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A B S T R A C T

Diabetic kidney disease (DKD) is one of the most frequent causes of chronic kidney disease (CKD) in the United
States. Chronic hyperglycemic conditions are thought to be the primary cause of DKD. However, it is clinically
difficult to achieve glycemic control in individuals with diabetes. Recent advances in mitochondrial biology have
provided a new understanding of mitochondrial dysfunction in DKD. Studies have revealed impaired mito-
chondrial function in a variety of diabetic complications, including DKD; moreover, abnormal mitochondrial
fission may be involved in the progression of DKD. It has been reported that metformin or sodium-glucose
cotransporter 2 (SGLT2) inhibitors may provide renal protection by improving mitochondrial dynamics and
reducing oxidative stress. Thus, drugs that target the restoration of mitochondrial function may become novel
therapeutic agents for DKD. Imeglimin is the first in a new class of oral antidiabetic drugs that can reduce reactive
oxygen species production and increase mitochondrial DNA synthesis. This review outlines the potential thera-
peutic interventions that affect mitochondrial function and prevent DKD.
1. Introduction

Diabetes is the most common cause of chronic kidney disease (CKD)
and chronic hyperglycemia is a major cause of diabetic kidney disease
(DKD). Several studies have shown that there is a causal relationship
between the degree of blood glucose control and the development of
complications in patients with diabetes (Diabetes et al., 1993). Long-term
follow-up of The Diabetic Control and Complications Trial (DCCT)
showed that patients who underwent intensive blood glucose control had
a reduced incidence of cardiovascular disease with atherosclerosis
(Nathan, 1993). Furthermore, multiple factors, such as insulin resistance
and the levels of fatty acids and lipids are known to increase the risk of
DKD (Banba et al., 2000; Mima et al., 2018; Okada et al., 2003; Sassy--
Prigent et al., 2000). Despite this evidence, conventional therapies used
for maintaining blood glucose levels in patients with diabetes do not
always prevent the progression of DKD (Mima, 2013). Therefore, there is
a need for new drugs that can help achieve glycemic control and improve
DKD. Prolonged hyperglycemia is thought to inhibit the catabolic
pathway and cause excessive production of reactive oxygen species
(ROS) by mitochondria, which may contribute to DKD development
(Lachaux et al., 2020). Mitochondrial homeostasis is modulated by
several mechanisms, such as the mitochondrial dynamics known as
fission and fusion (Alexander et al., 2000; Bhargava and Schnellmann,
2017; Delettre et al., 2000). Mitophagy suppression reportedly impairs
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mitochondria in the proximal tubules in DKD cases (Bhargava and
Schnellmann, 2017). Thus, DKD therapy may help the restoration of
mitochondrial function. It has been reported that metformin can reduce
the production of ROS at mitochondrial respiratory-chain complex 1 and
prevent mitochondrial-mediated apoptosis, suggesting that it may pro-
tect against oxidative stress-induced renal cell death (Birsoy et al., 2014;
El-Mir et al., 2000).

Furthermore, empagliflozin, a sodium-glucose cotransporter 2
(SGLT2) inhibitor, regulates mitochondrial biogenesis and the balance of
proteins responsible for mitochondrial fission and fusion, thus reducing
ROS in cultured proximal tubular cells (Lee et al., 2019).

Imeglimin is a novel oral hypoglycemic agent that is being clinically
tested as a monotherapy or an add-on therapy to reduce fasting blood
glucose levels or hemoglobin A1c (Fouqueray et al., 2013, 2014; Pirags
et al., 2012). Improved glucose tolerance has been reported in humans
and rodents treated with imeglimin due to a variety of mechanisms,
including decreased hepatic lipids, improved insulin signaling in the liver
and muscle, and ameliorated β-cell function (Birsoy et al., 2014). More
recent data indicate that imeglimin prevents endothelial death by
decreasing the size of the mitochondrial permeability transition pore,
which plays a pivotal role in cell death, without inhibiting mitochondrial
respiration (Detaille et al., 2016).

These data suggest that this series of oral antidiabetic drugs exerts a
renoprotective effect by improving mitochondrial function in the
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kidneys. In this review, we further discuss the potential benefits of using
imeglimin, as well as other agents, in treating DKD.

2. Diabetes and oxidative stress

Several previous studies have reported oxidant production in both
type 1 and type 2 diabetes. Oxidative stress occurs when the rate of
oxidant production exceeds that of scavengers. Furthermore, it can also
be caused by changes in the ratio of nicotinamide adenine dinucleotide
phosphate (NADPH) to nicotinamide adenine dinucleotide (NADP)
(Bedard and Krause, 2007). Abnormal metabolism of glucose and free
fatty acids (FFAs) in the mitochondrial pathway and the activation of
NADPH oxidase via protein kinase C (PKC) were previously identified as
factors contributing to oxidant production (King and Loeken, 2004)
(Mima, 2013). Our previous studies revealed that reactive oxygen species
(ROS) levels were elevated in the kidney and retina under diabetic
conditions or insulin resistance (Mima et al., 2011a) (Mima et al., 2012c).
The levels of plasma 8-hydroxydeoxyguanosine, isoprostanes, and lipid
peroxides are significantly increased in both diabetic rodents and pa-
tients (Mima et al., 2012c) (Wu et al., 2004). Thus, increased ROS pro-
duction in diabetes mellitus is attributed to abnormal metabolism of
glucose and FFAs. This phenomenon could explain the increased oxida-
tive stress in insulin-resistant patients without diabetes (Mezzetti et al.,
2000) (Mima, 2013).

3. The effects of oxidative stress on DKD

Several studies have shown that diabetic state and insulin resistance
can lead to oxidative stress. This occurs when free glucose activates
aldose reductase activity and the polyol pathway, decreasing the
NADPH/NADPþ ratio. Elevated intracellular glucose activates PKC via de
novo synthesis of diacylglucose (DAG) (King and Loeken, 2004). The
DAG-PKC signal transduction pathway has been associated with DKD,
with increases in PKC activity known to induce extracellular matrix
(ECM) accumulation in the glomeruli (Mima et al., 2011a) (Mima et al.,
2012a) (Koya et al., 2000). Increased oxidative stress may be involved in
the development of DKD. However, inhibition of the polyol pathwaywith
aldose reductase inhibitors may reduce the effect of hyperglycemia on
DKD. Furthermore, the administration of vitamins C and E could effec-
tively improve DKD (Bursell and King, 1999). High doses of vitamin E can
normalize ROS and ameliorate vascular abnormalities caused by the
activation of the DAG-PKC pathway in the kidneys (Lee et al., 1999).

4. The effects of inflammatory processes on DKD

Metabolism or hemodynamics are the main causes of developing
DKD, but recent studies have shown that DKD is an inflammatory pro-
cesses and immune cells may be involved. Hyperglycemia could increase
interleukin (IL)-1β, IL-6, or IL-12 which are involved in the progression of
DKD (Chen et al., 2004; Ha et al., 2002; Mima, 2013; Myint et al., 2006;
Wu et al., 2010). Further, recent study showed that hyperglycemia
activated IL8-CXCR1/2 axis, inducing podocyte damage in DKD (Loretelli
et al., 2021). Interestingly, podocytes have shown to express Toll-like
receptor 4 (TLR4), and stimulation with TLR4-specific ligands induces
the costimulatory molecule B7-1. It is reported that the upregulation of
B7-1 could be a novel mechanism of developing DKD. CTLA4-Ig, which
targets B7-1, has been clinically applied to the treatment of inflammatory
and immunological diseases. Thus, it is expected to have beneficial ef-
fects on DKD (Bassi et al., 2016).

5. DKD and mitochondrial dysfunction

In diabetic nephropathy, mitochondrial energy is altered by increased
ROS and hyperglycemia. ROS production is directly related to insulin
resistance (Rovira-Llopis et al., 2018). However, the mechanism by
which a mitochondrion produces more ROS in diabetes patients is still
2

unclear. Hyperglycemia and dyslipidemia promote glucose and lipid
catabolism, thus increasing the production of nicotinamide adenine
dinucleotide (NADH) and dihydroflavine-adenine dinucleotide (FADH2),
which are used to generate ATP in the mitochondrial electron transport
chain (ETC) (Bonnefont-Rousselot, 2002). Decreases in podocyte num-
ber, which contributes to the breakdown of the glomerular filtration
barrier, are recognized in the development of DKD and are related to ROS
(Mima et al., 2012b). It has been reported that diabetes-induced changes
in the ETC may increase apoptosis (Jiang et al., 2016). We have reported
that inhibition of insulin receptor substrate-1 (IRS1) signaling induces
DKD (Mima et al., 2011a). Mitochondria are one of the various sources of
ROS that can cause serine phosphorylation of IRS, which results in
impaired IRS1 signaling (Evans et al., 2003). Consistent with these ob-
servations, increased fission, fusion, mitophagy, and decreased levels of
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1α) are all observed in the early phase of diabetes (Mootha et al.,
2003).

It has been reported that PGC-1α expression was decreased in diabetic
rat kidneys. Furthermore, overexpression of PGC-1α in cultured mesan-
gial cells suppressed the pathophysiological changes induced by hyper-
glycemia (Guo et al., 2015). Both mRNA and protein levels of PGC-1α
were decreased in cultured podocytes when incubated with high glucose
medium, indicating reduced mitochondrial biogenesis (Imasawa et al.,
2017).

Hyperglycemia increases advanced glycation end products (AGEs),
which can activate the transformation of growth factor-beta (TGF-
β)/Smad1 pathway and thus increase the extracellular matrix in
mesangial cells (Mima et al., 2006, 2008). AGEs also activate the PKC and
hexosamine pathways, thus contributing to mitochondrial dysfunction
(Giacco and Brownlee, 2010; Hallan and Sharma, 2016).

A recent clinical study, called the Joslin 50-year Medalist Study,
examined patients with a long duration (more than 50 years) of type 1
diabetes and revealed that the expression and activation of pyruvate
kinase M2 (PKM2) are increased in the glomeruli of diabetic patients who
did not show clinically significant DKD, as confirmed by renal pathologic
examinations. Pathologically, the expression levels of ECM proteins, in-
flammatory cytokines, TGF-β, and connective tissue growth factor
(CTGF) play a significant role in the development of CKD and were
decreased with PKM2 deletion in podocytes in vitro and in diabetic mice
in vivo. When the diabetic mice were treated for 3 months with TEPP-46,
PKM2 activation increased and pathological glomerular changes ceased
or were reversed, even after 3 months of diabetes onset. Furthermore, the
activation of PKM2 in mice suppressed the diabetes-induced decrease in
PPARGC1A mRNA, increased OPA1 expression, and promoted mito-
chondrial fusion (Qi et al., 2017).

Mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-
like episodes (MELAS) are heterogeneous clinical syndromes related to
defects in mitochondrial function. Most patients with MELAS have a
heteroplasmic A to G transition at nucleotide 3243 (3243A > G) in the
transfer RNA (tRNA) leucin (UUR) gene of the mitochondrial DNA (Goto
et al., 1990). CKD is associated with MELAS syndrome, and renal
involvement associated with this condition has been reported in clinical
manifestations and molecular genetic studies (Mima et al., 2011b). Thus,
mitochondrial dysfunction itself is thought to be a cause of CKD, and the
accumulation of abnormal mitochondria in podocytes is observed in
MELAS patients with renal impairment.

6. DKD therapy targeting oxidative stress and mitochondrial
function

6.1. Vitamin C and E

Treatment of DKD with vitamin C—alone or in combination with
vitamin E—has been suggested to decrease microalbuminuria. In addi-
tion, high doses (1,800 IU/day) of vitamin E administered to patients
with type 1 diabetes for less than 10 years resulted in renal function
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recovery (Dunlop, 2000). However, the duration of these studies was
very short, and the studies had small sample sizes. On the other hand, the
4-year Heart Outcomes Prevention Evaluation (HOPE) study, which
enrolled more than 3,600 patients with diabetes, some of whom already
had microalbuminuria, found that vitamin E supplementation (400
IU/day) did not significantly reduce the cardiovascular outcomes (Heart
Outcomes Prevention Evaluation Study et al., 2000). Therefore, these
results do not clarify the efficacy of vitamins C and E on DKD.

6.2. Nrf2

The transcriptional factor, NFE-2 related factor 2 (Nrf2), is a master
regulator of cellular detoxification reactions and redox status. Kelch-like
ECH-associated protein 1 (Keap1) is an adaptor protein for the ubiquitin
E3 ligase that is involved in the ubiquitination of Nrf2. However, during
oxidative stress exposure, the binding of Keap1 to Nrf2 is inhibited and
the Keap1-Cullin 3 complex loses its E3 ligase activity, resulting in a
decrease in the degradation rate of Nrf2 (Zheng et al., 2011). The sta-
bilized Nrf2 translocates into the nucleus and forms a heterodimer with
Figure 1. Proposed mechanisms of mitochondria-mediated renoprotection. SGLT2i,
NFE-2 related factor 2; Vit C, vitamin C; Vit E, vitamin E; DPP4i, dipeptidyl peptidase-
proliferator-activated receptor gamma coactivator 1-alpha; CI, complex I; CII, complex
DHAP, dihydroxyacetone phosphate; NAD, nicotinamide adenine dinucleotide; FA
mGPDH, mitochondrial glycerol 3-phosphate dehydrogenase; ATP, adenosine tripho
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small musculoaponeurotic fibrosarcoma (sMAF), and binds to the anti-
oxidant response element (ARE), activating cytoprotective genes and
suppressing inflammatory cytokines (Hirotsu et al., 2012). Bardoxolone
methyl is a Nrf2 activator and a direct inhibitor of nuclear factor-kappa B
(NF-κB), which may induce albuminuria by blocking the inhibitor of
nuclear factor kappa В kinase subunit β (IKKβ) activity (Rushworth et al.,
2012). In clinical trials, bardoxolone methyl appears to have beneficial
effects on DKD. One study, called The Bardoxolone Methyl Evaluation in
Patients with Chronic Kidney Disease and Type 2 Diabetes Mellitus: The
Occurrence of Renal Events (BEACON) trial, showed a significant
reduction in eGFR decline in the treatment group. However, the phase 3
trial was discontinued in October 2012 because of high mortality rates
(de Zeeuw et al., 2013). To dispel this concern, The Phase 2 study of
Bardoxolone Methyl in Patients with CKD and Type 2 Diabetes (TSU-
BAKI) study was conducted, and no serious side effects have been re-
ported so far (Nangaku et al., 2020).

The Phase 2/3 trial of the Efficacy and Safety of Bardoxolone Methyl
in Patients with Alport Syndrome (CARDINAL) is a multicenter, open-
label, randomized controlled trial that enrolled patients with Alport
sodium-glucose cotransporter 2 inhibitors; NF-κB, nuclear factor-kappa В; Nrf2,
4 inhibitors; CREB, cAMP response element-binding protein; PGC-1α, peroxisome
II; CIII, complex III; CIV, complex IV; CV, complex V; G3P, glycerol-3-phosphate;
D, flavine-adenine dinucleotide; FADH2, dihydroflavine-adenine dinucleotide;
sphate; ADP, adenosine diphosphate.



Table 1. Approaches to ameliorate abnormal mitochondrial function and to
decrease ROS production in DKD.

Agent Mechanism of action In vivo studies

Bardoxolone
methyl

Suppressing inflammation
Inhibition of NF-κB

Reduction of eGFR decline

DPP-4
inhibitors

Increasing CREB and PGC-1α
Increasing Nrf2

Decreases in albuminuria and
mesangial expansion

SGLT2
inhibitors

Correcting abnormal Mfn and
Opa1
Decreasing ROS

Decreases in albuminuria and renal
fibrosis

Metformin Inhibition of complex I and
mGPDH
Inhibition of NF-kB
Activation of Pink1 and
Parkin

Amelioration of renal oxidative
stress and tubulointerstitial fibrosis

Imeglimin Decreasing reverse electron
transport through complex I
Reducing the activity of
complex II, decreasing ROS
Restoring the expression of a
subunit of complex III

Decreases in albuminuria and
interstitial fibrosis

NF-κB, nuclear factor-kappa B; GFR, glomerular filtration rate; DPP-4, dipeptidyl
peptidase-4; CREB, cAMP response element-binding protein; PGC-1a, peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha; Nrf2, NFE-2
related factor 2; ROS, reactive oxygen species; mGPDH, mitochondrial glycerol
3-phosphate dehydrogenase.
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syndrome. These patients showed a significant increase in eGFR
following bardoxolone methyl treatment (Chertow et al., 2021). A Phase
2 Trial of the Safety and Efficacy of Bardoxolone Methyl in Patients with
Rare Chronic Kidney Diseases, PHOENIX, is also a multicenter,
open-label trial, in which bardoxolone methyl increased eGFR in 31
patients (Toto, 2018). Taken together, these clinical results suggest that
bardoxolone methyl may be a promising drug for treating DKD and CKD.

6.3. DPP-4 inhibitors

Inhibition of dipeptidyl peptidase-4 (DPP-4) increases circulating
glucagon-like peptide-1 (GLP-1) and has been shown to be effective in
treating type 2 diabetes (Drucker, 2006). DPP-4 inhibitors can reduce
inflammation and decrease MCP-1 levels (Hung et al., 2020). Both DPP-4
and GLP-1 elicit vasotropic effects and decrease diabetes-induced
oxidative stress in the glomerulus, ameliorating DKD (Mima et al.,
2020) (Mima et al., 2012a). Recent studies have shown that sitagliptin
treatment activates the transcription factor cAMP response
element-binding protein (CREB), which increases β cell mass or islet
angiogenesis (Samikannu et al., 2013). Furthermore, CREB plays a
pivotal role in regulating PGC-1α (Yao et al., 2016).

Sitagliptin increases the expression of mitochondrial DNA and genes
encoding not only COX-1 and COX-4 but also mitochondria-specific
proteins (Weng et al., 2019). We have reported that GLP-1 increased
by DPP-4 inhibitors can activate adenylyl cyclase, promote cAMP pro-
duction, and foster PKA activation, which subsequently induces serine
phosphorylation of CREB (Mima et al., 2012a). Interestingly, linagliptin
was shown to increase anti-oxidative stress effects in podocytes by
increasing Nrf2 (Mima et al., 2020).

6.4. SGLT2 inhibitors

Mitochondrial fusion depends on mitofusion (Mfn)1 or Mfn2 and
dynamin family GTPase optic atrophy factor 1 (Opa1) (Chan, 2006). A
recent study showed that mice that were fed a high-fat diet developed a
metabolic abnormality, suppressing Mfn2 and Opa1 in the renal tubules
(Takagi et al., 2018). Ipragliflozin inhibited this vicious cycle by
restoring Mfn2 and Opa1 to normal levels without causing changes in
blood glucose and body weight (Takagi et al., 2018). Furthermore,
empagliflozin decreased the expression of TGF-β, which plays a signifi-
cant role in the development of DKD and is an essential cytokine in renal
apoptosis (Lee et al., 2019). In cultured renal proximal tubular cells,
empagliflozin was shown to reduce diabetes-inducedmitochondrial ROS,
which is related to abnormal mitophagy (Pirklbauer et al., 2019).

6.5. Metformin

Metformin's interference with mitochondria seems to occur in addi-
tion to its ability to inhibit the electron transfer chain in respiratory
complex (ETC) I, and it is thought that metformin may exert its metabolic
effects by directly binding to copper ions in mitochondria (Logie et al.,
2012). In purified enzymes of different species, metformin has been
shown to act as a non-competitive inhibitor of mitochondrial glycerol
3-phosphate dehydrogenase (mGPDH). Therefore, when the
glycerol-phosphate shuttle is inhibited, respiration is impaired, and
cytoplasmic NADþ is reduced. Consequently, the cytoplasmic
NADþ/NADH ratio is reduced and gluconeogenesis from both glycerol
and lactate is inhibited (Madiraju et al., 2014). Downregulation of GPD2
(the gene encoding mGPDH) mimics the antihyperglycemic effects of
metformin (Alshawi and Agius, 2019; Madiraju et al., 2018). A recent
study showed that metformin at therapeutic concentrations decreases
glucogenesis by inhibiting mGPDH action in a redox-dependent manner
(Thakur et al., 2018). Activation of NF-κB is associated with the devel-
opment of DKD (Mima et al., 2018). Metformin can act on NF-κB
signaling, inhibit monocyte to macrophage differentiation, and suppress
several pro-inflammatory cytokines in the plasma of non-diabetic
4

patients (Isoda et al., 2006). Furthermore, metformin ameliorated renal
oxidative stress and tubulointerstitial fibrosis in DKD mice by activating
mitophagy through Pink1 (PTEN-induced putative kinase 1) and Parkin
(Han et al., 2021).

6.6. Imeglimin

Imeglimin is a novel oral antidiabetic drug, the first of a new class of
tetrahydrotriazine-containing molecules called “glimins”, for which the
structure and mechanism of action have been studied (Pirags et al.,
2012). The Trials of Imeglimin for Efficacy and Safety 1 (TIMES 1) study
was designed to confirm the efficacy, safety, and tolerability of imeglimin
monotherapy in Japanese patients with type 2 diabetes (Dubourg et al.,
2021). In this study, imeglimin significantly improved HbA1c compared
to placebo; changes from baseline HbA1c at week 24 were -0.87% (95%
CI -1.04 to -0.69, p < 0.0001) (Dubourg et al., 2021). Based on these
results, imeglimin was launched in Japan in 2021, ahead of the rest of the
world. Imeglimin reduces oxidative stress by acting on the liver, muscle,
and pancreas, which are involved in the pathogenesis of type 2 diabetes,
through a mechanism that targets the mitochondria. Imeglimin decreases
glucose production in the liver and increases glucose uptake in the
muscles (Vial et al., 2015). A recent study using a hyperglycemic clamp in
patients with diabetes showed that imeglimin increased insulin secretion
in response to glucose {Perry, 2016 #936}. In addition, imeglimin has
been reported to improve mitochondrial density and function (Halla-
kou-Bozec et al., 2021; Vial et al., 2015). Imeglimin also altered oxidative
phosphorylation chain activity, thus reducing the activity of complex II,
and decreasing the ROS generated from this complex when mitochondria
oxidize succinate (Vial et al., 2015). Furthermore, imeglimin completely
restored the activity of complex III by restoring the expression of one of
its subunits (Vial et al., 2015). Cultured human vascular endothelial cells
were used to reproduce the inhibitory effect of imeglimin on ROS pro-
duction by decreasing reverse electron transport through complex I;
however, no decrease in intracellular oxygen consumption was observed
(Detaille et al., 2016).

Lachaux et al. showed that administration of imeglimin ameliorated
cardiac dysfunction and increased coronary artery endothelium-
dependent relaxation in insulin-resistant rodents; imeglimin decreased
left ventricular (LV) end-diastolic pressure and increased LV tissue
perfusion. Furthermore, these potential benefits were associated with a
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decrease in LV ROS production. More importantly, imeglimin decreased
albuminuria and interstitial fibrosis in a rodent model (Lachaux et al.,
2020). We have shown the relationship between nitric oxide (NO) and
DKD via renal insulin signaling (Mima et al., 2011a), and the afore-
mentioned results imply that DKD may have a negative effect on NO.
Further studies are required to clarify this point (Figure 1, Table 1).

7. Conclusion

Good glycemic control is the best preventive measure for DKD.
However, despite the treatment of diabetes, DKD may still develop. It is
well known that diabetes-induced mitochondrial dysfunction includes
abnormal mitophagy, fission, fusion, and biosynthesis. Furthermore, if
mitochondrial dysfunction is not restored, renal functionmay continue to
decline, worsening DKD. The recovery of renal cells and renal function
depends on the ATP-producing capacity of the mitochondria. Therefore,
a DKD treatment that targets oxidative stress suppression or mitochon-
drial homeostasis improvement is promising.
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