
 

 

1

Title 

Pharmacological targeting of mitochondria in diabetic kidney disease 

 

Kristan H Cleveland1 and Rick G Schnellmann1 2 

1 Pharmacology and Toxicology, University of Arizona, Tucson, AZ 

2 Southern VA Healthcare System, Tucson, AZ 

  

article has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 12 December 2022 as DOI 10.1124/pharmrev.122.000560 This

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 

 

2

Running Title 

Renal mitochondria in diabetic kidney disease 

 

Correspondence 

Rick G. Schnellmann 

Drachman Hall, Room B307A 

1295 N Martin Ave 

P.O. Box 210202 

Tucson, AZ 85721-0202 

Ofc: 520-626-1657 

schnell@arizona.edu 

 

Number of text pages: 24 

Number of tables: 1 

Number of figures: 3 

Number of references: 127 

Number of words in the abstract: 185 

 

Abbreviations: 

5-Hydroxytryptamine-1F receptor (5-HT1FR) 

β2-adrenergic receptor (β2-AR) 

Acute kidney injury (AKI) 

AMP-activated protein kinase (AMPK) 

Angiotensin I (Ang I) 

Angiotensin II (Ang II) 

Angiotensin converting enzyme (ACE) 

Angiotensin receptor blocker (ARB) 

Angiotensin type 1 receptor (AT1R) 

Angiotensin type 2 receptor (AT2R) 

Ca2+/calmodulin-dependent kinase II (CaMKII)  

article has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 12 December 2022 as DOI 10.1124/pharmrev.122.000560 This

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 

 

3

Carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone-oxygen consumption rates (FCCP-OCR) 

Chronic kidney disease (CKD) 

Canagliflozin and Renal Events in Diabetes with Established Nephropathy Clinical Evaluation 
(CREDENCE) 

Dapagliflozin and Prevention of Adverse Outcomes in Chronic Kidney Disease (DAPA-CKD) 

Diabetic kidney disease (DKD) 

Dynamin-like protein 1 (Drp1) 

Empagliflozin Outcome Trial in Patients with Chronic Heart Failure with Reduced Ejection 
Fraction (EMPEROR-Reduced) 

Electron transport chain (ETC) 

End-stage renal disease (ESRD) 

Epidermal growth factor (EGF) 

Glomerular filtration rate (GFR) 

Insulin-like growth factor 1 (IGF1) 

Ischemia/reperfusion (IR) 

Kidney Disease: Global Outcomes (KDIGO) 

Mitochondrial biogenesis (MB) 

Mitochondrial glutathione (mtGSH) 

Mitofusin 1 (Mfn1) 

Mitofusin 2 (Mfn2) 

NADPH oxidase 2 (Nox2) 

Optic atrophy 1 (Opa1) 

Oxidative phosphorylation (OxPhos)  

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) 

Phorbol myristate acetate (PMA) 

Platelet derived growth factor (PDGF) 

PTEN-induced kinase 1 (PINK1) 

Protein kinase A (PKA) 

Reactive oxygen species (ROS) 

Receptor interacting protein 140 (RIP140) 

Renal proximal tubule cell (RPTC) 

article has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 12 December 2022 as DOI 10.1124/pharmrev.122.000560 This

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 

 

4

Renin angiotensin system (RAS) 

Rho-associated protein kinase (ROCK1) 

Sirtuin 1 (SIRT1) 

Sodium glucose co-transporter-1 (SGLT1) 

Sodium glucose co-transporter-2 (SGLT2) 

Streptozotocin (STZ) 

Superoxide dismutase 2 (SOD2) 

Transforming growth factor beta-1 (TGFβ1) 

Tumor necrosis factor alpha (TNFα) 

Type 2 diabetes mellitus (T2DM) 

Type 2 diabetic nephropathy (T2DN) 

  

article has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 12 December 2022 as DOI 10.1124/pharmrev.122.000560 This

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 

 

5

Abstract 

Diabetic kidney disease (DKD) is the leading cause of end-stage renal disease (ESRD) 

in the United States and many other countries. DKD occurs through a variety of pathogenic 

processes that are in part driven by hyperglycemia and glomerular hypertension, leading to 

gradual loss of kidney function and eventually progressing to ESRD. In type 2 diabetes, chronic 

hyperglycemia and glomerular hyperfiltration leads to glomerular and proximal tubular 

dysfunction. Simultaneously, mitochondrial dysfunction occurs in the early stages of 

hyperglycemia and has been identified as a key event in the development of DKD. Clinical 

management for DKD relies primarily on blood pressure and glycemic control through the use of 

numerous therapeutics that slow disease progression. Because mitochondrial function is key for 

renal health over time, therapeutics that improve mitochondrial function could be of value in 

different renal diseases. Increasing evidence supports the idea that targeting aspects of 

mitochondrial dysfunction, such as mitochondrial biogenesis and dynamics, restores 

mitochondrial function and improves renal function in DKD. We will review mitochondrial 

function in DKD and the effects of current and experimental therapeutics on mitochondrial 

biogenesis and homeostasis in DKD over time. 
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Significance Statement 

Diabetic kidney disease (DKD) affects 20% to 40% of patients with diabetes and has limited 

treatment options. Mitochondrial dysfunction has been identified as a key event in the 

progression of DKD, and pharmacologically restoring mitochondrial function in the early stages 

of DKD may be a potential therapeutic strategy in preventing disease progression. 
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Body of Manuscript 

I. Introduction 

Diabetic kidney disease (DKD) is the leading cause of end stage renal disease (ESRD) 

in the United States and insufficient therapies are available for preventing its progression. 

During DKD, hyperglycemia affects mitochondrial dynamics, leading to mitochondrial 

dysfunction. Mitochondria constantly undergo biogenesis, fission, and fusion to change their 

morphology in response to metabolic and environmental signaling. Maintaining a proper balance 

across biogenesis, fission, and fusion is essential for proper mitochondrial homeostasis, and 

defective mitochondrial biogenesis and dynamics have been associated with DKD (Ayanga et 

al. 2016, Galvan et al. 2017, Galvan et al. 2019).  

Studies support that the glomerulus and proximal tubule play an important role in the 

pathogenesis of DKD (Seyer-Hansen 1987, Vallon 2011, Vallon and Thomson 2012, Zeni et al. 

2017). Increases in blood glucose directly affect proximal tubular reabsorption and function, 

leading to poorer prognosis, particularly in early DKD. Current therapies for DKD primarily rely 

on targeting hypertension and hyperglycemia. Thus, these drugs only slow disease progression, 

and novel therapeutics are urgently needed to treat DKD. Mounting evidence suggests that 

improving mitochondrial function in the early stages of hyperglycemia leads to improved renal 

function, supporting the use of mitochondrial-targeted therapies for DKD.  

II. Pathophysiology of Diabetic Kidney Disease 

A. Mitochondrial Homeostasis in the Kidney 

Mitochondria are highly dynamic organelles constantly adapting to different cellular and 

environmental cues. Because the kidney is the second most energetically demanding organ, it 

requires constant ATP to transport solutes along the nephron (Bhargava and Schnellmann 
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2017, Lynch et al. 2018). To maintain this renal energy demand, mitochondria are densely 

located in the renal proximal tubule to facilitate reabsorption of glucose, NaCl, and ions for 

physiological homeostasis. Thus, maintenance of mitochondrial function is essential for renal 

function.  

Mitochondrial dynamics regulate mitochondrial homeostasis and this involves continuous 

fission and fusion to eliminate old and damaged mitochondria and to promote mitochondrial 

fitness, respectively. Mitochondrial fission is primarily mediated by the GTPase dynamin-like 

protein 1 (Drp1). During fission, Drp1 translocates from the cytosol to the outer mitochondrial 

membrane upon activation where it utilizes GTP hydrolysis to form ring-like oligomers to 

scission the membrane (Basu et al. 2017). During its translocation, Drp1 is recruited to the 

mitochondrial membrane by several Drp1 receptors, including Fis1, MFF and MiD49/MiD51. 

Once bound to its receptors, Drp1 can carry out mitochondrial fission (Loson et al. 2013, Galvan 

et al. 2017, Kalia et al. 2018).  

Drp1 activity is regulated by a variety of post-translational modifications including 

sumoylation, ubiquitination, and S-nitrosylation, with the primary and most well-studied 

regulatory event being phosphorylation (Santel and Frank 2008, Lackner and Nunnari 2009, 

Soubannier and McBride 2009). Phosphorylation of Drp1 can lead to multiple functional 

outcomes: activation or inhibition of its activity, and this occurrence is both context- and 

stimulus-dependent. For example, phosphorylation of Drp1 at Ser637 by protein kinase A (PKA) 

has been shown to inhibit Drp1 activation and subsequent translocation to the mitochondria in 

HeLa cells, preventing its initiation of mitochondrial fission (Chang and Blackstone 2007). 

Contrary to this finding, data from other studies indicate that podocytes exposed to 

hyperglycemic conditions undergo Drp1 phosphorylation at Ser637 (corresponding to S600 in 

mice) by the upstream kinase Rho-associated protein kinase 1 (ROCK1) activates Drp1, 

thereby promoting its mitochondrial translocation and resulting in increased fission (Wang et al. 
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2012, Ayanga et al. 2016, Galvan et al. 2019). These unique findings highlight the importance of 

both the context and stimulus specificity of Drp1 phosphorylation and indicate that the resulting 

outcome of Drp1 phosphorylation is specific to both the cell type and the stimulus. Drp1 activity 

is also regulated by phosphorylation at an additional site, Ser616. Phosphorylation of Ser616 is 

regulated by a variety of upstream kinases, including Ca2+/calmodulin-dependent kinase II 

(CaMKII) and PTEN-induced kinase 1 (PINK1) (Xu et al. 2016). Increased fission events due to 

Drp1 dysregulation are important to the progression of DKD in mice (Fig. 1) and blocking 

excessive Drp1 Ser637 phosphorylation promotes mitochondrial function and prevents disease 

progression (Wang et al. 2012, Ayanga et al. 2016, Galvan et al. 2019). 

During mitochondrial dynamics, mitochondrial fusion is primarily mediated by two dynamin-

like GTPases, mitofusin 1 and mitofusin 2 (Mfn1/Mfn2). During mitochondrial fusion, Mfn1 and 

Mfn2, working in homo or heterodimers, become activated and promote fusion of the outer 

mitochondrial membrane (Galvan et al. 2017), which is also a GTP-dependent process. Fusion 

of the inner mitochondrial membrane is facilitated by optic atrophy 1 (Opa1), another dynamin-

related GTPase (Galvan et al. 2017). Mitochondrial fusion has not been as extensively studied 

as Drp1 in the context of DKD and hyperglycemia, but expression of Mfn1 has been shown to 

decrease in response to high glucose (Cleveland et al. 2020, Audzeyenka et al. 2021), 

indicating mitochondrial fusion may also contribute to the initiation of mitochondrial dysfunction 

in hyperglycemic conditions.  

Since mitochondria are refined to meet the bioenergetic demands of the cell, they are not 

only constantly adapting to the cellular environment through continuous fission and fusion, but 

also through mitochondrial biogenesis (MB), the generation of new and functional mitochondria. 

MB is largely mediated by a set of interconnected transcription factors that encompass the 

peroxisome proliferator-activated receptor γ (PPARγ) coactivator-1 family, including PGC1α, 
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PGC1β and PRC. Among this set of proteins, PGC1α is widely known as the master regulator of 

MB (Lynch et al. 2018). PGC1α has been extensively studied in the kidney and its activation 

has been shown to have beneficial effects on renal function. Under normal physiological 

conditions, PCG1α responds to environmental stimuli and, in turn, is activated by a variety of 

signal transduction pathways including cAMP/PKA/CREB, eNOS/sCG/cGMP, 5-AMP-activated 

protein kinase (AMPK) or acetylation by sirtuin 1 (SIRT1) (Canto et al. 2009, Fernandez-Marcos 

and Auwerx 2011, Cameron et al. 2016). Despite the multitude of potential upstream activators, 

PGC1α is routinely phosphorylated and translocates to the nucleus where it initiates 

transcription of genes responsible for MB and ATP production (Whitaker et al. 2016). Due to its 

role in mitochondrial function and homeostasis in the kidney, PGC1α downregulation has been 

identified in the development and progression of DKD. Data from Lee’s laboratory show that 

PGC1α is downregulated in the proximal tubules of streptozotocin (STZ)- treated rats, as well as 

in diabetic db/db mice and pharmacological activation of PGC1α has a beneficial effect on renal 

function (Lee et al. 2017). 

Mitophagy, the selective removal of mitochondria by autophagy, is also an important 

component of mitochondrial homeostasis. Mitophagy is primarily regulated by PINK1/Parkin 

signaling (Novak 2012, Eiyama and Okamoto 2015). Under normal physiological conditions, 

PINK1 resides in the cytosol and translocates to the mitochondria where it is tagged for 

degradation (Greene et al. 2012). Upon mitochondrial depolarization, PINK1-induced 

phosphorylation of mitochondrial proteins, such as Mfn1 and Mfn2, recruits the E3 ubiquitin 

ligase Parkin to the mitochondrial membrane where it targets mitochondrial for autophagosomal 

degradation (Tanaka et al. 2010, Chan et al. 2011). It is currently understood that mitophagy 

plays a protective role in the kidney and its dysfunction contributes to renal cell dysfunction and 

disease progression. Several investigators reported evidence for dysfunctional mitophagy in the 

kidneys of diabetic mice, specifically in the renal tubules (Chen et al. 2018, Feng et al. 2018). 
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These pathological changes were accompanied by altered expression of the mitophagy proteins 

PINK1, Parkin, LC3II and Beclin1 (Feng et al. 2018). Evidence also exists for dysfunctional 

mitophagy in podocytes of diabetic mice, in which knockdown of Parkin inhibited mitophagy, 

increased the number of apoptotic podocytes and increased ROS (Jiang et al. 2020). 

Resveratrol and berberine and been reported to induce mitophagy and have been shown to be 

protective against DKD (Zhang et al. 2020, Zhang et al. 2021). Interestingly, both resveratrol 

and berberine have been demonstrated to regulate mitochondrial function by inducing PGC1α 

and inhibiting mitochondrial fission, respectively (Ferretta et al. 2014, Qin et al. 2019). 

Reactive oxygen species (ROS) are present at low levels and play physiological functions in 

cellular responses to stress conditions. The process of ROS generation takes place during 

electron flow through the ETC and ATP production. Electron leak from the mitochondrial 

respiratory chain leads to superoxide formation after combination with oxygen. ROS that exceed 

cellular capacity have been demonstrated to be a feature of DKD (Tan et al. 2010, Coughlan et 

al. 2016, Coughlan et al. 2016). Furthermore, increased ROS has been proposed to lead to 

oxidative damage to mitochondrial DNA and proteins, ultimately leading to mitochondrial 

dysfunction in DKD, a theory known as the Unifying hypothesis (Forbes et al. 2008, Galvan et 

al. 2017).  

One study in particular demonstrated that increased ROS as a result of high glucose led to 

podocyte apoptosis and depletion in both cultured podocytes and in diabetic mice (Susztak et 

al. 2006). Mitochondrial glutathione (mtGSH) plays a critical role in regulating redox imbalances 

in chronic hyperglycemia. In addition, decreases in renal GSH have been widely noted in DKD, 

and is thought to play an underlying role in the development and progression of DKD (Brownlee 

2001, Chander et al. 2004, Beisswenger et al. 2005). A study examining the effect of 

hyperglycemia in STZ- treated rats showed mtGSH levels as well as superoxide dismutase 2 
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(SOD2) expression in the renal cortex were increased compared to controls (Putt et al. 2012), 

indicating that ROS levels likely play a role in redox status in DKD.  

B. Effect of Hyperglycemia on Mitochondrial Homeostasis 

Mitochondria play a critical role in maintaining renal function, as the kidney requires 

substantial amounts of oxygen to convert to energy to meet the metabolic demands of the 

organ. Oxygen is used by oxidative phosphorylation (OxPhos) in the mitochondria to convert 

fatty acids, glucose and amino acid substrates to ATP. During these metabolic processes, 

oxygen is consumed by the electron transport chain (ETC), acting as an electron acceptor in the 

molecular reactions carried out by ETC complexes I-IV. ETC complex V (ATP synthase) then 

uses this proton gradient generated by ETC complexes I-IV to produce ATP, which is 

subsequently exported from the mitochondria. The majority of ATP produced by OxPhos is used 

in the renal proximal tubule to reabsorb glucose, NaCl, and ions from the glomerular filtrate 

(Thaysen et al. 1961, Soltoff 1986). 

Along with reabsorption, proximal tubule cells use ATP to produce glucose via 

gluconeogenesis (Nowak and Schnellmann 1995). In hyperglycemic conditions, the normal 

gluconeogenic mode of metabolism is shifted so that both gluconeogenesis and glycolysis take 

place simultaneously (Sas et al. 2016, Forbes and Thorburn 2018). As a result of this metabolic 

shift, proximal tubule cells are less efficient at producing and maintaining energy to support 

normal physiological functions. 

In animal models of DKD, hyperglycemia leads to renal mitochondrial dysfunction in multiple 

cell types along the nephron (Wang et al. 2012, Ayanga et al. 2016, Galvan et al. 2019, 

Cleveland et al. 2020, Wang et al. 2020). In a study of diabetic rats with elevated glucose, 

decreased mitochondrial membrane potential and increased reactive oxygen species (ROS) 
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were noted and these effects were accompanied by both tubular morphological changes and 

tubular functional impairment (Wang et al. 2020). In addition, Ayanga’s group studied diabetic 

db/db mice and noted dysfunctional mitochondria in podocytes. Mitochondrial dysfunction was 

characterized by increased Drp1 expression, increased mitochondrial fission and decreased 

mitochondrial respiration, leading to decreased ATP production (Ayanga et al. 2016). The 

authors found that knockdown or pharmacological inhibition of Drp1 restored these altered 

mitochondrial processes, leading to improved mitochondrial fitness. Importantly, they show that 

by knocking out Drp1, albuminuria was significantly reduced, as well as histopathological 

changes such as mesangial matrix expansion and improvement in podocyte foot process 

effacement. There was also a significant reduction in glomerular basement membrane 

thickness. Recently, Galvan and colleagues reported in diabetic mice, a mutation of Drp1 S600 

(S637) in which the serine was mutated to an alanine, significantly improved albuminuria, 

attenuated mesangial matrix expansion and preserved podocyte structure (Galvan et al. 2019), 

findings similar to those observed in Drp1 knockout mice in Ayanga’s work.  

Recent studies from our laboratory show that in 13 week-old diabetic db/db mice, which 

model a very early model of DKD, phosphorylation of Drp1 and ETC complex subunit 

expression was increased, and expression of Mfn1 as well as ATP production were decreased 

in renal cortical tissue (Cleveland et al. 2020). Similarly, when renal proximal tubule cells 

(RPTC) in culture were subjected to high glucose injury, the same pattern of mitochondrial 

changes were observed, indicating that mitochondrial dysfunction begins in the earliest phase of 

hyperglycemia before pathological changes have occurred. In a study of metabolic flux in 

diabetic kidneys of 12 week vs 24 week diabetic mice, ETC complexes I, II and III expression 

were significantly decreased (Sas et al. 2016). These differences suggest that the early 

increase in ETC complex expression in our model may be due to increased glucose metabolic 

flux, followed by mitochondrial damage. Interestingly, Sas and colleagues also reported that 
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TCA cycle metabolites and acylcarnitines were increased in 24 week-old diabetic mice 

compared to 12 week-old mice. These data suggest that mitochondrial metabolism 

progressively increased as the need for energy production increased.  

C. Glomerular Hyperfiltration and Proximal Tubular Injury 

The daily glomerular filtrate contains ~180 mg of glucose, which is reabsorbed by the 

proximal tubule to prevent loss into the urine (Vallon and Thomson 2020). Glucose reabsorption 

along the proximal tubule is carried out by sodium-glucose cotransporter 2 (SGLT2) and 

sodium-glucose cotransporter 1 (SGLT1) on the luminal side and is proceeded by facilitated 

diffusion via GLUT2 on the basolateral membrane (Ghezzi et al. 2018) (Fig. 2). SGLT2, the 

primary mediator of glucose reabsorption in the early segments, is mostly confined to the 

proximal tubule and has a low affinity, yet a high capacity, for glucose uptake (Vrhovac et al. 

2015, Coady et al. 2017). This capacity is reached at >12 mmol/l (200 mg/dl) in a hyperglycemic 

patient (DeFronzo et al. 2013). The remaining glucose is taken up by the high-affinity, low-

capacity SGLT1 in the later renal segments. In the context of hyperglycemia, when the amount 

of filtered glucose exceeds the capacity of both SGLT1 and SGLT2, excess glucose not 

reabsorbed is excreted into the urine, a diabetic phenotype.  

The early phase of diabetes is characterized by an initial increase in glomerular filtration rate 

(GFR). A normal kidney filters ~120 ml/min/1.73 m2, and GFR can increase to ~166 ml/min/1.73 

m2 during the initial phase of hyperfiltration (Tonneijck et al. 2017). It is generally acknowledged 

that hyperfiltration precedes albuminuria and an eventual decline in renal function. Glomerular 

hyperfiltration leads to hyper-reabsorption of glucose, NaCl, and ions, which in turn affects 

proximal tubular function. This process enhances glucose reabsorption and increasing 

expression of SGLT2 which also increases its capacity for reabsorption (Wang et al. 2017, 

Vallon and Thomson 2020).  
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In addition to hyper-reabsorption, early glomerular hyperfiltration also contributes to proximal 

tubular growth. This early prolific phase is initiated early in diabetes and is characterized by 

increased cellularity, hyperplasia. Hyperplasia is regulated by numerous growth factor signaling 

pathways, including insulin-like growth factor 1 (IGF-1), platelet derived growth factor (PDGF), 

epidermal growth factor (EGF) and vascular epidermal growth factor (VEGF) (Wolf and Ziyadeh 

1999). The early period of tubular hyperplasia is subsequently followed by hypertrophy which is 

mediated by transforming growth factor β1 (TGF-β1) signaling (Wolf and Ziyadeh 1999, Han et 

al. 2000), and initiated by upstream signaling pathways such as JAK/STAT, PKCβ and ERK/p38 

(Fujita et al. 2004, Vallon and Thomson 2012). SGLT2 is thought to be upregulated as a 

consequence of proximal tubule growth. Although the initial phase of hyperglycemia triggers 

tubular enlargement, this growth is not sustained and is eventually overcome by cellular 

senescence, fibrosis, and tubular interstitial damage (Satriano et al. 2010, Vallon and Thomson 

2012). 

III. Treatment of Diabetic Kidney Disease 

A. Targeting the Renin-Angiotensin System 

RAS is an important regulator of renal blood volume and vascular resistance. Decreased 

blood pressure or renal tubular NaCl triggers the activation and release of the proteolytic 

enzyme renin from juxtaglomerular cells in the renal afferent arterioles. Upon release, renin 

cleaves its target, angiotensinogen, to produce angiotensin I (Ang I). Ang I is then converted to 

angiotensin II (Ang II) by angiotensin converting enzyme (ACE). Active Ang II is a potent 

vasoconstrictor and exerts its effects by binding to Ang II type I receptor (AT1R) and Ang II type 

II receptor (AT2R). In the proximal tubule, Ang II increases Na-H exchange, leading to 

increased NaCl reabsorption and increased arterial pressure. Ang II also stimulate the release 

of aldosterone from the adrenal cortex, which in turn increases NaCl reabsorption. In systemic 
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arterioles, Ang II binds to G protein-coupled receptors (GPCRs), leading to arteriolar 

vasoconstriction and increasing blood pressure and total NaCl in the blood (Fountain and 

Lappin 2022). Hypertension is an early occurrence in diabetes and chronic RAS activation is 

thought to facilitate DKD. 

In patients with type 2 diabetic nephropathy (T2DN), lowering blood pressure can slow the 

progression to ESRD and prevent cardiovascular co-morbidities (Keller et al. 1996). RAS 

blockade, which consists of ACE inhibitors and angiotensin receptor blockers (ARBs) work to 

reduce glomerular pressure, vasodilate the renal efferent arterioles, and increase permeability 

leading to reduced albumin excretion. Thus, these drugs are common first-line treatments for 

patients with DKD (Taler et al. 2013). In 2012, Kidney Disease: Improving Global Outcomes 

(KDIGO), the standard clinical practice guide for blood pressure management with chronic 

kidney disease (CKD), recommended RAS inhibitors as a primary treatment for hypertension in 

CKD. This was based on analyses of clinical trials in which both ACE inhibitors and ARBs 

reduced kidney failure events (Ruggenenti et al. 2001, Remuzzi et al. 2004). In summary, these 

data suggested that RAS blockade was effective in reducing renal failure in both early and 

advanced CKD. Since these trials, new data suggest that there is an initial decline in GFR upon 

starting treatment with RAS inhibitors, and also poses renal and cardiovascular risks in a dose-

dependent manner (Schmidt et al. 2017). Although RAS inhibitors have been shown to reduce 

systemic blood pressure and delay the loss of kidney function, their effect on GFR decline 

poses questions about their efficacy as treatment for advanced DKD (Burnier 2020).  

In addition to its effects on GFR and blood pressure, RAS activation also has effects on 

mitochondrial function. Ang II can generate mitochondrial ROS and cause dysfunctional 

mitochondrial metabolism. Studies show that antagonism of the AT1R and AT2R can reverse 

the negative mitochondrial effects induced by Ang II. In diabetic rats treated with the AT1 

blocker olmesartan, altered expression of the TCA cycle enzymes citrate synthase and 
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succinate dehydrogenase was restored as was expression of the superoxide generating 

enzyme NADPH oxidase 2 (Nox2) (Vazquez-Medina et al. 2013). In another study with STZ- 

treated diabetic rats, treatment with the AT1 blocker losartan protected renal mitochondria from 

changes in mtMP, H2O2 and pyruvate (Katyare and Satav 2005). Additionally, Zhu’s group 

reported that treatment of podocytes with the mitochondrial antioxidant mitoquinone provided 

protection from Ang II-induced mitochondrial dysfunction (Zhu et al. 2021). These studies 

suggest that restoring mitochondrial function in models of DKD has a therapeutic effect on renal 

outcomes and may be drugs that improve kidney function in DKD while simultaneously 

improving mitochondrial function.  

B. Glycemic Control 

SGLT2 inhibitors are a new class of diabetic medications that reduce glucose reabsorption 

in the proximal tubule and promote its urinary excretion, thereby lowering blood glucose. During 

the process of renal glucose reabsorption, glucose is taken up into the cell by SGLT2 and 

SGLT1. SGLT2 uses one Na+ ion per glucose molecule, whereas SGLT1 in the later segments 

uses two Na+ ions per molecule of glucose (Vallon 2020) (Fig. 2). SGLT2 and SGLT1 are 

responsible for ~97% and 3% of glucose reabsorption, respectively. In response to 

hyperglycemia, SGLT2 expression is upregulated to compensate for excess filtered glucose 

(Vallon and Verma 2021). Because SGLT2 is the main driver of glucose uptake in the proximal 

tubule, this transporter has been the primary target of sodium-glucose transporter inhibition. 

SGLT2 inhibitors were originally developed as a treatment for T2DM and were later 

determined to have renal and cardiovascular benefits. In 2020, results from the Dapagliflozin 

and Prevention of Adverse Outcomes in Chronic Kidney Disease (DAPA-CKD) trial showed that 

the SGLT2 inhibitor dapagliflozin conferred both cardiovascular and kidney benefits among 

patients with CKD, as defined by reduced estimated GFR, lower risk of ESRD, as well as death 
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as a result of cardiovascular implications (Heerspink et al. 2020). In addition, the Empagliflozin 

Outcome Trial in Patients with Chronic Heart Failure with Reduced Ejection Fraction 

(EMPEROR-Reduced) trial (N= 3,370), subjects with class II, III or IV heart failure were 

randomized to empagliflozin or placebo. Treated subjects had reduced slope of eGFR decline 

over time, fewer hospitalizations, and a lower risk of adverse renal outcomes regardless of CKD 

status (Packer et al. 2020, Anker et al. 2021). The Canagliflozin and Renal Events in Diabetes 

with Established Nephropathy Clinical Evaluation (CREDENCE) trial in 2019 enrolled subjects 

with CKD who were randomized to canagliflozin or placebo. Renal and cardiovascular outcomes 

were assessed and canagliflozin offered the lowest relative risk of ESRD, lower risk of 

cardiovascular death, myocardial infarction, stroke and hospitalizations due to heart failure 

(Perkovic et al. 2019). Cumulatively, these trials suggest beneficial effects of SGLT2 inhibitors 

on renal and cardiovascular function in patients with CKD.  

Since the aforementioned clinical trials began in 2019, studies have been underway to 

investigate the effects of SGLT2 inhibitors in animal models of DKD and to elucidate the 

molecular mechanisms underlying their effects on renal function. Hudkins and colleagues 

studied the effect of empagliflozin on pathologic changes in DKD in diabetic BTBR (Black and 

Tan Brachyury) ob/ob mice. Data show that empagliflozin reversed hallmark features of DKD 

including hyperglycemia, proteinuria, serum creatinine, and mesangial matrix expansion 

(Hudkins et al. 2022). Empagliflozin also restored podocyte health, as measured by podocyte 

number and degree of foot process effacement. The authors suggest that these changes are 

likely mediated by a reduction in ROS within podocytes and a reduction in pro-inflammatory 

markers in the renal cortex. Next, He’s team investigated the effect of dapagliflozin on DKD in 

mice and reported a reduction in vascular endothelial damage (He et al. 2022). Furthermore, 

dapagliflozin rescued mitochondrial membrane potential, energy metabolism, and MB and these 

effects were mediated via activation of the SIRT1/PGC1α pathway. Thus, SGLT2 inhibitors 
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have pleiotropic effects in their ability to reduce glucose and improve complications associated 

with DKD. 

C. Insulin Therapy in Glucose Management 

Although insulin is not a common first line of treatment for T2DM, it is indicated as an initial 

treatment in severe hyperglycemia, or in patients where type 1 and type 2 diabetes is difficult to 

distinguish. Endogenous insulin is produced in the pancreas and is filtered through the 

glomerulus and is metabolized in proximal tubular cells (Iglesias and Diez 2008). Through 

receptor binding, insulin stimulates glucose reabsorption in the proximal tubule (DeFronzo et al. 

1976). Insulin therapy consists of either short-acting insulin analogs (lispro, aspart and glulisine) 

which confer rapid absorption or long-acting insulin analogs (glargine and detemir) which offer 

delayed absorption (Heller 2003, Reynolds and Wagstaff 2004, Cox 2005, Garg 2005, Hirsch 

2005). Intensive insulin therapy (multiple daily injections) is an effective strategy for improving 

glycemic control in patients with T2DM (1994, Shichiri et al. 2000, Brocco et al. 2001). Santo’s 

and colleagues reported that phosphorylation of Drp1 was increased in diabetic rats (Santos et 

al. 2014). Treatment with insulin restored Drp1 phosphorylation to nondiabetic control levels. 

Interestingly, the authors reported a significant increase in mitochondrial DNA copy number in 

diabetic animals, which normalized with insulin treatment. Furthermore, insulin treatment 

significantly reduced the autophagy marker LC3II. Although insulin therapy has been used in 

DKD patients to improve glycemic control, it poses the risk of hypoglycemia and importantly, its 

therapeutic potential in more progressed stages if DKD remains unknown.  

D. Lifestyle Modification 

Aside from pharmacological intervention, lifestyle modifications have been extensively 

documented in DKD management. Many complications associated with DKD such as 
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hypertension can be reduced through weight management, salt intake, exercise, and alcohol 

intake (Jones et al. 1994, Alderman 2000, Whelton et al. 2002, Chen et al. 2008). These studies 

indicate that reducing weight can lower blood pressure and initiate a reduction in proteinuria in 

patients with CKD. Trials in which weight reduction was evaluated revealed that increased fruit 

and vegetable intake and salt reduction in overweight individuals reduced blood pressure 

(Dickinson et al. 2006). In addition to dietary modification, daily exercise is also recommended 

in patients with CKD (Taler et al. 2013).  

The beneficial effects of exercise on blood pressure have been widely studied and exercise 

stimulates mitochondrial function (Ljubicic et al. 2010). Specifically, increased demand for 

oxidative capacity during exercise and activates PGC1α (Akimoto et al. 2005, Jager et al. 2007). 

After activation, PGC1α initiates transcription of genes encoding mitochondrial proteins, 

mitochondrial DNA, and oxidative metabolism, ultimately leading to the induction of MB (Hallan 

and Sharma 2016). In addition to MB, exercise leads to increased mitochondrial mass and 

mitochondrial enzyme efficiency (Holloszy et al. 1970). Specifically, aerobic exercise increases 

activity of ETC enzymes succinate dehydrogenase, NADH dehydrogenase, NADH cytochrome-

c reductase and cytochrome c oxidase (Coggan et al. 1992) and these findings have been 

replicated in humans (Gollnick et al. 1973, Little et al. 2010). Thus, inducing MB and improving 

mitochondrial function can lead to the improvement of morbidities associated with DKD. 

IV. Pharmacological Targeting of Mitochondrial Biogenesis and Dynamics 

A. Induction of Mitochondrial Biogenesis 

Recently, evidence has emerged that decreased MB and PGC1α are important components 

in the development and progression of DKD. Lee and colleagues reported that activation of 

proximal tubule PGC1α had a beneficial effect on renal function, which supports this hypothesis 
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(Lee et al. 2017). Also, SIRT1, an upstream activator of PGC1α was downregulated in 

podocytes and glomeruli in human diabetic kidneys as well as in diabetic mice (Chuang et al. 

2007, Liu et al. 2014). Furthermore, selective pharmacological activation of SIRT1 in cultured 

podocytes increased SIRT1-mediated PGC1α activity and protected cells from mitochondrial 

dysfunction resulting from hyperglycemic injury (Hong et al. 2018). When the SIRT1 agonist 

BF175 was given in diabetic mice, significant improvements in albuminuria and glomerular injury 

were observed. Importantly, analysis of cortical tubulointerstitial samples in kidney biopsy 

samples from DKD patients revealed that PGC1α mRNA expression was decreased when 

compared to healthy controls (Sharma et al. 2013), indicating that alterations in PGC1α and 

mitochondria are also present in patients with clinically relevant disease. Together, these 

studies support the idea that the loss of PGC1α contributes to worsened renal function and that 

induction of MB can alleviate some of the pathophysiological components of DKD. 

The antihyperglycemic agent metformin has been used over the past 50 years to treat 

patients with T2DM (Viollet et al. 2012). Metformin uniquely exerts antihyperglycemic activity by 

reducing both hepatic gluconeogenesis and intestinal absorption of glucose, while it improves 

insulin sensitivity (Rena et al. 2017). At the molecular level, metformin specifically inhibits 

mitochondrial ETC complex I. By inhibiting complex I function, this leads to an increased 

AMP/ATP ratio and activation of AMPK, which has been shown to lead to increased PGC1α 

activation (Hawley et al. 2010, Aatsinki et al. 2014). Metformin has been shown to induce MB 

and increase carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone-oxygen consumption rates 

(FCCP-OCR) in renal proximal tubule cells (RPTC) (Kukidome et al. 2006, Beeson et al. 2010). 

Identification of compounds that stimulate PGC1α activity and expression as potential 

mitochondrial therapeutics has been an emerging topic of interest and our laboratory developed 

a high-throughput screening assay to measure maximal mitochondrial respiration as a marker of 
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MB (Beeson et al. 2010). This screening assay relied on the use of RPTC grown under 

improved culture conditions, which are highly dependent on aerobic respiration, and subjected 

to Seahorse XF96 analysis of FCCP-uncoupled OCR (Nowak and Schnellmann 1995, Nowak 

and Schnellmann 1996, Beeson et al. 2010). By measuring OCR after FCCP, we can observe 

early dysfunction of the electron transport chain. Higher OCR after pharmacological treatment 

indicates the generation of new mitochondria or more efficient existing mitochondria. Using this 

method, we identified several “hit” compounds as inducers of MB. Among these compounds, we 

identified the β2-AR agonist formoterol and the 5-hydroxytryptamine-1F receptor (5-HT1FR) 

agonists LY344864 and LY334370, which were later determined to be stimulators of PGC1α. 

Our data also show that activation of PGC1α leads to MB and promotes recovery from both 

acute and chronic diseases (Rasbach and Schnellmann 2007, Garrett et al. 2014, Collier et al. 

2016, Cameron et al. 2019, Dupre et al. 2019, Scholpa et al. 2019). Recently, we found that 

treatment of diabetic mice and RPTC exposed to high glucose had mitochondrial bioenergetic 

and dynamics profiles that were similarly altered and that treatment with formoterol reversed 

these effects (Cleveland et al. 2020), indicating that in addition to its ability to induce PGC1α 

and MB, formoterol also regulates mitochondrial dynamics and bioenergetics, although these 

signaling pathways have not yet been established. These studies support the idea that 

pharmacologically targeting mitochondria in renal diseases can be a promising therapeutic 

strategy.  

B. Targeting Mitochondrial Dynamics 

Targeting other facets of mitochondrial dysfunction such as mitochondrial dynamics has 

been shown to improve of hallmark features of DKD. Ayanga’s work confirmed that 

pharmacological inhibition of Drp1 with Mdivi-1 in podocytes had numerous beneficial effects. 

Treatment with Mdivi-1 significantly reduced the albumin:creatinine ratio, mesangial matrix 
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expansion, glomerular basement membrane thickening, attenuation of podocyte foot process 

effacement and restored the mitochondrial phenotype to that of non-diabetic controls (Ayanga et 

al. 2016). These findings provide evidence that improving mitochondrial function can protect 

against DKD progression. 

We showed that proteins involved in mitochondrial dynamics were altered in diabetic mice 

and in RPTC exposed to high glucose, favoring a pro-fission mitochondrial state (Cleveland et 

al. 2020). In both models, treatment with the β2-AR agonist formoterol pharmacologically 

restored altered expression of mitochondrial dynamics proteins and improved mitochondrial 

function. Complementing our findings, others have demonstrated that inhibition of mitochondrial 

fission with the natural compound berberine in diabetic db/db mice significantly reversed 

elevated glucose, podocyte damage, and mesangial matrix expansion by abolishing Drp1 

activation (Qin et al. 2019). Separate studies in which podocytes were assessed in diabetic 

mice showed that podocyte-specific deletion of Drp1 resulted in reduced podocyte damage and 

prevention of albuminuria (Tagaya et al. 2022). Cumulatively, these results suggest that 

inhibition of mitochondrial dynamics by specifically targeting Drp1 can promote mitochondrial 

homeostasis and partially restore renal function. Elucidating the signaling pathways associated 

with altered mitochondrial dynamics will allow for a greater understanding of how mitochondria 

become dysfunctional in early hyperglycemia.  

C. Agonism of the β2-Adrenergic Receptor and Renal Mitochondrial Function  

It has been established that β2-ARs are expressed in the kidney and play various important 

roles in renal physiology such as regulation of glomerular filtration and renal blood flow, NaCl, 

reabsorption, and renin secretion (Engel et al. 1985, DiBona and Kopp 1997, Boivin et al. 2001). 

Formoterol is a long-acting β2-AR agonist with high selectivity and affinity for the β2 subtype 

(KD= -8.63±0.02) and is approved for the treatment of asthma (Baker 2005). We reported that 
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formoterol improves renal function in ischemia/reperfusion (IR)-induced acute kidney injury 

(AKI) by activating proximal tubule β2-AR to induce MB (Cameron et al. 2019). However, the 

β2-AR agonist clenbuterol had an inhibitory effect on MB via suppression of PGC1α and by 

activating receptor-interacting protein 140 (RIP140), a negative regulator of MB (Hoshino et al. 

2012). When a panel of β2-AR agonists were tested for their ability to induce MB, not all 

agonists had the same effect: some yielded partial MB and some did not induce MB (Peterson 

et al. 2013) (Table 1). Interestingly, the ability of these agonists to induce MB did not strictly 

correlate with receptor affinity or selectivity. These contrasting results among agonists suggest 

that the mitochondrial biogenic effect of β2-AR agonists has functional selectivity. In addition, 

these discrepancies can also be explained by duration of signaling from the receptor and 

receptor occupancy. In our efforts to elucidate the signaling pathway leading to formoterol-

induced MB, we found that upon β2-AR binding, formoterol activates the Gβγ/Akt/eNOS/sGC 

pathway to induce MB (Cameron et al. 2017) (Fig. 3). This signaling pathway was not induced 

by the selective β2-AR agonist clenbuterol. Furthermore, this study identified structural 

dissimilarities between formoterol and clenbuterol that led to distinct receptor-ligand 

interactions. Specifically, the formoterol’s methoxyphenol group frequently interacted with V114 

and F193 and binds to the β2-AR in a conformation which places it in deeper pocket residues. 

More recently, we demonstrated that formoterol treatment improved podocyte recovery from 

glomerular injury by promoting MB and increasing ETC protein (Arif et al. 2019). β2-AR agonists 

have been shown to be potent inhibitors of phorbol myristate acetate (PMA) induced tumor 

necrosis factor α (TNFα) production in macrophages (Noh et al. 2017). This finding led to 

investigations into the anti-inflammatory effects of β2-AR agonists in STZ-treated diabetic rats. 

β2-AR agonists metaproterenol and salbutamol were shown to inhibit TNFα production induced 

by the diabetic phenotype. These effects depended on β-arrestin2/NFκB signaling. Noh’s group 
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demonstrated that salbutamol treatment of diabetic rats reduced collagen production and 

attenuated TNFα as well as other inflammatory markers. Thus, in addition to their mitochondrial 

effects, β2-AR agonists also improve the diabetic phenotype by regulating 

monocyte/macrophage activation. Thus, activation of the β2-AR by agonists including formoterol 

may not only improve mitochondrial function in several models of kidney injury but also through 

multiple and distinct signaling pathways. These data support the idea that β2-ARs are promising 

and novel therapeutic targets in renal disease including DKD.  

V. Conclusions and Further Research 

DKD is a complex, multifaceted disease that affects a variety of cellular and mitochondrial 

processes. In this review, we identified aspects of mitochondrial dysfunction, particularly in the 

renal proximal tubule and in glomerular podocytes that take place in the early stages of 

hyperglycemia, ultimately leading to disease progression. Furthermore, we discussed 

pharmacological therapeutics to treat DKD and their effect on mitochondrial function. 

Hyperglycemia leads to early glomerular hyperfiltration, exposing the proximal tubule to 

increased glucose. This physiological process triggers proximal tubular and glomerular 

dysfunction through many molecular and pathophysiological processes including tubular growth 

and fibrosis. However, because the proximal tubules are rich in mitochondria and require an 

abundance of energy, mitochondrial dysfunction plays an important role in declining renal 

function.  

Existing therapies to treat DKD primarily consist of targeting blood pressure through RAS 

inhibition and modulating glycemic control via insulin and SGLT2 inhibition. Specifically, SGLT2 

inhibitors are a promising treatment for DKD due to their pleiotropic benefits not only on the 

kidney but also on the cardiovascular system. A common property of these existing therapies 

lies within their ability to modulate mitochondrial function. Interestingly, RAS inhibition, SGLT2 
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inhibition, and lifestyle modification (weight loss and exercise) appear to have beneficial renal 

effects at least in part through restoring mitochondrial function either by inducing MB or 

restoring the imbalance in mitochondrial dynamics. Although these drugs have effects on 

mitochondrial function, there are no existing compounds that specifically target mitochondrial 

function to treat DKD. Thus, identification and development of novel therapeutics that stimulate 

MB and treat DKD is a great opportunity. This can be accomplished through target identification 

and utilization of high-throughput screening assays to identify compounds that increase 

mitochondrial function. Moreover, this can be achieved through gene expression-based 

screening to identify compounds that induce PGC1α expression using real-time PCR. In 

addition to gene expression-based assays, it is important to screen for functional parameters, 

which can be accomplished using high-throughput respirometry to measure mitochondrial 

function.  

Although we have shown that restoring mitochondrial dynamics and inducing MB in early 

disease can improve mitochondrial function and some features of DKD, it is unknown whether 

these same effects are observed in the later phase of diabetic animal models. Preliminary 

studies from our laboratory demonstrated that formoterol exerts the same beneficial therapeutic 

effects in an animal model representing more advanced DKD.  Targeting mitochondrial 

dysfunction in early hyperglycemia may reveal positive, very early mitochondrial responses in 

diabetes and could contribute to insights about initial responses that drive later structural and 

functional abnormalities in DKD.  

Diagnosing early DKD remains a challenge given the fact that it often goes undiagnosed 

until the disease is in a more progressed stage. It is likely that existing drugs for DKD such as 

ACE inhibitors, ARBs and SGLT2 inhibitors will continue to be used early in DKD. They are 

effective with known adverse effects, orally available and inexpensive.  Mitochondrial 
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therapeutics for DKD may initially be used in conjunction with ACE inhibitors, ARBs, or SGLT2 

drugs, in Type 2 diabetes, or in refractory conditions.   

A number of questions will need to be addressed with mitochondrial therapeutics: 1) how to 

measure MB (e.g. biomarkers) in different tissues, 2) how to measure efficacy and 3) how long 

to treat safely without adverse effects in the target organ and others.  It is not clear that 

increased levels of functional mitochondria in tissues for short or long times is safe and without 

adverse effects.  The mechanisms by which tissues adjust to the increased mitochondria need 

to be studied.  In addition, it will need to be determined whether pretreatment of the drug before 

an injury has occurred (e.g. surgery) has a positive or negative outcome. Likewise, 

administration of the drug at different times after the injury may be successful or not.  Ultimately, 

since mitochondrial dysfunction occurs in most acute and chronic diseases, the development of 

mitochondrial therapeutics should be pursued.      
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 Figure Legends 

 

Fig. 1. Renal mitochondrial dysfunction in response to hyperglycemia. Increasing 

concentrations of blood glucose lead to altered mitochondrial dynamics and increased Dynamin-

like protein 1 (Drp1) activation, promoting a pro-fission mitochondrial state. Disrupted 

mitochondrial biogenesis leads to decreased expression and activity of peroxisome proliferator-

activated receptor gamma coactivator (PGC1α) and transcription of genes encoding 

mitochondrial genes. Elevated glucose disrupts electron transport chain activity, leading to 

decreased oxidative phosphorylation. 

Fig. 2. Glucose reabsorption in the proximal tubule. Hyperglycemia resulting from diabetes 

exposes the renal proximal tubule to increasing concentrations of glucose, leading to 

hyperabsorption and ultimately proximal tubular dysfunction. Na+ and glucose are filtered on the 

luminal side by sodium-glucose cotransporter 1 and 2 (SGLT1/SGLT2). Glucose enters back 

into the blood through facilitated diffusion by GLUT2.  

Fig. 3. Signaling mechanisms/pathways of β2-AR activation by formoterol. Through Gαs, 

formoterol induces a classical β2-AR signaling pathway through activation of adenylate cyclase 

(AC), leading to increased cAMP production, protein kinase A (PKA) activation and increased 

phosphorylation of substrates. Formoterol also activates signaling through Gβγ. Activation of 

Gβγ leads to phosphatidylinositol 3 kinase (PI3K), leading to protein kinase B (PKB/Akt) 

phosphorylation and activation of endothelial nitric oxide synthase (eNOS), soluble guanylyl 

cyclase (sGC) and peroxisome proliferator-activated receptor gamma coactivator (PGC1α) and 

ultimately leading to induction of mitochondrial biogenesis. Formoterol regulates mitochondrial 

dynamics through undetermined signaling pathways.  
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Table 1. Mitochondrial biogenic effects of β2-AR agonists 
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