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Abstract
Purpose of Review Diabetic kidney disease (DKD), a leading cause of end-stage kidney disease, is the result of metabolic network
alterations in the kidney. Therefore, metabolomics is an effective tool for understanding its pathophysiology, finding key biomarkers,
and developing a new treatment strategy. In this review, we summarize the application of metabolomics to DKD research.
Recent Findings Alterations in renal energy metabolism including the accumulation of tricarboxylic acid cycle and glucose
metabolites are observed in the early stage of DKD, and they finally lead to mitochondrial dysfunction in advanced DKD.
Mitochondrial fission-fusion imbalance and dysregulated organelle crosstalk might contribute to this process. Moreover, meta-
bolomics has identified several uremic toxins including phenyl sulfate and tryptophan derivatives as promising biomarkers that
mediate DKD progression.
Summary Recent advances in metabolomics have clarified the role of dysregulated energy metabolism and uremic toxins in DKD
pathophysiology. Integration of multi-omics data will provide additional information for identifying critical drivers of DKD.
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Introduction

Diabetic kidney disease (DKD) is a complication of diabetes
mellitus and one of the leading causes of end-stage kidney
disease (ESKD) [1]. As the pathophysiology of DKD is com-
plex, multifactorial, and heterogeneous, it is difficult to devel-
op effective therapeutic strategies. In recent years, sodium-
glucose cotransporter 2 (SGLT2) inhibitors showed a strong
protection against DKD progression in several clinical studies
[2–6]. SGLT2 inhibitors reduce energy consumption in

proximal tubules by preventing the reabsorption of filtered
glucose, suggesting dysregulated energy metabolism in the
kidney might play a direct role in DKD progression.

The metabolome is the complete set of small molecules
found within a biological specimen, and it reflects the pheno-
type of biological activities [7]. The systematic analysis of
metabolites is called metabolomics. DKD is caused by meta-
bolic network alterations in the kidney, making metabolomics
an effective tool for understanding its pathophysiology, find-
ing key biomarkers, and developing a new treatment strategy
[8]. In this review, we summarize the application of metabo-
lomics with a focus on the role of dysregulated energy metab-
olism and uremic toxins in DKD progression.

Dysregulated Energy Metabolism
and Mitochondrial Dysfunction in DKD

Mitochondria are the centers of energy production. Energy
substrates including glucose, amino acids, and fatty acids en-
ter the tricarboxylic acid (TCA) cycle (Fig. 1). The TCA cycle
supplies the electron transport chain with the reduced forms of
nicotinamide adenine dinucleotide (NADH) and flavin
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adenine dinucleotide (FADH2). The electron transport chain,
a series of electron transporters (complex I–IV) in the inner
mitochondrial membrane, shuttles electrons from NADH and
FADH2 to molecular oxygen. The proton gradient between
the mitochondrial matrix and intermembrane space generated
during this process is used by adenosine triphosphate (ATP)
synthetase to produce energy. This process is calledmitochon-
drial respiration or oxidative phosphorylation (OXPHOS).

Mitochondria are abundant in the proximal tubular cells of
kidneys due to the high amount of energy required for reab-
sorption of glucose and sodium. Since metabolic alterations in
renal tissues induced by hyperglycemia and dyslipidemia play
critical roles in DKD progression, metabolomics is an efficient
strategy for a comprehensive understanding of the mitochon-
dria and energy metabolism dynamics in the kidney [7].

Sharma et al. analyzed the urine metabolome of advanced
DKD patients and found that 13 metabolites were significant-
ly lower in DKD patients than in healthy controls [9].Majority
of the 13 metabolites were localized or transported into the
mitochondria, suggesting that mitochondrial dysfunction was
associated with DKD progression. In fact, the expression of
peroxisome proliferator-activated receptor gamma coactivator
1α (PGC1α) and cytochrome c was reduced in the renal tis-
sues of DKD patients. Moreover, there was less mitochondrial

DNA in urine exosomes obtained from DKD patients than
those obtained from healthy controls [9].

Mitochondrial dysfunction is a common characteristic in
the development of chronic kidney disease (CKD) (Fig. 1).
Transcriptome analysis of human kidney samples from CKD
patients revealed that defective fatty acid oxidation (FAO)
played a key role in kidney fibrosis development [10].
Recently, single-cell RNA sequencing of mouse kidney fi-
brotic models clarified that impaired energy metabolism
(FAO and OXPHOS) coupled with poor cell differentiation
of proximal tubules is a critical driver of kidney fibrosis [11••].

In contrast, incipient DKD is different from advancedDKD
in terms of renal energy metabolism (Fig. 1). Li et al. analyzed
urine metabolites at 6, 8, 10, 12, and 16 weeks in db/db and
control mice [12]. The urinary concentrations of TCA cycle
intermediates such as citrate and succinate were lower in the
db/db mice than in the controls at the end of week 16.
However, these TCA cycle intermediates showed gradual el-
evation from week 6 to week 12, suggesting that the TCA
cycle was active in the early stage of DKD. Moreover, meta-
bolic flux analysis with isotope-labeled glucose, pyruvate, and
fatty acid (palmitate) revealed that TCA cycle, glycolysis, and
FAO fluxes in the renal tissues were higher in db/db mice than
in control mice [13].

Fig. 1. Dysregulated energy metabolism and mitochondrial dysfunction
in diabetic kidney disease (DKD). In the early stage of DKD, TCA cycle
and glucose metabolites are accumulated in renal tissues. The metabolic
burden induces the imbalance of mitochondrial fission-fusion and
dysregulated crosstalk between ER and mitochondria through MAMs,

which finally leads to mitochondrial dysfunction in the late stage of
DKD. TCA cycle, tricarboxylic acid cycle; ETC, the electron transport
chain; ER, endoplasmic reticulum; MAM, mitochondria-associated
membrane
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The remained question is when and how the increased renal
metabolic flux in the early stage of diabetes finally leads to
mitochondrial dysfunction observed in advanced DKD.
Several studies have suggested that the accumulation of
TCA cycle and glycolysis intermediates is toxic and directly
causes kidney injury. For example, succinate, a TCA cycle
intermediate, is a ligand of the G protein-coupled receptor
GPR 91 and contributes to blood pressure increase [14–16]
and NADPH oxidase 4 (Nox4)-induced mitochondrial dam-
age [17, 18] through the activation of renin-angiotensin-
aldosterone systems. Moreover, fumarate, another TCA cycle
metabolite, has been shown to accumulate in the renal tissues
of F1 Akita mice partly due to the Nox4-induced downregu-
lation of fumarate hydroxylase expression, which stimulates
endoplasmic reticulum (ER) stress, matrix gene expressions,
and profibrotic signaling in the kidney [19]. Furthermore, the
accumulation of the glucose metabolites sorbitol,
methylglyoxal, and diacylglycerol might induce kidney dis-
ease progression. According to the proteomics data on glo-
meruli from patients with diabetes, glycolysis-related en-
zymes were higher in individuals with prolonged diabetes
but no kidney disease than in patients with DKD [20]. In
particular, the expression and activity of pyruvate kinase M2
(PKM2), which catalyzes the last step of glycolysis, were
upregulated in these patients. In the animal studies,
podocyte-specific Pkm2-knockout mice with diabetes devel-
oped severe glomerular injuries. Furthermore, pharmacologi-
cal activation of Pkm2 reversed hyperglycemia-induced ele-
vation in glucose metabolites along with the prevention of
mitochondrial dysfunction and glomerular injuries.

Thus, the accumulation of TCA cycle and glucose metab-
olites in renal tissues could be a therapeutic target in the early
stage of DKD. This hypothesis was further confirmed by the
metabolome analysis of BTBR ob/ob mice by our group in
which we found that SGLT2 inhibitors reversed the accumu-
lation of TCA cycle metabolites and reduced oxidative stress
in renal tissues [21]. This metabolic effect occurs main-
ly because SGLT2 inhibitors decrease the energy de-
mand in proximal tubules by reducing the reabsorption
of glucose and sodium.

The potential benefits of reducing TCA cycle flux during
the early stage of DKD observed in animal studies support the
hypothesis that metabolic reprogramming by hypoxia-
inducible factor-prolyl hydroxylase (HIF-PH) inhibitors, nov-
el therapeutic agents for renal anemia [22], may attenuate the
harmful effects of metabolic burden in patients with incipient
DKD. In the hypoxic environment, HIF is activated and in-
duces metabolic reprogramming from the TCA cycle to gly-
colysis to reduce oxygen consumption of each cell. As HIF-
PH inhibitors induce HIF activation in the normoxic environ-
ment, metabolic reprogramming might reverse the accumula-
tion of TCA cycle metabolites. In our animal studies, tran-
scriptome and metabolome analysis of renal tissues revealed

that HIF-PH inhibitors counteract the renal metabolism alter-
ations occurring in the early stages of DKD. The accumulation
of TCA cycle and glucose metabolites was prevented by the
administration of HIF-PH inhibitors. Additionally, this meta-
bolic change was associated with an improvement in renal
pathological abnormalities such as glomerular hypertrophy
and basement membrane thickening [23••]. Our results cannot
be confirmed in clinical settings because HIF-PH inhibitors
are therapeutic agents used for renal anemia and administered
only in anemic patients with late-stage DKD. However, our
study suggests that metabolic reprogramming toward reduc-
ing TCA cycle and glucose metabolites accumulation may
serve as a potential intervention that targets the dysregulated
renal energy metabolism in the early stages of DKD.

Although further studies are needed to clarify the precise
mechanism of how the dysregulated energy metabolism in
incipient DKD leads to mitochondrial dysfunction in ad-
vanced DKD, one possible mechanism is the imbalance be-
tween mitochondrial fission and fusion in the diabetic state
(Fig. 1). Mitochondria continuously change their morphology
by repeated fission and fusion that are regulated by various
molecules such as dynamin-related protein 1 (Drp1), mito-
chondrial fission 1 protein (Fis1), mitofusin 1 (Mfn1),
mitofusin 2 (Mfn2), and OPA1 mitochondrial dynamin-like
GTPase (OPA1). The increase in mitochondrial fission is ob-
served in the proximal tubules of DKD, in association with
membrane potential decrease, reduced ATP production, and
cellular apoptosis [24]. Wang et al. showed that mitochondrial
fission is induced by Drp1 recruitment to the mitochondria in
the podocytes of DKD, which is partly mediated by Rho-
associated coiled coil-containing protein kinase 1 (ROCK1).
Deletion of ROCK1 in podocytes suppressed mitochondrial
fission and progression of DKD [25]. However, mitochondrial
fission may not only be an aggravating factor but also an
adaptive response to metabolic stress induced by diabetes.
Wang et al. revealed that deletion of Drp1 in the liver protects
mice from diet-induced obesity and metabolic deterioration
[26]. Thus, the mitochondrial fission is considered a compen-
satory response against metabolic stress, and mitochondrial
dysfunction would occur when the compensation reaches a
l im i t . The r e i s a po s s i b i l i t y t h a t me t abo l i c
reprogramming toward reducing TCA cycle and glucose
metabolism in the diabetic state might reduce the mito-
chondrial burden and relieve the need for adaptive re-
sponses including mitochondrial fission.

Interestingly, the mitochondrial fusion protein Mfn2 is
deeply involved in the formation of organelle contact sites
between the ER and mitochondria [27] called mitochondria-
associated membranes (MAMs) (Fig. 1). Recent studies have
clarified that MAMs maintain cellular homeostasis by regu-
lating lipid transport and calcium signaling transduction be-
tween the ER and mitochondria [28]. Thus, the organelle
crosstalk between the ER and mitochondria might have
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important roles in mitochondrial homeostasis including
fission-fusion balance. Unraveling the interaction among met-
abolic stress, mitochondrial homeostasis, and organelle
crosstalk would provide important insights into how the dys-
regulated energy metabolism in incipient DKD leads to mito-
chondrial dysfunction in advanced DKD.

Uremic Toxin as Biomarkers and Pathological
Factors in DKD

The urinary excretion of waste products is gradually reduced
during CKD progression. The waste products having bad effects
on human’s bodies are called uremic toxins. As most uremic
toxins are metabolites produced from dietary contents by the
gut microbiota [29], metabolomics is a strong strategy to under-
stand the changes in the uremic toxin levels in the course of
kidney diseases includingDKD.Niewczas et al. analyzed plasma
metabolomic profiles of patients with type 2 diabetes and CKD.
Some plasma metabolites including p-Cresol sulfate (an amino-
acid derivative), pseudouridine (a nucleotide derivative), and
myo-inositol (a carbohydrate derivative) were identified as ure-
mic solutes associated with the progression to ESKD after ad-
justment for renal functions and blood glucose control [30].
Additionally, they analyzed serum metabolomic profiles of pa-
tients with type 1 diabetes and CKD. Serum levels of 7 metab-
olites including tryptophan and tyrosine derivatives were associ-
ated with renal function decline and time to ESKD, independent
of the relevant clinical covariates [31]. Although it is difficult to
judge whether increased uremic toxins are the cause or result, a
recent study suggests that phenyl sulfate, one of the tyrosine
derivatives, is a predictive marker and also mediates DKD pro-
gression [32••]. Phenyl sulfate levels showed a significant corre-
lation with 2-year progression of albuminuria in diabetic patients
with microalbuminuria. Furthermore, inhibition of tyrosine phe-
nol-lyase, a bacterial enzyme responsible for producing phenol
from tyrosine, reduced urinary albumin levels in animal studies,
suggesting that gut microbiota could be a therapeutic target.

Tryptophan derivatives are considered another promising
therapeutic target against DKD progression. The serum level
of kynurenine produced from tryptophan was associated with
overt proteinuria in DKD [33]. As the kidney function de-
clines in patients with type 2 diabetes, increase in serum
kynurenine levels and decrease in serum tryptophan levels
were observed [34]. Korstanje et al. showed that the glomer-
ular expression of kynurenine 3-mono-oxygenase (KMO)was
reduced in patients with diabetes [35]. KMO is the enzyme
that catalyzes the hydroxylation of kynurenine. Thus, loss of
KMO leads to an increase in kynurenine and kynurenic acid.
As KMO knockout mice showed foot process effacement and
proteinuria, the kynurenine pathway might have an important
role in kidney disease progression of patients with diabetes.

In the future, network analysis using multi-omics data from
patients will be important. Saito et al. identified mouse double
minute 2 homolog (MDM2) as a key factor in the DKD path-
ophysiology by integrating their urinary metabolome data
with publicly available human protein-protein interaction da-
tabase [36]. In fact, the expression ofMDM2 gene was signif-
icantly reduced in the renal tissues of DKD patients compared
with controls. Moreover, podocyte-specific and tubule-
specific Mdm2-knockout mice showed severe glomerular
and tubular dysfunction, respectively. Thus, integrating omics
information might be a good strategy for identifying critical
drivers of kidney diseases. Ideally, multi-omics data from the
same patient cohort should be collected for a comprehensive
understanding of DKD pathophysiology.

Conclusions

Recent advances in metabolomics have clarified the role of
dysregulated energy metabolism and uremic toxins in DKD
pathophysiology. Of note, the energy metabolic state of the
kidney is different between early- and late-stage DKD.
Unraveling the interaction among metabolic stress, mitochon-
drial homeostasis, and organelle crosstalk in the kidney is
necessary for further understanding of the energy metabolic
dynamics during DKD progression. Although metabolomics
has identified several uremic toxins including phenyl sulfate
and tryptophan derivatives as promising biomarkers that me-
diate DKD progression, network analysis using multi-omics
data will provide additional information for finding critical
drivers of kidney diseases.
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