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A B S T R A C T   

Podocytes constitute the outer layer of the renal glomerular filtration barrier. Their energy requirements strongly 
depend on efficient oxidative respiration, which is tightly connected with mitochondrial dynamics. We hy-
pothesized that hyperglycemia modulates energy metabolism in glomeruli and podocytes and contributes to the 
development of diabetic kidney disease. We found that oxygen consumption rates were severely reduced in 
glomeruli from diabetic rats and in human podocytes that were cultured in high glucose concentration (30 mM; 
HG). In these models, all of the mitochondrial respiratory parameters, including basal and maximal respiration, 
ATP production, and spare respiratory capacity, were significantly decreased. Podocytes that were treated with 
HG showed a fragmented mitochondrial network, together with a decrease in expression of the mitochondrial 
fusion markers MFN1, MFN2, and OPA1, and an increase in the activity of the fission marker DRP1. We showed 
that markers of mitochondrial biogenesis, such as PGC-1α and TFAM, decreased in HG-treated podocytes. 
Moreover, PINK1/parkin-dependent mitophagy was inhibited in these cells. These results provide evidence that 
hyperglycemia impairs mitochondrial dynamics and turnover, which may underlie the remarkable deterioration 
of mitochondrial respiration parameters in glomeruli and podocytes.   

1. Introduction 

Structural and functional impairments in podocytes, which consti-
tute the external layer of the renal glomerular filtration barrier, play an 
important role in the development of diabetic nephropathy (DN), which 
remains the leading cause of renal failure in diabetes [1]. The complex 
cellular morphology of interdigitating foot processes and the potent 
functional burden that is imposed on podocytes by the continuous 
filtration of significant volumes of blood plasma with low-mass proteins 
and albumin, require high energy inputs and reservoirs. Adenosine 
triphosphate (ATP) production in podocytes occurs in both oxidative 
phosphorylation in mitochondria and the glycolysis pathway. Conflict-
ing data have been reported on the role of each of these energy sources 
in podocyte homeostasis. In mouse podocytes, mitochondrial respiration 
accounts for approximately 77% of cellular respiration, and cells have a 

limited ability to enhance glycolysis and increase ATP levels after the 
partial suppression of mitochondrial function [2]. On the other hand, 
the large body of evidence indicates that podocytes under physiological 
conditions rely mainly on anaerobic glycolysis instead of mitochondrial 
energy sources [3]. 

Because of unique podocyte morphology, mitochondria are not 
evenly distributed throughout the entire cell. Most organelles are 
located in the cytosol around the nucleus and not found in foot processes 
where energy metabolism is likely supported by glycolysis [4]. Impor-
tantly, the status of podocyte bioenergetics appears to depend on their 
differentiation stage, and glycolysis is suggested to be a main source of 
ATP production in the early phase of the differentiation process, 
whereas the contribution of oxidative phosphorylation is thought to be 
more dominant during and after differentiation when mature podocytes 
are more sensitive to alterations of oxidative metabolism [4,5]. The 
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stepwise activation of oxidative metabolism during podocyte differen-
tiation is characterized by the peroxisome proliferator-activated recep-
tor γ coactivator-1α (PGC-1α)-dependent stimulation of mitochondrial 
biogenesis with a concomitant reduction of glycolytic enzyme content 
[6]. 

Hyperglycemia has been postulated to stimulate mitochondrial 
electron transport chain activity, leading to the overproduction of 
reactive oxygen species, mainly highly reactive superoxide, which are 
responsible for the activation of metabolic pathways that are implicated 
in the deleterious effects of hyperglycemia. Such changes in metabolic 
pathways include an increase in activity of the polyol pathway, an in-
crease in the production of advanced glycation end product precursors, 
the activation of protein kinase C, and an increase in activity of the 
hexosamine pathway [7]. Moreover, mitochondria play an important 
role in insulin secretion. Mitochondrial DNA (mtDNA) mutations are 
known to be involved in the etiology of the onset of diabetes [8]. Type 2 
diabetes is characterized by a progressive decrease in insulin respon-
siveness in various cell types (e.g., adipocytes, muscle cells, hepatocytes, 
and podocytes), which might result from mitochondrial dysfunction. 
Evidence indicates that defects in mitochondrial fatty acid oxidation 
lead to an increase in intracellular fatty acid metabolites (fatty acyl-CoA 
and diacylglyerol) and the disruption of insulin signaling, what may play 
a role in the pathogenesis of insulin resistance and type 2 diabetes 
[9–11]. Another study reported the downregulation of genes that are 
involved in mitochondrial biogenesis and oxidative phosphorylation in 
type 2 diabetes patients [12], whereas decreases in activity of the 
mitochondrial oxidative enzyme and lipid oxidation were observed in 
skeletal muscles in insulin-resistant and obese patients [13]. A novel 
mitochondrial mechanism of diabetic podocyte injury was recently 
proposed that involves impairments in both glycolysis and oxidative 
phosphorylation [14]. 

Mitochondria are highly dynamic organelles that are able to change 
their shape, size, and intracellular localization in response to different 
stimuli, which can affect nearly every aspect of mitochondrial biology, 
including energy production, apoptosis, mitophagy activity, stress 
resistance, mitochondrial movement, and mtDNA stability [15,16]. 
Mitochondrial respiration efficiency strongly depends on mitochondrial 
turnover, including fusion, fission, and mitophagy. Several studies have 
revealed a link between alterations of mitochondrial dynamics and 
diabetes. Mitofusin 2 (MFN2) and optic atrophy protein 1 (OPA1) are 
involved in the mitochondrial fusion process and were shown to be 
downregulated in skeletal muscle cells in type 2 diabetes patients [17]. 
Lower levels of OPA1 have been shown to correlate with insulin resis-
tance in mouse myoblasts, embryonic fibroblasts, and pancreatic β-cells 
[18]. Importantly, an increase in mitochondrial fragmentation that 
resulted from dynamin-related protein 1 (DRP1) activation was 
observed in podocytes in diabetic mice [19]. Higher amounts of small, 
fragmented mitochondria with an abnormal cristae structure were 
observed in skeletal muscle cells in diabetic patients and animal models 
of diabetes [20]. Impairments in podocyte mitochondrial homeostasis 
and energy metabolism have been observed in vitro after cellular expo-
sure to high glucose (HG) and in vivo in diabetic patients with DN [6,19]. 
Other results demonstrated a higher oxygen consumption rate (OCR) 
and an increase in mitochondrial content after HG treatment [21]. 

High glucose has also been shown to decrease the expression of 
transcription factor A, mitochondrial (TFAM), PGC-1α, and adenosine 
monophosphate-activated protein kinase (AMPK) and decrease mtDNA 
content in podocytes, thus altering mitochondrial biogenesis [6]. Im-
pairments in mitochondrial biogenesis and mtDNA damage have also 
been observed in diabetic kidneys [22]. 

Autophagy is well known to be exacerbated in diabetes [23–25], but 
less is known about mitophagy in DN. The dysregulation of mitophagy, 
which normally degrades defective mitochondria, appears to play a role 
in the development of insulin resistance [26,27]. Downregulation of the 
main mitophagy marker PTEN-induced kinase 1 (PINK1) was shown to 
correlate with palmitate-induced insulin resistance in hepatocytes and 

livers in mice that were maintained on a high-fat diet [26]. Some recent 
studies also reported decreases in mitophagy markers in podocytes that 
were exposed to HG and in animal models of DN [28,29]. 

Alterations of mitochondrial biogenesis and turnover in podocytes in 
type 2 diabetes are still poorly understood. Therefore, the principal aim 
of the present study was to investigate the effects of HG on glomerular 
and podocyte bioenergetics and mitochondrial dynamics using animal 
models of streptozotocin (STZ)-induced diabetes and a human podocyte 
cell line. 

2. Materials and methods 

2.1. Experimental animals and metabolic studies 

Male Wistar rats, 160–180 g, were intraperitoneally injected with 
citrate buffer (control) or STZ (65 mg/kg body weight). Tail vein blood 
glucose levels were measured. Glycemia above 300 mg/dl on day 4 post- 
injection was considered indicative of successful diabetes induction. The 
animals were maintained on a 12 h/12 h light/dark cycle with free ac-
cess to a standard pellet diet and tap water for 2 weeks, followed by the 
metabolic study in metabolic cages for 24 h. The rats were then intra-
peritoneally anesthetized with 65 mg/kg ketamine and 5 mg/kg xyla-
zine, and the kidneys were immediately excised. Serum insulin 
concentrations were measured using the Rat INS (Insulin) ELISA Kit 
(catalog no. E-EL-R2466, Elabscience). All of the procedures were 
approved by the Local Bioethics Committee (no. 10/2015) and were 
performed in accordance with directive 2010/63/EU. 

2.2. Isolation of rat glomeruli for the biochemical studies 

Rat kidneys were placed in ice-cold phosphate-buffered saline (PBS; 
pH 7.4) that was supplemented with 0.49 mM MgCl2, 0.9 mM CaCl2, and 
5.6 mM glucose. The renal capsule was removed. The cortex was minced 
with a razor blade and then pressed through a system of sieves with 
decreasing pore diameters (250, 125, and 75 μm). The glomeruli were 
centrifuged and suspended in Seahorse XF Base Medium (Agilent) that 
was supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM 
glucose. Equal amounts of glomeruli (500 glomeruli/well) were seeded 
on eight-well culture microplates (Agilent). The entire procedure was 
completed in less than 20 min. 

2.3. Measurement of oxygen consumption rates in rat glomeruli 

The eight-well microplates with glomeruli were allowed to stabilize 
at 37 ◦C for 40 min with gentle agitation. The OCRs were determined 
using a Seahorse XFp analyzer (Agilent) before (basal state) and after an 
injection of 1 μM oligomycin, 1.5 μM FCCP, and 0.5 μM rotenone/ 
antimycin. The mitochondrial respiration parameters were calculated 
from the slopes of the OCRs in real-time analyses. Baseline and post- 
exposure OCRs were measured three times every 3 min (total time: 
~80 min). The results were normalized to protein concentrations that 
were determined for each well using the Bradford method. 

2.4. Human podocyte cell line 

Conditionally immortalized human podocytes (provided by Moin A. 
Saleem) were cultured as described previously [30]. The cells were 
cultured at 33 ◦C to allow proliferation. The temperature was then 
increased to 37 ◦C to allow the podocytes differentiate for 10–16 days. 
The expression of podocyte markers (nephrin, podocin, and podoca-
lyxin) was verified, and mycoplasma tests (MycoSensor PCR Assay Kit, 
Agilent) were regularly performed to ensure cell line purity. 
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2.5. Measurement of oxygen consumption rates in human podocyte cell 
cultures 

Podocytes were seeded, differentiated, and cultured on eight-well 
culture microplates (Agilent). On the day of the experiment, the 
growth medium was replaced with assay medium (Seahorse XF Base 
Medium (Agilent) that was supplemented with 1 mM pyruvate, 2 mM 
glutamine, and 10 mM glucose, and the cells were allowed to stabilize at 
37 ◦C for 45 min. The OCRs were determined using a Seahorse XFp 
analyzer (Agilent) before (basal state) and after an injection of 1 μM 
oligomycin, 1 μM FCCP, and 0.5 μM rotenone/antimycin. Mitochondrial 
respiration parameters were obtained from slopes of the OCRs in real- 
time analyses. Baseline and post-exposure OCRs were measured three 
times every 3 min (total time: ~80 min). The results were normalized to 
protein concentrations that were determined for each cell culture plate 
well using the Bradford method. 

2.6. Nucleic acid isolation and real-time polymerase chain reaction 
analyses 

Total cellular DNA from cultured podocytes was isolated using the 
Genomic Mini kit (A&A Biotechnology). Total cellular RNA was isolated 
using the RNeasy Mini Kit (Qiagen) that included an on-column DNAse 
treatment step (RNase-Free DNase Set, Qiagen). The quantity and purity 
of DNA and RNA were determined using NanoDrop (ThermoFisher). 
DNA was used to determine the copy number of the tRNA_Leu mito-
chondrial gene relative to the β2-microglobulin nuclear gene using gene- 
specific primers and SybrGreen detection [31]. Isolated RNA was used to 

determine the levels of expression of specified mRNA transcripts using 
gene-specific intron-spanning primers and fluorescent hydrolysis 
probes. Real-time polymerase chain reaction (PCR) analyses were per-
formed using a LightCycler 480 (Roche). The results were quantified 
using the ΔΔCt method with β-actin as an internal control. The amplified 
products were separated on 2.5% agarose gel and imaged using the 
GelDoc-It Imaging System (UVP, Cambridge, UK). Primers and probes 
are listed in Table 1. 

2.7. Western blot 

Podocyte cell lysates were prepared as described previously [32]. 
Equal amounts of total protein (25–30 μg per well) were subjected to 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then 
immunoblotted on polyvinylidene difluoride membranes. Densitometric 
quantification of the bands was performed using ImageJ software. Actin 
was used as a loading control. The primary antibodies are listed in 
Table 2. 

2.8. Immunofluorescent staining and analyses of mitochondrial 
morphology 

Podocytes were seeded and differentiated on glass coverslips that 
were coated with type I collagen. On the day of the experiment, they 
were stained with MitoTracker Red (ThermoFisher), fixed in 4% para-
formaldehyde, permeabilized in 0.1% Triton-X 100, and blocked with 
3% bovine serum albumin (BSA) in PBS. Next, the podocytes were 
incubated for 2 h with the following primary antibodies diluted in 3% 
BSA: anti-PINK1 (Santa Cruz Biotechnology, catalog no. sc-517,353; 
1:50) and anti-LC3-II (Abgent, catalog no. AP1805a; 1:50). Blocking 
solution was used instead of primary antibodies as nonspecific staining 
controls. Coverslips were mounted on the slides using Fluoromount 
Aqueous Mounting Medium (Sigma-Aldrich). The specimens were 
imaged with a confocal laser scanning microscope (Leica SP8X). Ana-
lyses of the average size, perimeter, and solidity of mitochondria were 
performed using the Trainable Weka Segmentation tool in Fiji software 
(ImageJ). 

2.9. Transmission electron microscopy 

Podocytes were fixed in 2.5% glutaraldehyde in 0.1 M phosphate 
buffer for 3 h, followed by washing with PBS. The cells were then fixed 
with 1% osmium tetroxide and 1% potassium hexacyanoferrate (III) for 
1 h and dehydrated by passing the specimen through increasing con-
centrations of ethanol (30–90%). Ultrasections (approximately 40 nm) 
of cells were embedded in Epon 812 resin (Fluka, Germany) and stained 
with lead citrate and uranyl acetate. The specimens were examined 
under a transmission electron microscope (Philips CM100) and photo-
graphed at 18,500 × or 49,000 × magnification using the iTEM program 
(Olympus Soft Imaging Solutions). 

Table 1 
Primers and probes used in real-time PCR experiments.  

Gene Accession no. Primer sequence (5′-3′) Probe (5′-3′) Product 

mtDNA tRNALeu NC_012920.1 Forward: CACCCAAGAACAGGGTTTGT Reverse: TGGCCATGGGTATGTTGTTA – 107 bp 
NDNA β2-microglobulin NC_000015.10 Forward: TGCTGTCTCCATGTTTGATGTATCT Reverse: TCTCTGCTCCCCACCTCTAAGT – 86 bp 
NRF2 NM_006164.4 Forward: GAGACAGGTGAATTTCTCCCAAT Reverse: TTTGGGAATGTGGGCAAC CAGCCCAG 96 bp 
TFAM NM_003201.2 Forward: GTTTCTCCGAAGCATGTGG Reverse: AGATGAAAACCACCTCGGTAAA TGCCCTGG 127 bp 
PGC1α NM_001330751.1 Forward: CACCCTCTTCTCTTCCTTCTTTT Reverse: GGGGCTCCAATTTTACCAAT CCTCCTGG 108 bp 
MFN1 NM_033540.2 Forward: CGAGTGCAAACTGCAGTCAC Reverse: GATCTATTTCTTTGGGTAATCTAGCAA GCTGGAAG 129 bp 
MFN2 NM_014874.3 Forward: TGATGGGCTACAATGACCAG Reverse: GGTAACCATGGAAACCATGAA CCAGGAGG 119 bp 
OPA1 NM_015560.2 Forward: TGAGCCAGGTTACACCAAAA Reverse: GTTCCTGAATTCATGGTCTGC CTTCCAGC 121 bp 
DRP1 NM_012062.4 Forward: TTTTTCACCCAACGTTGTCA Reverse: TTGATCACCTACAGGCACCTT GCCAGGAA 73 bp 
FIS1 NM_016068.2 Forward: AGCTGGTGTCTGTGGAGGAC Reverse: CACCAGGCGTACTCAAACTG GGCAGCAG 103 bp 
PINK1 NM_032409.2 Forward: ACGCTGTTCCTCGTTATGAAG Reverse: GATGCCCTGTTGAACCAGAT GCTGGAAG 138 bp 
Parkin NM_004562.2 Forward: CACCTACCCAGTGACCATGA Reverse: TGTCGCTTAGCAACCACCT CTTCCAGC 117 bp 
β-Actin X00351.1 Forward: ATTGGCAATGAGCGGTTC Reverse: GGATGCCACAGGACTCCA CTTCCAGC 76 bp  

Table 2 
Primary antibodies used in the experiments.  

Antibody Clonality Dilution Source Catalog no. 

NRF2 monoclonal 1:1000 Abcam ab62352 
TFAM monoclonal 1:200 Santa Cruz 

Biotechnology 
sc-166,965 

PGC1α monoclonal 1:125 Santa Cruz 
Biotechnology 

sc-517,380 

MFN1 monoclonal 1:500 Abcam AB57602 
MFN2 monoclonal 1:200 Santa Cruz 

Biotechnology 
sc-515,647 

OPA1 monoclonal 1:5000 Abcam AB157457 
DRP1 monoclonal 1:200 Abcam AB56788 
p-DRP1 

(pSer637) 
polyclonal 1:500 Sigma-Aldrich SAB4301399 

FIS1 monoclonal 1:100 Santa Cruz 
Biotechnology 

sc-376,469 

PINK1 monoclonal 1:200 Santa Cruz 
Biotechnology 

sc-517,353 

Parkin monoclonal 1:200 Santa Cruz 
Biotechnology 

sc-32282 

Actin monoclonal 1:10,000 Sigma-Aldrich A3853  
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2.10. Immunohistochemistry 

Immunohistochemistry was performed on formalin-fixed tissues, 
which were dehydrated in ethanol and then paraffinized. The 7-μm 
sections were de-waxed, rehydrated, blocked in 5% BSA, and incubated 
with anti-PINK1 (Santa Cruz Biotechnology; 1:20) or anti-LC3-II 
(Abgent; 1:20) antibody or 5% BSA (control) overnight. The next day, 
the slides were washed with PBS and incubated with secondary anti-
bodies that were conjugated to horseradish peroxidase (SignalStain 
Boost IHC Detection Reagent; Cell Signaling). The signal was revealed 
using the DAB Substrate kit (Cell Signaling), and the slides were coun-
terstained with hematoxylin. 

2.11. Extraction of nucleotides and high-performance liquid 
chromatography analyses 

The extraction of nucleotides from cells was performed by modifying 
the procedure that was described by Smolenski et al. [33]. Podocytes 
were differentiated and cultured on six-well plates. On the day of the 
experiment, the cells were washed with PBS, and 0.5 ml of cold 0.4 M 
HClO4 was added to each well. The plate was placed in a freezer at 
− 80 ◦C for 24 h, and then the cells were thawed on ice, collected in 
Eppendorf tubes, and centrifuged for 10 min at 14,000 rotations per 
minute at 4 ◦C. The supernatants were adjusted to neutral pH with 2 M 
K2HPO4, centrifuged, filtered with 0.2 μm RC membranes (Minisart RC4, 
Sartorius, UK), and analyzed by high-performance liquid chromatog-
raphy (HPLC) with a UV–Vis detector. 

Nucleotides were quantified using a PerkinElmer Series 200 HPLC 
system (PerkinElmer Instruments, USA) with a chromatographic inter-
face (Link 600), binary pump, UV–Vis detector, and vacuum degasser. A 
Gemini 5 μm C18 column (110 Å, 150 × 4.6 mm) with a Gemini C18 
guard column (4 × 3 mm; Phenomenex, Torrance, CA, USA) was used 
for chromatographic separation. All of the compounds were detected at 
a wavelength of 254 nm. The mobile phase was adapted from a previous 
study [34] and consisted of 50 mM phosphate buffer with 4 mM 

tetrabutylammonium hydrogen sulfate, adjusted to pH 6 with ortho-
phosphoric acid (solution A) and HPLC-grade acetonitrile (solution B). 
The flow rate was 1 ml/min. The applied gradient was the following: 
0–5 min (95% solution A, 5% solution B), 5–12 min (amount of solution 
B linearly increased to 15%), 12–15 min (85% solution A, 15% solution 
B), and 15–17 min (gradient linearly returned to initial conditions of 
95% solution A and 5% solution B). The runtime for the elution of nu-
cleotides was 17 min. The column was equilibrated between injections 
for 20 min. The injection volume was 100 μl. 

2.12. Statistical analysis 

All of the statistical analyses were performed using GraphPad Prism 
8 software. The Shapiro-Wilk test was used to determine whether 
parametric or nonparametric tests should be implemented. The results 
are presented as mean ± SEM. Values of p ≤ 0.05 were considered sta-
tistically significant. 

3. Results 

3.1. Mitochondrial efficiency is impaired in glomeruli from rats with 
streptozotocin-induced diabetes 

Rats that were subjected to streptozotocin-induced diabetes at 8 
weeks of age were hyperglycemic (glucose concentration >300 mg/dl) 
because of a significant ~2.5-fold decrease in serum insulin levels, and 
all of these rats exhibited considerable polyuria compared with their 
control counterparts (Supplementary Table S1). We used the same 
number of glomeruli (500) per well (eight-well Agilent plates for Sea-
horse analyses), and the results were normalized to the protein con-
centration. Overall OCRs decreased in glomeruli from diabetic rats 
(Fig. 1A). Moreover, the OCRs that were related to both basal respiration 
and maximal respiration in these glomeruli decreased by ~40% (Fig. 1B 
and C), and ATP production and spare respiratory capacity decreased by 
53% and 38%, respectively (Fig. 1D and E). 

Fig. 1. Hyperglycemia impairs mitochondrial efficiency in renal glomeruli. (A) Oxygen consumption rate (OCR) in glomeruli from control and diabetic (STZ) Wistar 
rats after an injection of inhibitors of the respiratory chain (mean ± SEM). Final concentrations: 1 μM oligomycin, 1.5 μM FCCP, and 0.5 μM rotenone/antimycin. (B) 
Basal respiration in control and diabetic glomeruli. **p < 0.01, unpaired t-test. n = 10–12. (C) Maximal respiration in control and diabetic glomeruli. **p < 0.01, 
unpaired t-test. n = 10–11. (D) Adenosine triphosphate production in control and diabetic glomeruli. **p < 0.01, Mann-Whitney test. n = 12. (E) Spare respiratory 
capacity in control and diabetic glomeruli. *p < 0.05, unpaired t-test. n = 5–6. 
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3.2. High glucose alters mtDNA levels and mitochondrial size and shape 
in human podocytes 

Alterations of podocyte morphology and function have been estab-
lished as hallmarks of many glomerular diseases. Numerous reports 
show a substantial decrease in the number podocytes and impairments 
in podocytes in DN that correlate with disease progression [35–37]. In 
the present study, immortalized human podocytes that were cultured in 
HG (30 mM) for 5 days had higher mtDNA levels, reflected by a higher 
ratio of the expression of tRNA_Leu and β2-microglobulin genes (17% 
increase; Fig. 2A, E). We also observed significant decreases in the 
average size (24% decrease) and perimeter (20% decrease) of mito-
chondria in podocytes that were cultured in HG, and mitochondrial 
solidity decreased by ~4% (Fig. 2B–D, F). 

3.3. Mitochondrial efficiency decreases in podocytes that are cultured in 
high glucose 

Next, we evaluated mitochondrial efficiency in podocytes that were 
cultured in HG (30 mM, 5 days). We observed a decrease in overall OCRs 
in these cells (Fig. 3A), and also the reduced OCRs regarding basal 
respiration (by 19%), maximal respiration (by 17%), ATP production 
(by 28%) and spare respiratory capacity (by 17%) in HG-treated podo-
cytes (Fig. 3B–E). In order to verify whether HG-dependent alteration of 
mitochondrial function in podocytes can be ameliorated by inhibition of 
reactive oxygen species (ROS), we used an antioxidant N-acetylcysteine 
(NAC; 0.1 mM, 5 days) to reduce ROS level in HG. We observed an 
improved overall OCRs in podocytes cultured in HG with NAC (Fig. 3A). 
The reduction of ROS level with NAC also resulted in a slight increase in 
the basal respiration in podocytes cultured in HG (by 16%) (Fig. 3B). 
The addition of NAC ameliorated both maximal respiration (by 24% vs 
HG) and spare respiratory capacity (by 31% vs HG), however it did not 

Fig. 2. High glucose affects mtDNA quantity and 
mitochondrial size and shape in human podocytes. 
(A) The relative mtDNA copy number was estimated 
based on the ratio of tRNA_Leu mitochondrial gene 
expression to β2-microglobulin nuclear gene expres-
sion in podocytes that were cultured in standard 
glucose (SG) or HG medium. **p < 0.01, unpaired t- 
test. n = 7. (B) Average mitochondrial size of podo-
cytes that were cultured in SG and HG. *p < 0.05, 
unpaired t-test. n = 9–10. (C) Average mitochondrial 
perimeter of podocytes that were cultured in SG and 
HG. *p < 0.05, unpaired t-test. n = 10. (D) Mito-
chondrial solidity of podocytes that were cultured in 
SG and HG. *p < 0.05, unpaired t-test. n = 10–11. (E) 
Representative agarose gel (2.5%) that shows PCR 
products. (F) Representative confocal images of 
podocytes that were stained with MitoTracker Red 
and cultured in SG and HG. Scale bar = 10 μm. SG, 
standard glucose (11 mM D-glucose); HG, high 
glucose (30 mM D-glucose).   
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have an effect on ATP production in HG (Fig. 3C–E). 

3.4. High glucose affects the expression of markers of mitochondrial 
dynamics in human podocytes 

To evaluate the effects of HG on mitochondrial dynamics in podo-
cytes, we analyzed the expression levels of mRNAs and proteins of some 
of mitochondrial biogenesis markers (NRF2, TFAM, and PGC1α), 
markers of mitochondrial fusion (MFN1, MFN2, and OPA1), and mito-
chondrial fission (DRP1 and FIS1). NRF2 mRNA and protein expression 
increased by 84% and 35%, respectively, in HG-exposed podocytes. 
TFAM mRNA and protein expression levels decreased by 40% and 10%, 
respectively. PGC1α mRNA and protein expression levels decreased by 
33% and 5% (nonsignificant), respectively (Fig. 4A, B, G, H). We 
observed significantly lower levels of mitochondrial fusion markers in 
podocytes that were cultured in HG. MFN1 mRNA and protein expres-
sion levels decreased by 35% and 12%, respectively. MFN2 mRNA and 
protein expression levels decreased by 22% and 28%, respectively. 
OPA1 mRNA expression levels decreased by 20%, whereas the protein 
level was unchanged (Fig. 4C, D, G, H). In contrast, the main mito-
chondrial fission marker DRP1 was upregulated, and its mRNA expres-
sion in HG was ~two-fold higher than in SG, while the inactive form of 
DRP1 (p-DRP1) decreased by ~20% (Fig. 4E, F, G, H). 

3.5. High glucose-treated podocytes exhibit reduction of mitophagy 
markers 

The previous results showed higher levels of mitochondrial fission 
markers and an increase in mtDNA in podocytes that were cultured 
under HG conditions. We next analyzed levels of mitophagy markers. 
PINK1 and Parkin mRNA expression levels decreased in these cells by 
45% and 21%, respectively (Fig. 5A and B). Moreover, the protein 

expression of PINK1 decreased by 29% in podocytes that were exposed 
to HG (Fig. 5C and D). 

3.6. Mitophagy is inhibited in glomeruli from diabetic rats and HG-treated 
human podocytes 

We observed a lower intensity of both PINK1 and the main auto-
phagy marker LC3-II signals in immunostained confocal images 
(Fig. 6A). LC3-II protein level was also reduced (approx. 2-fold) in HG- 
exposed podocytes (Supplemental Fig. 2). However, the mutual intra-
cellular localization of PINK1 and LC3-II was unchanged in HG (Sup-
plemental Fig. 3). A noticeable difference in the content of 
autophagosome vesicles was observed in podocytes that were cultured 
in HG. As shown in the transmission electron microscopy images, 
autophago (lyso)somes of control cells often contained many membra-
nous residues, whereas granular particles prevailed in autophago (lyso) 
somes in HG-treated podocytes (Fig. 6B). 

PINK1 and LC3-II staining regions were markedly reduced (by 76% 
and 33%, respectively)_in renal sections of diabetic rats, especially in 
glomeruli and distal tubules (Fig. 6C and D). 

3.7. High glucose changes nucleotide concentrations in human podocytes 

To evaluate the general bioenergetic state in podocytes that were 
cultured in HG, we measured intracellular concentrations of guanosine 
diphosphate (GDP), guanosine triphosphate (GTP), adenosine diphos-
phate (ADP), and ATP. Although GDP and ADP concentrations were 
similar in podocytes that were cultured in SG and HG, the concentrations 
of the energy molecules GTP and ATP significantly decreased by 11% 
and 12%, respectively (Fig. 7A and B). 

Fig. 3. High glucose exacerbates mitochondrial efficiency in human podocytes via ROS-dependent mechanism. (A) Oxygen consumption rate (OCR) in podocytes 
that were cultured in SG and HG with or without N-acetylcysteine (NAC) after an injection of inhibitors of the respiratory chain (mean ± SEM). Final concentrations: 
1 μM oligomycin, 1 μM FCCP, and 0.5 μM rotenone/antimycin. (B) Basal respiration in podocytes that were cultured in SG and HG ± NAC. **p < 0.01, unpaired t- 
test. n = 7–12. (C) Maximal respiration in podocytes that were cultured in SG and HG ± NAC. *p < 0.05, unpaired t-test. n = 7–10. (D) Adenosine triphosphate (ATP) 
production in podocytes that were cultured in SG and HG ± NAC. **p < 0.01, unpaired t-test. n = 7–12. (E) Spare respiratory capacity in podocytes that were 
cultured in SG and HG ± NAC. *p < 0.05, Mann-Whitney test. n = 6–9. SG, standard glucose (11 mM D-glucose); HG, high glucose (30 mM D-glucose); NAC, 0.1 mM, 
5 days. 
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4. Discussion 

Mitochondria are potent energy sources because they are the site 
where most total cellular ATP (~90%) is produced. Apart from energy 
supply, mitochondria modulate various intracellular processes, such as 

cell proliferation, apoptosis, and ammonia detoxification (in the liver), 
and regulate calcium homeostasis, oxidative stress, and lipid meta-
bolism [38,39]. The kidneys are very metabolically active organs, 
characterized by the second highest (after the heart) OCRs and mito-
chondrial content to meet its continual immense demand for ATP [40]. 

Fig. 4. Mitochondrial dynamics are altered in human podocytes that are exposed to high glucose. (A) NRF2, TFAM, and PGC1α mRNA expression levels. *p < 0.05, 
**p < 0.01, ***p < 0.001, Mann-Whitney test. n = 6–10. (B) NRF2, TFAM, and PGC1α protein expression levels. *p < 0.05, Mann-Whitney test. n = 3–11. (C) MFN1, 
MFN2, and OPA1 mRNA expression levels. *p < 0.05, **p < 0.01, unpaired t-test. n = 5–6. (D) MFN1, MFN2, and OPA1 protein expression levels. *p < 0.05, **p <
0.01, unpaired t-test. n = 5–8. (E) DRP1 and FIS1 mRNA expression levels. **p < 0.01, unpaired t-test. n = 6–7. (F) DRP1, p-DRP1, and FIS1 protein expression levels. 
*p < 0.05, paired t-test. n = 6–10. (G) Representative agarose gels (2.5%) that show PCR products. (H) Representative Western blots of the analyzed proteins. SG, 
standard glucose (11 mM D-glucose); HG, high glucose (30 mM D-glucose). 
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The mechanism by which ATP is produced is cell type-dependent. For 
example, proximal tubules rely mainly on aerobic respiration by 
employing the β-oxidation of non-esterified fatty acids for ATP pro-
duction that is required to maintain active nutrient reabsorption [41]. 
Glomerular cells (e.g., mesangial cells, podocytes, and endothelial cells) 
are principally involved in blood filtration; thus, they play a more pas-
sive role in the kidneys and utilize both aerobic and anaerobic respira-
tion to produce ATP for basal cell processes [42]. 

Diabetic nephropathy is characterized by chronic hyperglycemia and 
cell insulin resistance, with accompanying morphological changes in the 
kidneys (e.g., the accumulation of extracellular matrix proteins, thick-
ening of the glomerular basement membrane, and podocyte loss), 
together with a decline of glomerular filtration rate and albuminuria. 
Mitochondrial dysfunction plays an important role in the development 
of kidney diseases in diabetes [9,43,44]. The present study found that 
overall oxidative respiration was significantly impaired in freshly iso-
lated glomeruli from rats with STZ-induced diabetes. Moreover, we 
found that ATP production in these glomeruli significantly decreased, 
suggesting extensive deficiencies in mitochondrial function. A decline in 
the OCR reflects spare respiratory capacity in diabetic glomeruli and 
their inability to meet higher energy demands. The feasibility of reliable 
bioenergetics analyses of whole glomeruli and proximal tubular frag-
ments using the Agilent Seahorse XFp Extracellular Flux Analyzer was 
recently demonstrated [45]. These authors also observed significant 
decreases in the OCR and mitochondrial respiratory parameters in 
proximal tubular fragments in diabetic db/db mice and glomeruli that 
were isolated from rat models of salt-sensitive hypertension [45,46]. 
Similar results were obtained from the experiments with human podo-
cytes that were cultured under HG conditions, which exhibited lower 
basal and maximal respiration and a decrease in ATP production. This 
was confirmed by the HPLC analyses, in which we detected significant 
depletion of the intracellular pool of ATP in HG-cultured podocytes but 

no changes in ADP content, which may indicate a bioenergetic switch 
from oxidative to glycolytic metabolism [47]. The mechanism by which 
HG alters mitochondrial respiration in podocytes can involve the 
increased ROS generation. It has been previously shown that HG ele-
vates ROS levels in podocytes, which has an important role in podocyte 
injury in DN [48]. We have also observed that inhibition of ROS with 
antioxidant NAC significantly improves mitochondrial respiration in 
podocytes cultured in HG. 

Interestingly, mtDNA content in podocytes that were exposed to HG 
appeared to be elevated, suggesting an increase in the number of 
mitochondria and a rescue mechanism to compensate for oxidative 
respiratory inefficiency. Although disparate findings on mtDNA content 
during the course of diabetes have been reported [49–51], circulatory 
mtDNA that derives from damaged mitochondria and is released to the 
extracellular environment is well known to induce inflammation in the 
kidneys and may serve as an early biomarker of renal damage [52]. An 
interesting line of investigation would be to reveal the mechanisms of 
mtDNA excretion in podocytes and its role in the renal inflammatory 
response during the development of DN [53,54]. 

Intriguingly, the increase in mtDNA in HG-treated podocytes was 
inversely correlated with levels of the mitochondrial biogenesis markers 
TFAM and PGC1α, which were significantly decreased at the gene 
expression level, with no prominent effect on protein content, suggest-
ing time-dependent effects of HG on these factors. Notably, the in vitro 
HG conditions were limited to 5 days, which was the earliest time when 
we could detect lower insulin sensitivity in podocytes [55]. Neverthe-
less, after this 5-day period of HG exposure, we observed an increase in 
mitochondrial fragmentation, manifested as a smaller size and lower 
solidity of organelles that likely resulted from downregulation of the 
mitochondrial fusion markers MFN1 and MFN2 and activation of the 
fission marker DRP1. These results are consistent with several previous 
studies that reported lower MFN2 and OPA1 levels in type 2 diabetes 

Fig. 5. Alterations of mitophagy in high glucose-exposed human podocytes. (A) PINK1 and Parkin mRNA expression levels. *p < 0.05, **p < 0.01, unpaired t-test. n 
= 8–10. (B) Representative agarose gels (2.5%) with PCR products of the analyzed mRNAs. (C) PINK1 and Parkin protein expression levels. *p < 0.05, unpaired t-test. 
n = 8–12. (C) Representative Western blots of the analyzed proteins. 
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patients [17] and an increase in mitochondrial fragmentation that 
resulted from DRP1 activation in podocytes from diabetic mice [19,56]. 
Interestingly, all of these aforementioned proteins belong to the GTPase 
family [57] and require GTP binding for their activation. In podocytes 
that were cultured in HG, GTP levels significantly decreased, what can 
be either a cause or consequence of alterations of the expression of 
GTPases that are involved in mitochondrial fusion-fission processes, 
among which a particularly high GTPase activity under physiological 
conditions has MFN1 [58]. Lower GTP levels have been reported to 
result from ischemic injury of the kidneys and lead to 
mitochondrion-dependent tubular cell apoptosis [59]. Based on our 
analyses, podocytes appear to exhibit a relatively low ATP/GTP ratio 

(~2:1) relative to most cells (generally 7:1) [59]. However, very limited 
information is available on potential changes in GTP pools and their 
functional effects in podocytes in diabetes, which should be more 
thoroughly investigated. 

Some studies have reported a relationship between insulin resistance 
and mitophagy [26,27], which is closely related to mitochondrial fission 
and enzymatically degrades damaged and non-functional mitochondria. 
Similar to autophagy, mitophagy is based on a series of sequential steps 
that include initiation and the recruitment of autophagy machinery, the 
sequestration of mitochondria into the autophagosome, fusion of the 
autophagosome with the lysosome, and the digestion and release of 
digested products into the cytoplasm [60]. A major pathway for 

Fig. 6. Hyperglycemia decreases PINK1 and 
LC3-II levels in podocytes and glomeruli. (A) 
Confocal images of podocytes immuno-
stained for PINK1 and LC3-II Scale bar = 10 
μm. (B) Transmission electron microscopy 
images of autophago (lyso)somes (red ar-
rows) in podocytes that were cultured in SG 
and HG. Scale bar = 200 nm (SG), and 500 
nm (HG). SG, standard glucose (11 mM D- 
glucose); HG, high glucose (30 mM D- 
glucose). (C) Immunohistochemistry of renal 
sections from control and diabetic (STZ) 
rats. The presence of PINK1 and LC3-II 
(brown colour) is marked with black ar-
rows in glomeruli and red arrows in distal 
tubules. Scale bar = 100 μm. (D) Quantifi-
cations of PINK1 and LC3-II stained areas in 
the renal sections from control and STZ rats. 
*p < 0.05, ***p < 0.001, unpaired t-test. n =
7.   
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injury-induced mitophagy involves PINK1 and Parkin proteins. A 
decrease or loss of the inner membrane potential (Δψ) that is generated 
by the respiratory chain prevents the proteolytic processing of PINK1, 
which accumulates in the outer mitochondrial membrane and recruits 
Parkin, a cytosolic E3 ubiquitin-protein ligase, which in turn ubiq-
uitinates numerous outer mitochondrial membrane proteins (e.g., FIS1, 
MFN1, MFN2, voltage-dependent anion-selective channel protein 1 
(VDAC), the translocase of the outer membrane (TOM), Bcl-2 homolo-
gous antagonist/killer (BAK), mitochondrial Rho GTPase (MIRO), 
among others) and initiates formation of the isolation membrane around 
damaged mitochondria by recruiting autophagy receptors (Seques-
tosome 1/p62, NBR1, NDP52, and optineurin) and LC3 protein to 
autophagosomal membranes [60]. In the present study, HG reduced 
both PINK1 and Parkin levels in podocytes, with less PINK1/LC3-II 
colocalization areas in these cells, thus indicating the downregulation 
of mitophagy. The decreases in the expression of PINK1 and LC3-II were 
confirmed in the histological analyses of renal sections from diabetic 
rats. High glucose conditions trigger mitochondrial damage and frag-
mentation in podocytes. Impediments in the mechanism of elimination 
of dysfunctional organelles would be especially harmful for their func-
tion and contribute to higher oxidative stress and apoptosis [61]. Several 
recent studies reported a HG-induced decrease in mitophagy in podo-
cytes, suggesting its involvement in the development of DN [28,29,62]. 
Some authors, however, reported that PINK1 was upregulated in the 
kidneys in a rat model of diabetes, and mitophagy activation depended 
on glucose stimulation [63]. In this latter study, markers of autophagy 
and mitochondrial dynamics were investigated in lysates of whole renal 
cortices and not in purified cell cultures [63]. Interestingly, our trans-
mission electron microscopy analyses revealed some apparent differ-
ences in the content of autophagic vacuoles in podocytes that were 
cultured in HG. Although the size of these structures appeared to be 
similar, the control cells contained more membranous residues, which 
presumably constitute fragments of mitochondria, the endoplasmic re-
ticulum, and the Golgi apparatus. In HG-treated podocytes, autophago 
(lyso)somes had more grainy contents, mostly resembling glycogen ag-
gregates [64]. Glycogen granules are usually abundant in cells with high 
metabolic activity. Intriguingly, recent years have seen growing interest 
in the role of glycogen synthase kinase 3 (GSK3) in podocytes and renal 
injury. Some evidence suggests that an increase in GSK3 activity cor-
relates with various pathological conditions, including DN [65–68]. 

In conclusion, we showed that hyperglycemia dramatically impairs 
mitochondrial respiratory parameters in whole isolated glomeruli and 
cultured podocytes, which may be associated with alterations of mito-
chondrial dynamics and a decrease in mitophagy. These processes 
together may contribute to glomerular filtration barrier injury, pro-
teinuria, and progressive tissue damage, thus leading to renal failure. 
Elucidating the mechanisms that contribute to bioenergetic regulation 

in podocytes in diabetes may be very useful for understanding the 
pathogenesis of DN and developing more effective treatments for dia-
betic complications in the kidneys. 
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