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A B S T R A C T

Mitochondria play a crucial role in tubular injury in diabetic kidney disease (DKD). MitoQ is a mitochondria-
targeted antioxidant that exerts protective effects in diabetic mice, but the mechanism underlying these effects is
not clear. We demonstrated that mitochondrial abnormalities, such as defective mitophagy, mitochondrial
reactive oxygen species (ROS) overexpression and mitochondrial fragmentation, occurred in the tubular cells of
db/db mice, accompanied by reduced PINK and Parkin expression and increased apoptosis. These changes were
partially reversed following an intraperitoneal injection of mitoQ. High glucose (HG) also induces deficient
mitophagy, mitochondrial dysfunction and apoptosis in HK-2 cells, changes that were reversed by mitoQ.
Moreover, mitoQ restored the expression, activity and translocation of HG-induced NF-E2-related factor 2
(Nrf2) and inhibited the expression of Kelch-like ECH-associated protein (Keap1), as well as the interaction
between Nrf2 and Keap1. The reduced PINK and Parkin expression noted in HK-2 cells subjected to HG
exposure was partially restored by mitoQ. This effect was abolished by Nrf2 siRNA and augmented by Keap1
siRNA. Transfection with Nrf2 siRNA or PINK siRNA in HK-2 cells exposed to HG conditions partially blocked
the effects of mitoQ on mitophagy and tubular damage. These results suggest that mitoQ exerts beneficial effects
on tubular injury in DKD via mitophagy and that mitochondrial quality control is mediated by Nrf2/PINK.

1. Introduction

Diabetic kidney disease (DKD) is the leading cause of end-stage
renal disease. [1] Tubular injury plays a critical role in DKD progres-
sion, which correlates with renal functional deterioration, a primary
change associated with the disease. [2] The pathogenesis of DKD is not
clear, but mitochondrial abnormalities largely contribute to its devel-
opment. [3–5].

Mitochondria are dynamic organelles that undergo frequent fission
and fusion events modulated by profission proteins (Drp1 and Fis1)
and profusion proteins (Mfn1/2 and OPA1), which maintain mito-
chondrial turnover and cellular network balance. [3] Dysfunctional
mitochondria exhibit fragmentation and membrane depolarization,
generate massive amounts of reactive oxygen species (ROS) and release
apoptogenic proteins (e.g., caspase-3) in response to stressors, such as

diabetic nephropathy, which eventually activate the mitochondrial cell
death pathway. Renal proximal tubular cells contain an enrichment of
mitochondria and rely on oxidative phosphorylation. Therefore, tu-
bules are vulnerable to mitochondrial impairment. [4] Accumulating
data indicate that excessive mitochondrial oxidative stress and aber-
rant dynamics are the primary factors responsible for tubule damage in
DKD. [3,6–9] However, the mechanism underlying this process is not
fully understood.

Selective macroautophagic (mitophagic) targeting of damaged or
dysfunctional mitochondria via PTEN-induced putative kinase
1(PINK)/Parkin-dependent and independent (e.g., BNIP3 and
FUNDC1) pathways has been emphasized in recent years. [10,11]
These pathways play an essential role in maintaining mitochondrial
turnover and quality control. [10,12] Zhan M et al. recently observed
decreased tubular cell mitophagy in high-glucose (HG) ambient and

http://dx.doi.org/10.1016/j.redox.2016.12.022
Received 5 November 2016; Received in revised form 9 December 2016; Accepted 19 December 2016

⁎ Corresponding author.
E-mail address: xiaolizndx@163.com (L. Xiao).

Redox Biology 11 (2017) 297–311

Available online 21 December 2016
2213-2317/ © 2016 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

MARK

http://www.sciencedirect.com/science/journal/22132317
http://www.elsevier.com/locate/redox
http://dx.doi.org/10.1016/j.redox.2016.12.022
http://dx.doi.org/10.1016/j.redox.2016.12.022
http://dx.doi.org/10.1016/j.redox.2016.12.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2016.12.022&domain=pdf


Fig. 1. Effect of mitoQ on renal functional and morphological characteristics in db/db mice. A: Body weight changes in db/m, db/db and db/db mice receiving mitoQ treatment for 8–
16 weeks. B: Blood glucose concentrations in each group. C: Serum creatinine levels. D: Urinary ACRs. E and F: Urinary excretion of 8-OHdG and urine β-NAG levels. G: PAS staining
(top panels) and EM (bottom panels) showing notable deformations in the tubules and glomeruli of db/db mice compared to those of db/m mice (Gb vs. Ga and Ge vs. Gd). These
changes were dramatically ameliorated by mitoQ administration (Gc vs. Gb and Gf vs. Ge). H and I: Quantitative analysis of mesangial scores and tubular damage in each group. Values
are the mean ± SE, *P < 0.05 vs. db/m; #P < 0.05 vs. db/db mice. n=6.
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the kidneys of STZ-induced diabetic mice, a process that was mediated
by myo-inositol oxygenase (MIOX) via PINK/Parkin and was nega-
tively correlated with ROS overproduction, mitochondrial fragmenta-

tion and apoptosis. [3] Huang CH et al. demonstrated that mitophagy
inhibition was associated with tubular damage via the thioredoxin
interacting protein (TXNIP)/mTOR/BNIP3 signaling pathway in dia-
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betic mice. [13] Therefore, the present study examined the main-
tenance of mitochondrial quality control via mitophagy using a
pharmacological method to decrease mitochondrial oxidative damage
and protect against tubular damage in a hyperglycemic state.

The mitochondria-targeted antioxidant mitoQ comprises coenzyme
Q10 and TPP cations, which makes it several hundred-fold more potent
than an untargeted antioxidant with respect to the prevention of
mitochondrial oxidative damage. [14] MitoQ plays a protective role
in various diseases, such as neurodegenerative disease, cardiac hyper-
trophy, and liver fibrosis. [15–18] MitoQ effectively prevented inflam-
matory damage in hepatitis virus patients in a phase 2 clinical trial.
[19] Emerging data indicate that mitoQ may exert beneficial effects on
tubular injury under various conditions. [20–22] MitoQ prevents
tubular damage from cold storage [20] and ischemia–reperfusion in
animal models [21] and improves tubular dysfunction in type I diabetic
mice. [22].

Notably, a recent study demonstrated that MDA-MB-231 breast
cells underwent autophagy following treatment with mitoQ, a process
that was modulated by the crucial oxidative stress regulator NF-E2-
related factor 2 (Nrf2)/Kelch-like ECH-associated protein (Keap1).
[23] However, the precise mechanism(s) by which mitoQ prevents
tubular damage under hyperglycemic conditions is not clear.

This communication describes the effects of mitoQ on appropriated
tubular injury in the kidneys of db/db mice and verifies the mechan-
isms underlying the regulation of mitophagy and mitochondrial
oxidative stress and dynamics by mitoQ in HK-2 cells exposed to HG
conditions.

2. Research design and methods

2.1. Animal experimental design

Twelve-week-old male C57BL/6 J db/db and C57BL/6 J db/m
mice were used for the animal experiments. These mice were pur-
chased from the Aier Matt Experimental Animal Company (Suzhou,
China). They were organized into the following three groups for the
animal experiments: a db/m group (control, n=12), a db/db group
(n=12) and a db/db group receiving an intraperitoneal injection (i.p.)
of mitoQ (Focus Biomolecules, USA, 5 mg/kg, twice weekly for 12
weeks, n=12). The mice were euthanized at 24 weeks of age. The
Animal Care and Use Committee of Second Xiangya Hospital of Central
South University approved all animal procedures.

2.2. Assessment of physiological features and renal function

Body weights were measured, and blood, serum, and urine sample
collection was performed every two weeks. Blood glucose levels were
detected using a blood glucose monitor (Boehringer Mannheim,
Mannheim, Germany). Urine albumin concentrations were measured
using a mouse urine albumin ELISA kit (Bethyl Laboratories, USA),
and serum creatinine levels were tested using a QuantiChrom
Creatinine Assay Kit (BioAssay Systems, USA), according to the
manufacturer's protocol. Urinary ACR was calculated as the urine
albumin/creatinine ratio. Urine β-NAG was measured using an auto-
mated colorimetric method (Pacific Biomarkers, Inc, USA), and urine
8-hydroxy-2-deoxyguanosine (8-OHdG) levels were measured using an
8-OHdG ELISA kit (JaICA, Japan).

2.3. Morphological analysis of kidney tissue and
immunohistochemistry (IHC)

Morphological changes in the kidney sections were assessed using
periodic acid Schiff (PAS) staining and transmission electron micro-
scopy (TEM). Mesangial expansion scores and tubular damage were
analyzed using a semiquantitative scoring system, as previously
described. [24,25] Paraffin-embedded kidney sections used for IHC
studies were dewaxed, rehydrated, and incubated with primary anti-
bodies overnight at 4 °C. The sections were subsequently incubated
with secondary antibodies, treated with diaminobenzidine, counter-
stained with hematoxylin and examined as previously reported. [3].

2.4. Cell culture studies

The human proximal tubular cell line HK-2 (ATCC, Rockville, USA)
was used for our in vitro studies. Dose- and time-dependent experi-
ments were performed using 5–45 mM D-glucose for 48 h or 30 mM
glucose for 0–48 h. The HK-2 cells were pretreated with mitoQ for 2 h
before exposure to 5 mM glucose (LG) or 30 mM glucose (HG) to
observe the effects of mitoQ on mitophagy, mitochondrial function and
apoptosis. Nrf2 or PINK siRNA and/or Keap1 siRNA were pre-
transfected into the HK-2 cells using Lipofectamine 2000 reagent
(Life Technologies, USA) and were used for our in vitro studies.

2.5. Examination of mitophagy and mitochondrial fragmentation
using electron microscopy and immunofluorescence assay

Mitochondrial morphology and kidney tubule mitophagy were
observed as previously described. [3,26] Briefly, we fixed dissected
renal cortices with 2.5% glutaraldehyde. We observed toluidine blue-
stained EPON-embedded sections using a TEM (ZEISS 906, Germany)
to evaluate mitophagy and the extent of mitochondrial fragmentation.
[3,9] We also performed immunofluorescence co-staining using LC3
and VDAC antibodies to delineate the mitophagy in the kidney tubule.

HK-2 cells were stained using Mitotracker and incubated with LC3
(1:100), P62 (1:100) and PINK (1:100) antibodies and secondary
antibodies conjugated with Alexa Fluor to monitor mitophagy in vitro.
These cells were counterstained with 4′,6-diamidino-2 phenylindole
(DAPI) (Invitrogen, USA), and their fluorescent signals were visualized
using confocal microscopy. The colocalization intensity of LC3, p62 or
PINK, as demonstrated by MitoTracker Deep Red, was analyzed using
Leica Image analysis software (Leica Microsystems, Germany).

2.6. Measurement of superoxide generation and apoptosis

Superoxide production and apoptosis were detected as described
previously. [3,9] Briefly, mitochondrial superoxide generation was
detected using MitoSOX Red (Invitrogen, USA). [9] Dihydroethidium
(DHE, Invitrogen) and 2′,7′-dichlorodihydrofluorescein diacetate (H2-
DCFDA, Invitrogen) were used to assess intracellular ROS production
in the kidney tubules and HK-2 cells, respectively. [3,9] TUNEL was
used to measure apoptosis, according to the manufacturer's instruc-
tions. [3,7].

2.7. Assessment of mitochondrial transmembrane potential (△Ψm),
mtDNA copy numbers and ATP activity

Mitochondrial transmembrane potential (△Ψm) in HK-2 cells and

Fig. 2. Restoration of mitochondrial dynamic-related protein expression, oxidative stress, mitochondrial membrane potential and apoptosis in the tubules of db/db mice after mitoQ
administration. A: Profission protein Drp1 (a–c) and profusion protein Mfn2 (d-f) expression levels were assessed using IHC in db/m, db/db and db/db mice treated with mitoQ
(magnification ×400). Oxidative stress and apoptosis in kidney tubular cells were assessed using DHE (g-i) and TUNEL-H staining (j-l). B: Semiquantification of IHC staining of Drp1
and Mfn2. C and D: Quantification of tissues stained with DHE and TUNEL-H. E: Western blotting assay showing that Drp1 (top panels) and cleaved caspase-3 (bottom panels)
expression levels increased in the kidneys of db/db mice compared to those of db/m mice. These effects were reversed by mitoQ treatment. MitoQ also restored Mfn2 expression (middle
panels) in db/db mice. F1-F3: Quantification of the average band densities calculated from different Western blots. G and H: Bar graphs depicting mitochondrial voltage potential
(△Ψm) and mitochondrial DNA (mtDNA) copy numbers in the tubular cells of the kidneys in the three groups. Values are the mean ± SE. *P < 0.05 vs. db/m; #P < 0.05 vs. db/db mice.
n=6.
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kidney tubules was assessed as described previously. [9] Briefly, 10
nmol/L TMRE dye (Molecular Probes) was added to HK-2 cell medium
for 10 min and assessed via fluorescence-activated cell sorter (FACS)

analysis and confocal microscopy at a wavelength of 582 nm. The
△Ψm in mitochondria isolated from renal tissue samples was mea-
sured using a load of rhodamine 123 (Sigma-Aldrich, USA) and was
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calculated as discussed previously. [9,27].
MtDNA was extracted and measured as previously described. [28]

Briefly, mtDNA was extracted from mouse tubular cells using a
commercial kit (Qiagen, USA) and measured using real-time PCR with
an SYBR Green Kit (Pierce, USA). Mitochondrial ATP activity was
assayed using a ATP bioluminescence assay kit (Roche Diagnostics,
Switzerland), according to the manufacturer's instructions. [13].

2.8. Nrf2 nuclear translocalization and activity assay

HK-2 cells were plated on coverslips, exposed to HG with or
without mitoQ treatment, and stained with anti-Nrf2 and secondary
antibodies. Cell nuclei were stained with DAPI, and Nrf2 translocation
was observed using confocal microscopy. [27] Nrf2-antioxidant re-
sponse element (ARE) binding was measured using a TransAM Nrf2
Kit (active motif), as previously described. [29] Briefly, 10 μg of nuclear
protein was incubated in a 96-well plate and coated with oligonucleo-
tides containing a consensus binding site for Nrf2. The plate was
incubated with an anti-Nrf2 antibody and HRP-conjugated secondary
antibody. The absorbance was measured at 450 nm and reflected Nrf2
activity. [29].

2.9. PINK1 mRNA expression, as assessed using real-time PCR

HK-2 cells were pre-transfected with Keap1 siRNA and/or Nrf2
siRNA (QIAGEN) for 30 min using Lipofectamine, subjected to HG
exposure, and treated with or without mitoQ for 24 h. A control siRNA
(QIAGEN) was used as a negative control. PINK1 mRNA expression
levels were determined using real-time PCR, as previously reported.
[30] The PINK mRNA assay ID was obtained from Applied Biosystems
(Hs00260868_m1). The probe was targeted to position 483 of the
mRNA sequence (GenBank accession number NM_032409) and
normalized to GAPDH. Expression was calculated using the 2−ΔΔCt
method.

2.10. Western blotting and coimmunoprecipitation (IP) studies

Total cell lysates and cytoplasmic and nuclear extracts were isolated
from the cells for Western blot assays, as described previously. [3]
Proteins were separated using 10% SDS-PAGE and transferred to
PVDF membranes, which were probed with primary antibodies against
Drp1, Mfn2, Pink1, Nrf2, Parkin, TOM20 and VDAC (Santa Cruz
Biotechnology, USA), LC3I/II, cleaved caspase-3 (Cell Signaling
Technology, USA), p62 (Abcam, USA) and Keap1 (Proteintech, USA)
and developed using an ECL system (Amersham Biosciences, USA). β-
Actin (Santa Cruz) and histone 3 (Novus Biologicals, USA) were used as
internal controls.

Each sample was adjusted to 1 mg/ml and divided into two equal
aliquots containing 100 μg of protein to observe the interaction
between Keap1 and Nrf2 via IP, as described previously. [7] The
samples were incubated with an anti-Nrf2 or anti-Keap1 antibody in an
IP buffer for 12 h at 4 °C. Protein A-sepharose beads (50 μl) were
added to the samples, which were incubated for another 12 h. The
samples were then washed and resuspended, and Western blotting was
performed as described previously. [7].

3. Results

3.1. Effects of MitoQ on renal function and morphological changes in
db/db mouse kidneys

Db/db mice exhibited higher body weights, increased urinary ACRs
and increased blood glucose and serum creatinine, 8-OHdG and β-
NAG levels compared to db/m mice (Fig. 1A–F). Notable decreases in
the urinary ACR and in 8-OHdG and β-NAG levels (Fig. 1D–F) were
observed in db/db mice after mitoQ treatment. A slight reduction in
blood glucose levels was observed in db/db mice treated with mitoQ
(Fig. 1B), but no significant changes in serum creatinine levels were
observed in the different groups. PAS staining showed notable mor-
phological changes in the kidneys of db/db mice, including glomerular
hypertrophy, increases in mesangial matrix and tubular epithelial
disruption (Fig. 1G a and b). Furthermore, TEM revealed basement
membrane thickening accompanied by extensive foot process fusion
(Fig. 1G d, e). However, mitoQ treatment dramatically ameliorated
these changes (Fig. 1G c and f). Quantitative analysis of mesangial
scores and tubular damage scores confirmed the alterations in mesan-
gial expansion and tubular damage (Fig. 1H and I).

3.2. MitoQ restored the alterations in Drp1 and Mfn2 expression and
ameliorated ROS Generation and proximal tubular cell apoptosis in
the kidneys of Db/db mice

Drp1 expression intensity was evaluated using IHC, and Drp1
expression was found to be up-regulated in the tubules of db/db mice
compared to those of controls, and Mfn2 expression was down-
regulated in these mice compared to controls. MitoQ administration
significantly inhibited Drp1 expression and restored Mfn2 expression
in db/db mice (Fig. 2A). Similar results were demonstrated using
Western blot assays (Fig. 2E, F1 and F2). DHE and TUNEL assays
demonstrated concomitant increases in oxidative stress and apoptosis
in the tubular cells of the kidneys of db/db mice, and mitoQ
significantly reduced these effects (Fig. 2A, C and D). Cleaved
caspase-3 expression was significantly increased in the tubules of db/
db mice, and mitoQ partially inhibited this increase (Fig. 2E and F3).
Decreased △Ψm and mtDNA copy numbers were also observed in the
kidneys of db/db mice, and mitoQ treatment reversed these changes
(Fig. 2G and H). These results suggest that mitoQ may play a role in
mitochondrial quality control and that this role may underlie the
amelioration of tubular oxidative stress and apoptosis in diabetic mice.

3.3. Effect of MitoQ on mitophagy in the proximal tubular cells of Db/
db mice

IHC staining of LC3 revealed a significant reduction in its expres-
sion in the renal tubules of db/db mice, and mitoQ significantly
reversed this change (Fig. 3A a, e, i). Conversely, p62 expression
was up-regulated in the renal tubules of db/db mice, and mitoQ
treatment reversed this change (Fig. 3A b, f, j). TOM20 and VDAC
are mitochondrial member proteins. TOM20 quantification is widely
performed to monitor mitochondrial mass during mitophagy, [31] and
VDAC1 degradation by ubiquitination is associated with mitophagy.
[32] IHC revealed notably decreased TOM20 expression in the tubules
of db/db mice compared to those of controls, and mitoQ treatment

Fig. 3. Restoration of abnormal mitophagy in the proximal tubules in db/db mice treated with mitoQ. A: Kidney sections from db/m mice, db/db mice and db/db mice subjected to
mitoQ treatment were stained with LC3 (column 1), p62 (column 2), TOM20 (column 3) and VDAC (column 4) antibodies for IHC analysis (magnification ×400). B: Using a TEM, we
observed autophagic vacuoles observed in db/m mice. We observed less vacuoles in the tubular cells of db/db mice than in those of other mice (top panels, Bb vs. Ba). These vacuoles
were restored in mice treated with mitoQ (Bc vs. Bb). Higher magnification TEM revealed mitophagy, which was visualized as autophagosome-containing mitochondria in db/m mice
and db/db mice administered mitoQ (bottom panels). C and D: The bar graph represents quantification of the numbers of autophagic vacuoles in each tubular cell and fragmented
mitochondria. E: Immunofluorescence demonstrating LC3 and VDAC colocalization in the kidney tubules of db/m mice stained with LC3 (green) and VDAC (red) antibodies (top
panels). LC3 intensity decreased in the tubular cells of kidneys in db/db mice compared to those in db/m mice (Ef vs. Eb). This intensity was restored by mitoQ administration (Ej vs.
Ef). Contrasting intensity changes were observed with respect to VDAC expression (column 1). F: Western blot analysis of LC3, p62, TOM20 and VDAC expression. G1-G4:
Quantification of average Western blot band intensities. Values are the mean ± SE. *P < 0.01 vs. db/m; #P < 0.01 vs. db/db. n=6.
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Fig. 4. The effect of mitoQ on the expression of the mitophagy-associated proteins PINK and Parkin and the oxidative stress adaptors Keap1 and Nrf2 in db/db mice. A: IHC, kidney
sections in db/m mice, db/db mice and db/db mice treated with mitoQ were stained with Keap1 (column 1), Nrf2 (column2), PINK (column3) and Parkin (column4) antibodies. PINK,
Parkin, and Nrf2 intensity decreased in the tubules in the kidneys of db/db mice compared to those of control mice (middle panels vs. top panels). These intensities were restored by
mitoQ treatment (bottom panels vs. middle panels). Conversely, Keap1 intensity was increased in db/db mice, but this increase was partially inhibited after mitoQ treatment. B1-B4:
Semiquantification of IHC staining of Keap1, Nrf2, PINK and Parkin in kidney tissues. C: Western blot analysis of Keap1, Nrf2, PINK, Parkin and phosphorylated-Parkin (p-Parkin)
expression. D1-D5: Quantification of average Western blot band intensity. Values are the mean ± SE. *P < 0.01 vs. db/m; #P < 0.01 vs. db/db. n=6.
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reversed this change (Fig. 3A c, g, k). A contrasting result was
observed with respect to VDAC expression (Fig. 3A d, h, l). TEM
revealed reduced numbers of autophagic vacuoles in the tubular cells of

db/db mice, an effect that was partially reversed by mitoQ treatment.
High-magnification electron micrographs revealed that most of the
tubular cells in db/m mice exhibited elongated cylindrical-shaped
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mitochondria. However, approximately 60% of the tubular cells in db/
db mice exhibited fragmented mitochondria, a change that was
partially reversed by mitoQ treatment (Fig. 3B a-c, 3D).
Autophagosome-engulfing mitochondria are an indicator of mitophagy,
and these structures were observed in the tubular cells of db/m mice
and db/db mice treated with mitoQ supplementation but were not
observed in db/db mice without treatment (Fig. 3B d-f). The numbers
of autophagic vacuoles were reduced in the tubular cells of db/db mice
compared to those of db/m mice. These effects were partially reversed
in the tubules of mice treated with mitoQ (Fig. 3C).

Confocal microscopic images revealed LC3 and VDAC colonization
in the tubules of db/m mice. Decreased LC3 (green) intensity and
increased VDAC (red) intensity were observed in db/db mice compared
to db/m mice. These effects were reversed by mitoQ (Fig. 3E). It has
been suggested that the conversion of LC3I to LC3II may represent
autophagosome formation, and the LCII/LC3I ratio has been used to
monitor autophagy levels via immunoblotting. [33,34] As expected,
results similar to those described above were observed using Western
blot assays to evaluate the LCII/LC31 ratio and TOM20 expression.
MitoQ reversed the decreases in the LC3II/LC3I ratio and TOM20
expression that were noted in db/db mice, as shown via immunoblot-
ting. Moreover, mitoQ inhibited the increases in p62 and VDAC
expression (Fig. 3F and G1-G4).

3.4. Effect of MitoQ on the expression of mitophagy-associated
proteins, Keap1 and Nrf2

The mitophagy-associated proteins PINK and Parkin were investi-
gated using IHC to examine the mechanisms underlying the effects of
mitoQ on tubular cell mitophagy in db/db mice. Decreased PINK and
Parkin protein expression levels were observed in the tubules of db/db
mice. These changes were reversed by mitoQ treatment (Fig. 4A, B3
and B4). Similar results were observed with respect to PINK, Parkin
and phosphorylated Parkin expression, as demonstrated by Western
blot assays (Fig. 4C, D3–D5). Changes in the Nrf2/Keap1 ratio, which
is a main sensor system for the antioxidative response, were also
observed. Notably, Nrf2 expression was reduced, and mitoQ adminis-
tration largely reversed this change (Fig. 4A, B2, C and D2), results
that paralleled those pertaining to PINK and Parkin expression. In
contrast, Keap1, which is a negative regulator of Nrf2, was significantly
up-regulated in the kidneys of db/db mice. This change was notably
inhibited by mitoQ treatment (Fig. 4A, B1, C and D1). These results
suggest that mitoQ regulates tubular mitophagy in diabetic kidneys via
the Nrf2/Keap1 and PINK/Parkin pathways.

3.5. Effect of MitoQ on mitochondrial dysfunction, ROS production
and apoptosis in HK-2 cells subjected to HG exposure

Immunoblotting demonstrated notable decreases in LC3II, PINK
and Nrf2 expression levels in the nuclei of HK-2 cells, dose- and time-
dependent changes induced by HG treatment (Fig. 5A–B, A1–B1).
H2-DCFDA and MitoSOX demonstrated increases in intercellular and
mitochondrial ROS levels in HK-2 cells exposed to HG conditions
(Fig. 5C, D1-D2), and TUNEL assays demonstrated a significant
increase in cell apoptosis induced by HG exposure (Fig. 5C, D3), an
increase accompanied by up-regulated cleaved caspase-3 expression,
which was detected using immunoblot assay (Fig. 5E, E3). However,

these changes were significantly attenuated by mitoQ treatment
(Fig. 5C, D1–D3 and E3). Increased Drp1 expression levels were
noted in HK-2 cells subjected to HG exposure, while notably reduced
Mfn2 expression levels were noted in HK-2 cells subjected to these
conditions. These effects were partially abolished by mitoQ treatment
(Fig. 5E, E1–E2). Decreased △Ψm and ATP activity were observed in
HK-2 cells exposed to HG conditions, and mitoQ treatment reversed
these effects (Fig. 5F and G).

3.6. Effect of MitoQ on mitophagy and mitophagy-related protein
expression in HK-2 cells subjected to HG exposure

Moderately intense punctuate green fluorescence representing LC3
expression was observed in HK-2 cells under basal conditions. This
expression was significantly reduced under HG ambience but was
restored with mitoQ treatment. Decreases in LC3 expression and
MitoRed staining were observed in merged photographs of HK-2 cells
exposed to HG conditions, and mitoQ treatment dramatically reversed
these decreases (Fig. 6A). Contrasting results were observed with p62
and MitoTracker double-staining (Fig. 6A). Western blot analysis
demonstrated decreased LC3 expression and increased p62 expression
in HK-2 cells subjected to HG exposure. These changes were partially
abolished with mitoQ treatment (Fig. 6C, D1 and D2). Marked
reductions in PINK expression intensity were observed via confocal
microscopy in HK-2 cells exposed to HG. PINK expression was notably
restored with mitoQ administration (Fig. 6B). Immunoblot assays
confirmed the alterations in PINK, Parkin, p-Parkin and TOM20
expression in HK-2 cells exposed to HG conditions and the restoration
of the expression of these proteins following mitoQ treatment (Fig. 6C,
D3-D5). In addition, the abovementioned mitophagic defects were
accompanied by significantly increased numbers of fragmented mito-
chondria in tubular cells incubated under HG conditions. These effects
were dramatically reversed by mitoQ treatment (Fig. 6E).

3.7. MitoQ regulated PINK and Parkin expression via Nrf2/Keap1

Western blots demonstrated up-regulated Nrf2 and Keap1 expres-
sion in the cytoplasm of HK-2 cells incubated with HG. These changes
were inhibited by mitoQ treatment. Nuclear Nrf2 expression was
reduced but was restored by mitoQ treatment (Fig. 7A, A1-A3).
Confocal microscopic images demonstrated decreased Nrf2 expression
in the nuclear compartment of HK-2 cells subjected to HG exposure
compared to HK-2 cells subjected to LG exposure. However, Nrf2
translocation increased concurrently with mitoQ-induced increases in
nuclear Nrf2 expression (Fig. 7B). HG decreased Nrf2 activity in HK-2
cells. This activity was restored with mitoQ treatment (Fig. 7C).
Notably, immunoprecipitation demonstrated an interaction between
Nrf2 and Keap1 in HK-2 cells under basal conditions. This association
was reduced in cells treated with mitoQ. Similar results regarding this
reaction were also observed under HG conditions and mitoQ treatment
(Fig. 7D, D1 and D2).

Western blotting demonstrated significant reductions in PINK and
Parkin expression in HK-2 cells subjected to HG treatment, and mitoQ
restored the expression of these proteins. This effect was augmented by
transfection with Keap1 siRNA and attenuated by transfection with
Nrf2 siRNA. However, the effects of Keap1 and Nrf2 on PINK and
Parkin expression were dramatically neutralized by the simultaneous

Fig. 5. Protective effects of mitoQ on mitochondrial damage in HK-2 cells subjected to HG exposure. A: Immunoblot assay for LC3II, PINK and nuclear Nrf2 expression in HK2 cells
subjected to various concentrations of HG (0–45 mM) for 48 h. Dose dependent decreases in the expression of these proteins were observed in HK-2 cells treated with HG. B: LC3II,
PINK and nuclear Nrf2 expression, as determined by Western blotting, in HK2 cells subjected to 30 mM HG exposure for different times (0–48 h), which induced a time-dependent
decrease in protein expression. A1 and B1: Quantification of average band intensities using Western blotting. C: Confocal microscopic images revealing the levels of mitochondrial ROS
(top panels), intracellular ROS (middle panels) and apoptosis (bottom panels) in HK-2 cells under low glucose (5 mM, LG) and HG exposure (30 mM) with or without mitoQ. D1-D3:
Quantification of intracellular ROS, mitochondrial ROS and apoptotic cells, which was performed using H2-DCFDC, MitoSOX and TUNEL-F assays. E: Immunoblot assays of Drp1 (top
panels), Mfn2 (middle panels) and cleaved caspase-3 (bottom panels) expression in HK-2 cells subjected to HG exposure. E1-E3: Quantification of average Western blot band intensities.
F and G: Bar graphs revealing the mitochondrial membrane potential and ATP activity of HK-2 cells incubated under HG conditions. Values are the mean ± SE. *P < 0.01 vs. LG; #P <
0.01 vs. HG. n=3.
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Fig. 6. The effect of mitoQ on defective mitophagy in HK-2 cells subjected to HG exposure. A: Cellular immunofluorescence showing that the colocalization intensity of LC3 and
mitochondria (staining with MitoRed) was reduced in HK-2 cells incubated under HG conditions (left middle panels vs. top panels). This effect was partially reversed by mitoQ treatment
(left bottom panels vs. middle panels). The opposite result was observed with respect to co-staining with a p62 antibody and MitoRed. B: Immunofluorescence staining with a PINK
antibody and MitoRed revealing decreased colocalization intensity in HK-2 cells subjected to HG exposure (middle panels vs. top panels). Colocalization intensity was restored by mitoQ
treatment (bottom panels vs. middle panels). C: Immunoblotting assay for LC3II, TOM20, PINK, Parkin and p-Parkin expression. D1-D5: Quantification of average Western blot band
intensity. E. Percentage (%) of tubular cells with fragmented mitochondria. *P < 0.01 vs. LG; #P < 0.01 vs. HG, n=3.
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co-transfection of Keap1 siRNA and Nrf2 siRNA (Fig. 7E andE1).
Similarly, HG decreased PINK mRNA expression levels in HK-2 cells,
and mitoQ treatment reversed these decreases. The increases in PINK

mRNA levels facilitated by mitoQ were enhanced further by Keap1
siRNA transfection under HG exposure but were inhibited by Nrf2
siRNA. PINK transcription was also neutralized by Keap1 siRNA and
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Nrf2 siRNA co-transfection (Fig. 7F).

3.8. MitoQ restored mitophagy, oxidative stress and apoptosis in HK-
2 cells subjected to HG exposure in part via Nrf2 and PINK

Nrf2 and PINK siRNAs were used to examine whether and how
Nrf2 and PINK mediate the effects of mitoQ on tubular cells under HG
conditions. Confocal imaging revealed that the merged intensity of LC3
and MitoTracker staining was significantly decreased in HK-2 cells
under HG conditions but was restored by treatment with mitoQ. This
effect was partially abolished by Nrf2 siRNA or PINK siRNA transfec-
tion (Fig. 8A). Conversely, mitoQ inhibited HG-induced intercellular
ROS, mitochondrial ROS and apoptosis in HK-2 cells. These effects
were attenuated by Nrf2 siRNA or PINK siRNA transfection (Fig. 8A–
D). Western blot assays demonstrated that the HG-induced decreases
in LC3II and TOM20 expression were reversed by mitoQ and were
partially abolished by Nrf2 siRNA or PINK siRNA transfection.
Contrasting results were observed for p62, Drp1 and caspase 3
expression in cells transfected with Nrf2 siRNA or PINK siRNA
(Fig. 8E, E1–E5). These results suggest that MitoQ regulates mito-
phagy and attenuates tubular cell oxidative stress and apoptosis in part
via the Nrf2/PINK pathway.

4. Discussion

The present study demonstrated that mitoQ administration dra-
matically reversed diabetic mouse kidney tubular damage via a
reduction in oxidative stress in tubular cells. MitoQ regulated tubular
cell mitophagy, a phenomenon that was accompanied by ameliorations
of mitochondrial fragmentation and cell apoptosis. We also observed
that Nrf2 contributed to this process by regulating the mitophagy-
related protein PINK in in vitro and in vivo studies. These results are
indicative of the existence of a novel mechanism by mitoQ protects
against hyperglycemia-induced oxidative injury in tubular cells to
maintain mitochondrial quality and also partially mediates mitophagy
via Nrf2/PINK.

Diabetic tubulopathy has been increasingly implicated in DKD
development. [35,36] Tubular injury contributes to primary renal
injury, rather than secondary injury, in the pathogenesis of DKD,
which is reflected by the fact that tubular damage markers appear
before microalbuminuria. [37–40] The mechanisms underlying these
phenomena are not fully clear, but others and our previous studies have
demonstrated that dysfunctional mitochondria play a crucial role in
this process. [6–9] Increasing evidence indicates that mitochondrial
ROS overproduction, decreases in ATP activity and increases in
mitochondrial fragmentation may be related to tubular cell damage
and apoptosis in DKD. [6,7,9,41] However, whether inhibiting mito-
chondrial ROS production reverses tubular damage via mitochondrial
quality control regulation is not known.

Conventional antioxidants may exhibit beneficial effects that de-
crease tubular oxidative damage, but these antioxidants are not
effective clinically, largely because they are not effectively taken up
by mitochondria in vivo. [21,42,43] In this study, we used the
mitochondria-targeted antioxidant mitoQ to overcome this limitation.
[21,31] Pre-treatment with mitoQ alleviated tubular damage in db/db
mice, a change reflected by deceases in the levels of tubular injury
markers, such as β-NAG. Notably, mitochondrial oxidative stress,

mitochondrial fragmentation and mitochondrial dysfunction ameliora-
tion were accompanied by lower apoptosis levels in tubular cells under
hyperglycemic conditions. Urine albumin excretion and kidney histo-
logical changes in db/db mice were attenuated by mitoQ treatment
(Figs. 1, 2 and 5). These results are consistent with those of a previous
report regarding type I diabetic mice. [22] Our results provide better
complementary evidence of the effects of mitoQ with respect to
protecting against tubular damage under hyperglycemic conditions
using in vitro and different animal model studies.

Mitophagy is essential for the clearance of damaged mitochondria
and is a critical component of mitochondrial quality control and
oxidative stress. [44–47] There are limited data on the role of
mitophagy in DKD progression and whether targeting mitophagy
regulates renal pathological changes in DKD. Therefore, we investi-
gated the protective effects of mitoQ on tubular cells and whether this
effect was achieved by regulating mitophagy under hyperglycemia
conditions. PINK1/Parkin is the most well understood mitophagy
pathway. [12,45] PINK1 is activated on the surface of depolarized
mitochondria and induces Parkin translocation and activation, which
eventually leads to mitochondrial protein (e.g., TOM20 and Mfn2)
degradation. The findings of a previous study suggested that D-
glucarate restored tubular cell mitophagy by inhibiting MIOX in a
Pink1-dependent manner under diabetic conditions. [3] We demon-
strated for the first time that mitophagy was decreased in db/db mice, a
type II diabetic mouse model, and in mice subjected to HG exposure
(Figs. 3 and 4). These results are consistent with those of previous
reports involving type I diabetic mice [3,13] and are also consistent
with previous observations regarding diabetic hearts and skeletal
muscles. [48,49] MitoQ dramatically reversed mitophagy by up-reg-
ulating PINK and Parkin expression (Figs. 5 and 6), findings indicating
that mitoQ plays another role in tubular injury besides inhibiting
mitochondrial ROS production in DKD.

We also investigated the molecular mechanisms by which mitoQ
modulates tubular cell mitophagy under hyperglycemic conditions.
Nrf2 is an antioxidant and a crucial factor in oxidative stress and
metabolism. [50,51] Moreover, Nrf2 is associated with Keap1 under
physiological conditions and is released to activate target gene tran-
scription during oxidative stress. [51] Genetic activation of Nrf2
markedly suppressed the onset of diabetes, [50] and depletion of
Nrf2 increased renal oxidative stress in STZ-induced diabetic mice.
[43] Decreased Nrf2 expression and translocation were associated with
tubular injury in STZ-induced diabetic rats and under HG conditions.
These changes were modulated by the Sirt1/NF-κB/miR-29/Keap1
pathway. [52] However, the role of Nrf2 in the effects of mitoQ on
tubular mitophagy and oxidative stress in DKD is not clear.

Nrf2 expression and activity were up-regulated with mitoQ treat-
ment, changes accompanied by a significant restoration in autophagy
levels in breast cells.[23]Moreover, Nrf2 positively regulated PINK1
transcription and attenuated oxidative stress-associated cell death. [53]
We observed a tighter interaction between Nrf2 and Keap1 under HG
conditions. This interaction was accompanied by decreased Nrf2
expression and translocation in tubular cells. However, these effects
were dramatically reversed by mitoQ treatment. MitoQ also restored
HG-induced PINK mRNA and protein expression, an effect that was
partially abolished by Nrf2 siRNA (Fig. 7). The effects of mitoQ on
mitophagy and mitochondrial function were neutralized by Nrf2 or
PINK siRNA under HG conditions (Fig. 8). These data indicate that

Fig. 7. The restorative effect of mitoQ on PINK and Parkin expression was mediated in part by Nrf2/Keap1. A: Immunoblotting assay for Keap1 and Nrf2 expression, which showed that
mitoQ inhibited Keap1 and cytoplasmic Nrf2 expression in HK-2 cells exposed to HG and restored nuclear Nrf2 expression. A1-A3: Quantification of average Western blot band
intensity. B: Immunofluorescence assay for Nrf2 showing decreased antibody staining intensity in HK-2 cells after incubation under HG conditions. MitoQ up-regulated the inhibition of
Nrf2 intensity in HG-exposed cells. C: Bar graphs depicting Nrf2 binding to the ARE. D: The interaction between Keap1 and Nrf2 in HK-2 cells subjected to HG exposure with or without
mitoQ was assessed using IP. D1 and D2: Quantification of the intensity of the interaction between Keap1 and Nrf2 using IP. E: Western blot analysis revealed that mitoQ restored PINK
and Parkin expression in HK-2 cells exposed to HG, an effect that was partially abolished by transfection with Keap1 siRNA or Nrf2 siRNA. E1: Quantification of average Western blot
band intensity. F: Similar results were observed for PINK mRNA expression, as demonstrated by real-time PCR. *P < 0.01 vs. LG; #P < 0.01 vs. HG, $P < 0.05 compared to HG+mitoQ.
&P < 0.05 compared to HG+mitoQ+Nrf2 siRNA. n=3.
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Fig. 8. Restorative effect of mitoQ on mitophagy, ROS production and apoptosis via Nrf2 and PINK. A: Confocal microscopic image showing that mitoQ ameliorated intracellular ROS
production, mitochondrial ROS production and apoptosis in HK-2 cells subjected to HG exposure, as demonstrated by H2-DCFDA, MitoSOX and TUNEL assays, respectively. These
effects were partially blocked by Nrf2 siRNA or PINK-siRNA. Transfection with Nrf2 siRNA or PINK-siRNA also attenuated LC3 and mitochondria colocalization intensity in cells
treated with mitoQ under HG conditions. B–D: Bar graphs represent intracellular and mitochondrial ROS and apoptosis levels, as demonstrated using H2-DCFDA, MitoSOX and
TUNEL assays. E: The effect of Nrf2 siRNA or PINK-siRNA on LC3II, p62, Drp1, and TOM20 expression in HK-2 cells subjected to HG exposure with or without mitoQ using
immunoblot assays. E1-E5: Quantification of average Western blot band intensities. *P < 0.05 compared to LG; # P < 0.05 compared to HG. $P < 0.05 compared to HG+mitoQ.
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Nrf2 contributed to the restoration of mitophagy and mitochondrial
quality by regulating PINK transcription in tubular cells treated with
mitoQ in DKD. Despite our extensive investigatory efforts, certain
issues remain unclear. For instance, the mechanism by which mitoQ
modulates Nrf2 and Keap remains to be delineated. Additionally,
whether mitoQ plays a potential protective role in tubular injury in
diabetic patients is worthy of further study.

In conclusion, this study demonstrated the novel beneficial effects
of mitoQ on tubular damage in DKD using in vitro and in vivo models.
The mechanism underlying its effects may involve regulating mito-
chondrial quality control, a process that entails restoring mitophagy in
tubular cells via Nrf2-mediated regulation of PINK transcription and
ameliorating mitochondrial oxidative stress and aberrant mitochon-
drial dynamics, which eventually results in tubular injury and apoptosis
attenuation under HG conditions (Fig. 9). These results suggest that
the mitochondrial-targeted antioxidant mitoQ is an attractive agent for
preventing tubular injury in DKD.
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