D and 

albuminuria despite maximum-tolerated RAS inhibition, finerenone significantly reduced 

the risk of sustained eGFR decline and kidney failure as well as that of cardiovascular 

events.29 This agent has also been recommended for use in ADA and upcoming KDIGO 

2022 guidelines.27,28 Other novel drug classes, such as endothelin A receptor antagonists, 

have demonstrated promise in slowing DKD progression and are undergoing further study.30

Despite recent advances in treatments for DKD, important questions remain. First, 

substantial residual risks of CKD progression and cardiovascular events are evident for 

patients with DKD even when optimally treated with currently-available drugs. Second, 

while some interventions (e.g. lifestyle modification, SGLT2i) are likely to have substantial 

benefits with low risks across wide subgroups of patients, benefits and risks may vary 

with novel drugs. Third, with multiple drugs now available for treatment of people with 

T2D and CKD, combinations of drugs need to be considered and optimized. Therefore, 

“one-size-fits-all” approach is unlikely to be optimal for the prevention and management of 

DKD. Knowledge of the mechanisms underlying DKD pathology and differences in disease 

severity and prognosis in individuals is lacking. Enhanced insight into the molecular drivers 

of DKD is essential for targeting the right drugs to the right patients and for the development 

of new therapies.

INNOVATIVE METHODS

The use of novel, cutting-edge approaches for molecular interrogation of kidney pathology 

holds tremendous promise for advancing our understanding and treatment of DKD. 

These tools are paving the way for the discovery and application of precision medicine 

methodology in DKD, directly addressing the limitations of the current, broad treatment 

approaches. Specifically, precision medicine refers to the concept of personally curating 

medical prevention and treatment strategies, accounting for individual variability.31 A 

number of new consortia aim to advance precision medicine in DKD, including the Kidney 

Precision Medicine Project (KPMP), TRIDENT, and BEAT-DKD.32–34 These and focused 

studies in established cohorts are applying novel multiomic data to better understand 

mechanism, risk factors, and subtypes of DKD.

Limonte et al. Page 4

J Diabetes Complications. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Consortia-based Approaches: The Kidney Precision Medicine Project

The KPMP is a national consortium funded by the National Institute of Diabetes and 

Digestive and Kidney Diseases (NIDDK) which aims to redefine common forms of 

CKD and acute kidney injury (AKI) by integrating molecular kidney data procured from 

protocol kidney biopsies with standardized clinical phenotypic and outcome data.32 The 

KPMP is enrolling adults with DKD, hypertensive kidney disease, or AKI, and excluding 

those with glomerular diseases, kidney transplant, malignancy, or pregnancy. In obtaining 

kidney biopsies from participants with common forms of CKD (such as DKD) who are 

not usually biopsied for clinical purposes, the KPMP is by design ideally positioned to 

elucidate the mechanisms underlying the most prevalent kidney disease phenotypes. Overall, 

the KPMP proposes a model for molecularly defining disease and targeted treatments 

beginning with cohort-based, kidney tissue-centered clinical and molecular phenotyping, 

followed by multiscalar integration of clinical, histopathologic, transcriptomic, proteomic, 

and metabolomic data, and resulting in identification of disease pathways at the patient 

level. Specifically, the goals of the KPMP are as follows: (1) to ethically collect kidney 

biopsies from participants with AKI and CKD; (2) to create a reference kidney tissue atlas; 

(3) to define molecular disease subgroups; (4) to identify new therapeutic targets for kidney 

disease.

Kidney tissue within the KPMP undergoes comprehensive structural and molecular 

phenotyping using a wide breadth of multimodal technologies spanning transcriptomics, 

proteomics, metabolomics, epigenetics, and spatial imaging (Figure 2). The tissue 

interrogation pipeline is subjected to rigorous quality control measures across all phases 

of tissue handling including collection, processing, and preservation.35 This approach 

facilitates harmonization of the resulting data. Following processing, tissue samples are 

distributed across Tissue Interrogation Sites (TIS) for application of molecular technologies. 

The data ascertained from these molecular platforms are at once complementary 

and redundant, yielding comprehensive results that are amenable to validation across 

technologies. For example, transcriptomic data is obtained across different TIS via single-

cell RNA sequencing (RNAseq), single-nucleus RNAseq, spatial transcriptomic profiling, 

and in bulk from laser microdissected biopsy samples.

Technological advancements implemented within the KPMP allow for the capture and 

integration of high-dimensional molecular and spatial data, holding the potential for 

deeper phenotyping of kidney disease than ever before possible. With single-cell RNAseq, 

individual transcriptomic profiles from thousands of kidney cells can be compared and 

contrasted such that cell-type-specific changes in gene expression that occur with disease 

can be thoroughly characterized.36 Compartmental and near-single-cell profiling of proteins 

provide complementary information on the functional activation and regulation of molecular 

pathways.37,38 Manual kidney histopathology assessment is further enhanced by computer-

based image interpretation technologies with the capacity to automatically and rapidly 

detect, segment, and quantify high-volume structural features.39 Additionally, blood and 

urine metabolomic and proteomic assessments are being performed. Once this wealth of data 

is collected, computational data reduction using machine learning and other approaches 

allows for identification of latent molecular patterns and networks which may have 
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biological significance.40 Ultimately, integration of omics, histopathology, and clinical data 

has the potential to provide insight into the molecular mechanisms underlying DKD and 

other kidney pathologies.

Alongside the application of pioneering technologies and integrative data approaches, 

patient engagement is central to the mission of the KPMP.41 As key stakeholders, patient 

partners have actively been involved in the KPMP since its inception, serving on the 

NIDDK’s Advisory Council which reviewed the KPMP grant application and as standing 

members of key committees within the KPMP. Patient partners with CKD and AKI, in 

their role as part of the KPMP’s Community Engagement Committee and other committees, 

contribute perspectives which guide scientific research priorities and communication of 

research findings, as well as essential study components such as the informed consent 

process. This degree of involvement of patient partners within the KPMP is novel in large-

scale precision medicine research and serves as a benchmark for future studies.

In addition to the KPMP, a number of other consortia have been working to define 

the molecular bases underlying DKD and other forms of kidney disease. These include 

the Biomarker Enterprise to Attack DKD (BEAt DKD), the Transformative Research 

in Diabetic Nephropathy cohort (TRIDENT), the Nephrotic Syndrome Study Network 

(NEPTUNE), the Cure Glomerulonephropathy Network (CureGN), and the Clinical 

Phenotyping and Resource Biobank Core (C-PROBE).33,34,42–44

Focused Approaches: Metabolomics and Lipidomics

Metabolomics attempts to systematically identify and quantitate small molecule metabolites 

from biological systems. The recent rapid development of a variety of analytical 

platforms based on mass spectrometry coupled with sophisticated chromatography platforms 

have enabled identification of complex metabolic phenotypes.45 Given the metabolic 

underpinning of diabetes and its complications, the technology is ideally suited to deep 

phenotype to understand molecular mechanisms of metabolic dysregulation beyond glucose.

Lipids, a class of metabolites, comprise the majority of biologic molecules in human 

plasma and are important sources of energy for the kidney and other tissues.46 Both 

diabetes and CKD are accompanied by substantial metabolic derangements and alterations 

in lipid profiles which augment risk of cardiovascular disease.47,48 Specifically, diabetes is 

associated with increased serum concentrations of triglyceride-rich lipoprotein, small dense 

low-density lipoprotein (sdLDL), and very low density lipoprotein (VLDL), as well as 

decreased serum concentrations of high-density lipoprotein (HDL). These derangements are 

both exacerbated by and contribute to progressive kidney function decline.49 Historically, 

studies investigating lipid associations with kidney function have utilized traditional lipid 

panels that measure total cholesterol, lipoproteins, and triglycerides. With the advent of 

omic technologies, combined with growing appreciation for the role of lipid abnormalities 

in kidney disease pathology, meaningful developments in the field of lipidomics, a subset of 

metabolomic techniques geared toward identifying lipids, have been made.

The kidney is a highly metabolically active organ, with different nephron segments 

exhibiting distinct preferences in energy substrates – for example, fatty acids are the 
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preferred substrate for ATP production in the tubule, whereas glucose is used more 

readily in the glomerulus.50 In diabetes, fatty acid metabolism (β-oxidation and lipid 

synthesis) and glycolysis in the kidney are enriched in the proximal tubule and other 

nephron segments.51 Notably, these metabolic changes are specific to the kidney, and 

are distinct from those observed in the retina and nerve in diabetic mouse models, 

suggesting tissue-specific metabolic reprogramming. Despite increased flux through 

glycolytic and β-oxidation pathways, ATP production is not increased, suggesting an 

uncoupling between mitochondrial metabolism and oxidative phosphorylation. The resulting 

accumulation of tricarboxylic acid (TCA) cycle metabolites is proposed to contribute to 

DKD pathophysiology. Results from studies conducted in adults with T1D and T2D and 

CKD have also identified distinct patterns of urinary metabolites derived from mitochondrial 

oxidative phosphorylation, with higher concentrations in those with preserved kidney 

function and lower levels in those with advanced CKD (eGFR < 40ml/min/1.73m2).51,52 It 

is likely that samples from subjects with advanced DKD reflected tubular damage, whereas 

samples from those in earlier disease stages reflected increased metabolic activity at the 

proximal tubule.

Dysregulation of lipid transport and metabolism may lead to lipid accumulation within 

the kidney, with visible tubular and glomerular lipid deposits reported in human DKD 

biopsy samples.53 Advancements in mass spectrometry and bioinformatics approaches 

have allowed for enhanced lipid profiling both at the plasma and tissue level (Figure 

3).54 These approaches have facilitated the distinction and quantification of lipid species 

and their corresponding chemical characteristics, including class, chain length, and degree 

of saturation. High-resolution lipid characterization is especially valuable when assessing 

alterations related to kidney dysfunction because in this setting changes in lipid profiles 

occur primarily at the class level and may otherwise not be captured using traditional 

methods.48 Analysis of the resulting lipidomic data using dimensionality reduction methods 

can identify subgroups of highly correlated lipids which may bear relevance to specific 

disease processes.

Furthermore, application of differential network enrichment analyses can provide insight 

into how correlations between lipids differ across disease scenarios. Ultimately, integration 

of lipidomic data with tissue transcriptomic and proteomic data can enrich understandings 

of how the various biological processes underscoring these molecular components are 

intertwined. Essential for the success of these approaches is the incorporation of detailed 

lipidomic data into broader metabolomic datasets and linkage of these with related 

gene and protein pathways. Overall, application of lipidomic technologies is enhancing 

understandings of metabolic reprogramming in DKD. These approaches are instrumental for 

deciphering how alterations in lipid handling in DKD contribute to disease pathology.

PROVOCATIVE NEW DIRECTIONS

The foundation of current clinical practice is centered on optimizing glycemic control 

managing blood pressure and dyslipidemia, and maximizing RAS inhibition reduce 

diabetes-related kidney complications. Molecular characterization of DKD has the potential 

to transform both our understanding of DKD pathophysiology and our approaches to 
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therapy. Specifically, combining molecular with histopathologic and clinical data may 

allow for the distinction of disease subtypes and the development of targeted therapies. 

Additionally, integrating metabolomic/lipidomic profiles to identify metabolic subtypes of 

patients, termed as “metabotype” will aid molecular understanding and risk stratification 

beyond glycemic control.

Integration of transcriptomic, proteomic, and metabolomic/lipidomic kidney tissue data 

can yield novel insights into subcellular pathways within the kidney and their functional 

relationships. Research along these lines has already resulted in a growing appreciation 

of the kidney as an organ that is both influenced by and capable of influencing systemic 

metabolic processes. For example, in a study performed using nephrectomy samples from 56 

healthy adults within the KPMP, dynamic enrichment analysis of top differentially expressed 

genes and protein markers was able to reveal the dominant physiological processes within 

proximal tubule cell types, of which energy generation processes accounted for a substantial 

proportion (Figure 4A).55 Additionally, by mapping genes and proteins to aerobic and 

anaerobic energy metabolic pathways, energy generation profiles could be derived for each 

tubular segment (Figure 4B). Other work conducted in adults with T2D demonstrated an 

association between expression of genes involved in fatty acid synthesis in the glomerulus 

and serum free fatty acid concentrations, implying that kidney-specific changes in lipid 

metabolism may account for changes in serum lipid profiles.56

Kidney tissue transcriptomic studies have also begun to help clarify alterations in molecular 

pathways that occur with diabetes across specific cell types.57 Single-cell RNAseq 

performed in isolated glomerular cells from mouse models showed dynamic changes in 

endothelial and mesangial cell transcription with diabetes induction.58 Specifically, among 

diabetic mice compared to controls, genes involved in regulation of angiogenesis and protein 

stabilization were enriched in endothelial and mesangial cells, respectively. In a human 

nephrectomy study where single nuclear RNAseq was performed in laser microdissected 

interstitial samples, genes involved in extracellular matrix organization and small-molecule 

catabolism were upregulated in DKD versus controls.59 Identification of molecular changes 

consistent with DKD early in the course of disease may enable early diagnosis of DKD, 

even before typical histopathological changes are apparent.60

Molecular tissue data can additionally be used to discern mechanism-based DKD subtypes 

which may explain some of the heterogeneity in the clinical presentation and trajectory 

of DKD. This process involves identifying differences in gene expression patterns or cell 

processes that exist within diabetes populations, then correlating these with kidney function 

and related outcomes. In one study conducted in adults with T2D, expression of a set of 

genes associated with mitochondrial dysfunction, inflammation, and tubular metabolism 

was associated with concomitant tubulointerstitial injury and subsequent 10-year kidney 

function decline.61 As another example, integration of transcriptomic and spatial imaging 

data has revealed the existence of adaptive and degenerative cellular states within the kidney, 

and enabled the identification of the specific expression signatures and environmental 

interactions of these distinct cell conditions.62 Interestingly, there was overlap in the 

molecular signatures of epithelial cells undergoing maladaptive and reparative processes, 

such as upregulation of pathways involved in cytokine signaling and fibrosis. Notably, in 
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a longitudinal cohort, increased proportions of thick ascending limb and proximal tubule 

cells expressing adaptive phenotypes were associated with kidney function decline. Greater 

proportions of these adaptive cell types were also seen with DKD compared to healthy 

controls.

Lipidomic profiles have also demonstrated the capacity to draw important kidney prognostic 

distinctions among adults with diabetes. In a population of adults with T2D, a greater 

abundance of longer triacylglycerols and a lower abundance of longer acylcarnitines were 

associated with kidney disease progression (Figure 5). Additionally, greater abundance 

of serum unsaturated phosphatidylethanolamines and lower unsaturated free fatty acid 

concentrations were associated with kidney function decline.56 Collectively, these findings 

reveal a previously unrecognized link between lipid markers of impaired mitochondrial 

β-oxidation and enhanced de novo lipogenesis with DKD progression among individuals 

with preserved kidney function. In contrast, in type 1 diabetes lower concentrations of 

unsaturated free fatty acids may be protective against rapid eGFR decline, suggesting the 

presence of insulin resistance versus reduced insulin availability may underlie differential 

mechanisms for lipid handling and kidney dysfunction in these groups.63 Analyses focusing 

on changes in lipid networks have also demonstrated that differences in correlations between 

lipids of the same class may predict progression to kidney failure.64

Understanding molecular changes in DKD and their response to various treatment regimens 

may facilitate the curation of therapies to specific disease mechanisms. Studies conducted 

in mouse models of DKD have demonstrated different patterns of transcriptional changes 

across distinct kidney cell types in response to treatment with ACEi, SGLT2i, and/or 

rosiglitizone.65 Different treatment regimens also differentially normalized intracellular 

signaling patterns across cell types. Notably, combination therapy with ACEi and SGLT2i 

offered the greatest degree of proximal tubular protection after two weeks. Similarly, renin-

angiotensin system inhibition ameliorated diabetes-related remodeling of triacylglycerol 

lipid network connections in mouse models.66

The identification of altered metabolic and molecular pathways in DKD (primarily from 

laboratory models) has already resulted in the development of novel, mechanism-targeted 

therapies.67 Drugs combating oxidative stress, including antioxidants such as coenzyme 

Q10 and reservatrol, NADPH oxidase inhibitors, and NF-κB inhibitors, have been tested 

in animal and human DKD models with mixed success.68,69 The glycosaminoglycan 

sulodexide, which failed to show benefit in clinical trials, purportedly may also protect 

against oxidative stress injury via increased klotho expression.70,71 Agents targeting MAPK 

and JAK-STAT pathways (the ASK1 inhibitor GS-444,217 and the JAK1/JAK2 inhibitor 

baracitinib, respectively) have been shown to reduce albuminuria and slow kidney disease 

progression in early studies and merit further research.72,73 Pathways involved in autophagy, 

inflammation, and fibrosis additionally represent promising drug targets in DKD.67 Moving 

forward, human molecular kidney data will be to validate laboratory model data, identify 

new drug targets, and guide the implementation of mechanism-based therapies.

Essential for amplifying the use and clinical incorporation of multiomic kidney tissue 

data is the development and maintenance of a comprehensive, high-quality kidney tissue 
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reference database.55 A central aim of the KPMP is the development of a reference kidney 

atlas. This atlas is to serve as an integrated source for clinical, histopathologic, blood 

and urine biomarker, and kidney tissue transcriptomic, proteomic, metabolomic data across 

the spectrums of health, AKI, and CKD. The development of detailed ontologies which 

more precisely classify genes, proteins, metabolites, and related processes in relation to 

kidney cell types is key to defining disease pathways and to integration with existing 

ontologies.74,75 In housing and promoting access to molecular kidney tissue data, the atlas 

will provide a space for advancing knowledge pertaining to the cellular and subcellular 

pathways involved in kidney disease progression. Additionally, it will serve as a communal 

environment for the testing and development of new scientific hypotheses. Ultimately, 

complex, multifaceted datasets comprised of multiomic, clinical, and histopathologic data, 

along with data on environmental factors and historical treatment responses can be 

integrated using artificial intelligence to develop personalized care algorithms.76

FINAL RECOMMENDATIONS

The national and worldwide prevalence of diabetes is high and growing. DKD affects a 

substantial proportion of people with diabetes and is associated with significant morbidity 

and mortality. The last decade has borne witness to the advent of a number of new 

therapies for people with diabetes which substantially reduce the risk of DKD incidence 

and progression. The application of novel technologies which allow for deep molecular 

and structural phenotyping of kidney tissue holds great promise for the advancement 

of knowledge on the mechanisms underlying DKD pathology. Consortia such as the 

KPMP are actively working to integrate kidney transcriptomic, proteomic, and metabolomic/

lipidomic data with clinical and histopathologic data to generate novel, mechanism-

based understandings of DKD. Ultimately, these methods are paving the way for the 

implementation of precision diagnostics, as well as targeted therapeutic and prognostic 

approaches in DKD.
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Highlights for “Present and future directions in diabetic kidney disease” by 
Limonte et al.

• Diabetic kidney disease is a leading cause of kidney failure and is associated 

with substantial risk of cardiovascular disease, morbidity, and mortality.

• Use of novel technologies enabling deep molecular and structural 

phenotyping of kidney tissue is expanding our knowledge of the mechanisms 

underlying diabetic kidney disease pathology.

• Integration of molecular and clinical data may reveal mechanism-based 

diabetic kidney disease subtypes and pave the way for the implementation 

of targeted diagnostic, prognostic, and therapeutic approaches.

Limonte et al. Page 16

J Diabetes Complications. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Timeline of current and future randomized controlled trials of sodium glucose 
cotransporter 2 inhibitors (SGLT2i) and glucagon-like receptor agonists (GLP-1 RA).
Reprinted with permission. Circulation.2020;142:e265-e286. ©2020 American Heart 

Association, Inc.
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Figure 2. 
Summary of KPMP technologies.
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Figure 3. Identification of lipid classes using mass spectrometry.
(a) Chemical structure of phosphatidylethanolamine (PE) 36:1. The fragments identified 

using tandem mass spectrometry (MS–MS) are highlighted. (b) MS1 spectra, identifying 

the [M–H] precursor ion with its expected m/z (highlighted in pink on the spectra). (c) 

MS–MS (or MS2) spectra, which identify the fragments of PE 36:1 derived from the 

precursor ions. Reprinted with permission from Springer Nature: Elsevier, from Nature 
Reviews Nephrology, “Lipidomic approaches to dissect dysregulated lipid metabolism in 
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kidney disease,” Baek et al., 18:1, 2022; permission conveyed through Copyright Clearance 

Center, Inc.
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Figure 4. 
(A) Enrichment analysis of proximal tubular marker genes, proteins, and metabolites. 
Dynamic enrichment analysis of marker genes, proteins, and metabolites of each proximal 

tubule subtype/subsegment reveals corresponding top subcellular processes. (B) Tubular 
aerobic and anaerobic energy generation profiles by cell type. Energy profiles were 

generated by combining a novel ontology allowing for distinction of aerobic and anaerobic 

energy pathways with cell marker genes. Reprinted from Hansen J et al., Science Advances 
2022. From Hansen et al., “A reference tissue atlas for the human kidney” Sci Adv. 2022 
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Jun 10;8(23):eabn4965. doi: 10.1126/sciadv.abn4965. Epub 2022 Jun 8. PMID: 35675394; 

PMCID: PMC9176741. © The Authors, some rights reserved; exclusive licensee AAAS. 

Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/

[creativecommons.org]”. Reprinted with permission from AAAS.
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Figure 5. Differences in carbon chain length and number of double bonds in complex lipids and 
acylcarnitines between adults with type 2 diabetes with and without progressive kidney function 
decline.
(A) Greater relative abundance of longer unsaturated triacylglycerols (TAGs) in the serum 

of adults with progressive (n = 32) versus non-progressive (n = 60) eGFR decline. (B) 

A similar pattern was found when all participants were grouped based on whether they 

achieved a sustained GFR <90 (n = 33), <60 (n = 13), and <30 mL/min (n = 6). (C) Lower 

relative abundance of longer unsaturated acylcarnitines (ACs) in adults with progressive 

versus non-progressive eGFR decline. (D) A similar trend was noted in abundance of ACs 

by carbon number, when all participants were grouped based on whether they achieved 

a sustained GFR <90 (n = 33), <60 (n = 13), or <30 mL/min (n = 6). Reprinted from 

Afshinnia F et al., JCI Insight 2019. Reprinted with permission of American Society for 

Clinical Investigation, from JCI Insight, “Increased lipogenesis and impaired β-oxidation 

predict type 2 diabetic kidney disease progression in American Indians,” Afshinnia et al., 

21:4, 2019; permission conveyed through Copyright Clearance Center, Inc.
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