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Key Points
� In heme protein–induced AKI, mitochondrial functional integrity, as reflected by ATP and NAD1 content and

NAD1/NADH ratio, is impaired.
� Mitochondrial quality control is compromised as reflected by impaired biogenesis, exaggerated fission, and

marked ultrastructural damage.
� Modern concepts regarding mitochondria and AKI apply to heme protein–induced AKI, with the possibility of

novel therapeutic strategies.

Abstract
Background Mitochondrial injury occurs in and underlies acute kidney injury (AKI) caused by ischemia-
reperfusion and other forms of renal injury. However, to date, a comprehensive analysis of this issue has not
been undertaken in heme protein–induced AKI (HP-AKI). We examined key aspects of mitochondrial function,
expression of proteins relevant to mitochondrial quality control, and mitochondrial ultrastructure in HP-AKI,
along with responses to heme in renal proximal tubule epithelial cells.

Methods The long-established murine glycerol model of HP-AKI was examined at 8 and 24 hours after HP-AKI.
Indices of mitochondrial function (ATP and NAD1), expression of proteins relevant to mitochondrial dynamics,
mitochondrial ultrastructure, and relevant gene/protein expression in heme-exposed renal proximal tubule
epithelial cells in vitrowere examined.

Results ATP and NAD1 content and the NAD1/NADH ratio were all reduced in HP-AKI. Expression of
relevant proteins indicate that mitochondrial biogenesis (PGC-1a, NRF1, and TFAM) and fusion (MFN2) were
impaired, as was expression of key proteins involved in the integrity of outer and inner mitochondrial
membranes (VDAC, Tom20, and Tim23). Conversely, marked upregulation of proteins involved in
mitochondrial fission (DRP1) occurred. Ultrastructural studies, including novel 3D imaging, indicate profound
changes in mitochondrial structure, including mitochondrial fragmentation, mitochondrial swelling, and
misshapen mitochondrial cristae; mitophagy was also observed. Exposure of renal proximal tubule epithelial
cells to heme in vitro recapitulated suppression of PGC-1a (mitochondrial biogenesis) and upregulation of
p-DRP1 (mitochondrial fission).

Conclusions Modern concepts pertaining to AKI apply to HP-AKI. This study validates the investigation of
novel, clinically relevant therapies such as NAD1-boosting agents and mitoprotective agents in HP-AKI.
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Introduction
Caused by ischemia, heme proteins, toxins, sepsis,
or urinary tract obstruction, among other insults,
AKI may develop in 5%–15% of hospitalized
patients and in .50% of critically ill patients in
whom mortality may be .50% (1). Additionally,

CKD and ESKD may ensue in subsets of patients
with AKI. AKI exacts some $10 billion/year or more
in health care costs (2). AKI is essentially managed
by supportive care and minimizing insults. Strate-
gies that mitigate AKI and hasten recovery are thus
urgently needed.
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A time-honored approach in AKI is the study of rodent
models of AKI, which, in aggregate, have elucidated the
discovery of new biomarkers of AKI, the pathogenesis of
AKI, and strategies that may be the basis for novel thera-
pies (3); for example, novel studies of such models uncov-
ered the exciting prospects for NAD1-boosting agents (4,5)
and stem cell-based therapies (6,7) in mitigating AKI. AKI
models include ischemia-reperfusion injury (IRI), heme
protein–induced AKI (HP-AKI), sepsis-associated AKI, and
cisplatin-induced AKI.
Models of HP-AKI are essential in aiding the understand-

ing of AKI induced by rhabdomyolysis. However, the value
of these specific models goes well beyond this disease for
several reasons. First, renal heme content is increased in AKI
caused by ischemia (8) and nephrotoxins that do not overtly
involve heme proteins (9); a substantial body of data now
suggests that heme may be one of the final common path-
ways for AKI, irrespective of the basis for AKI (10). Second,
there is now mounting evidence that AKI in sepsis and other
conditions arises at least in part from circulating cell-free
hemoglobin (CFH) and an attendant increase in tissue heme
(11). Third, models of HP-AKI have played a significant role
in the evolution of broadly applicable concepts in AKI,
including, for example, the recognition that AKI may be a
precursor to CKD (12); the induction of heme oxygenase-1
and ferritin as a broad-based cytoprotective response in the
kidney (13,14); the roles of hydrogen peroxide (15), lipid per-
oxidation (16), glutathione depletion (17), and catalytic iron
in the causation of AKI (18); the vascular basis for AKI (19);
the demonstration that cytochrome p450 proteins may serve
as a source of iron in AKI (20); and the recognition that com-
plement activation drives, in part, HP-AKI (21).
Some 25 years ago, we demonstrated that in a classic model

of HP-AKI (glycerol-induced myolysis and hemolysis), mito-
chondrial respiration—assessed by state 2, 3, and 4 oxygen
consumption and the respiratory control ratio, the acceptor
control ratio, and the P/O ratio (ADP utilized/oxygen con-
sumed)—was profoundly impaired 24 hours after the induc-
tion of HP-AKI (22). In the ensuing years, the knowledge of
mitochondrial dynamics, biogenesis, fission, fusion, and qual-
ity control in general and of AKI in particular has exponen-
tially increased, with the resulting appearance of entirely new
paradigms for AKI (23–27). These paradigms have not been
comprehensively examined in models of HP-AKI, including
the glycerol-induced model of HP-AKI. Using this model of
HP-AKI, we examine mitochondrial function, expression of
proteins related to mitochondrial fission and fusion, and mito-
chondrial structure including 3D imaging, the latter essential
in determining whether mitochondrial fission occurs.

Materials and Methods
Model of HP-AKI
All studies were approved by the Institutional Animal Care

and Use Committee of Mayo Clinic and performed in accor-
dance with the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health. Male C57BL/6J mice
(10–20 weeks of age) used for these studies were purchased
from the Jackson Laboratory (Bar Harbor, ME). We used the
glycerol model of HP-AKI as in our previous studies (28,29).
Briefly, after 16–18 hours of dehydration, mice were anesthe-
tized (ketamine and xylazine, 90 and 10 mg/kg, respectively,

given intraperitoneally) and given an intramuscular injection
of glycerol (50% in water, 6 ml/kg), one half of the dose into
each anterior thigh muscle. Renal tissues were harvested at 8
and 24 hours after glycerol injection for analysis of mitochon-
drial function, biogenesis, dynamics, and ultrastructure.

Western Blot Analysis
Western blots were performed on whole kidney lysates

and cell lysates as outlined previously (30,31). Membranes
were incubated overnight at 4�C with primary antibodies
against PTEN-induced kinase 1 (PINK1) and mitofusin
2 (MFN2; catalog nos. NB100–493 and NBP2–66383,
respectively; Novus Biologicals, Centennial, CO); peroxi-
some proliferator-activated receptor gamma coactivator-1a
(PGC-1a; catalog no. ab191838; Abcam, Waltham, MA);
voltage-dependent anion channel (VDAC) and mitochon-
drial transcription factor A (TFAM; catalog nos. PA1–954A
and PA5–68789, respectively; Thermo Fisher Scientific, Wal-
tham, MA); Tom20 and Tim23 (catalog nos. 11802–1-AP
and 11123–1-AP, respectively; Proteintech, Rosemont, IL);
and nuclear respiratory factor 1 (NRF1), dynamin-related
protein 1 (DRP1), phospho dynamin-related protein 1
(p-DRP1), p-AMPKa, and GAPDH (catalog nos. 46743,
8570, 4494, 4188, and 2118, respectively; Cell Signaling Tech-
nology, Danvers, MA). After several washes in Tris-
buffered saline with Tween 20, membranes were incubated
with appropriate peroxidase-conjugated secondary antibod-
ies; bands were then visualized using enhanced chemilumi-
nescence. For certain western blots (in Figures 2 and 5), the
membrane was divided, and target proteins assessed on the
respective sections of the membrane; GAPDH on this mem-
brane was used to standardize these target proteins.

Assessment of Gene Expression
mRNA expression was assessed in cells and whole kid-

ney tissues using a two-step quantitative real-time RT-PCR
method as used in our previous studies (30,32). Briefly,
RNA extraction was achieved using the TRIzol method
(Invitrogen, Carlsbad, CA) with subsequent purification
using a RNeasy Mini Kit (Qiagen, Valencia, CA). A Tran-
scriptor First Strand cDNA Synthesis Kit (Roche Applied
Science, Indianapolis, IN) was used for reverse transcrip-
tion, and quantitative PCR was performed using TaqMan
Gene Expression Assay sets (Applied Biosystems, Thermo
Fisher Scientific) using standard curves constructed for the
target and housekeeping genes. Results are reported as rel-
ative expression normalized to 18S rRNA.

NAD1 and NADH Measurement
Measurement of NAD1 and NADH content in whole

kidney was performed using the NAD/NADH Assay Kit
(catalog no. ab65348; Abcam) according to the manufac-
turer’s instructions. Briefly, frozen whole kidney tissue was
homogenized in 20 volumes of kit extraction buffer fol-
lowed by centrifugation at 18,000 g for 3 minutes at 4�C.
Supernatants were then passed through 10 kDa spin col-
umns. Total NAD (NAD1 and NADH) levels were assayed
directly on these filtrates, and NADH levels were assessed
in aliquots of the filtrates, which were heated at 60�C for 30
minutes to decompose NAD1. NAD1 and NADH content
was normalized to tissue wet weight.
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ATP Measurement
ATP content was measured in snap-frozen whole kidney

tissue using a luminescence-based assay kit (catalog no.
FLAA-1KT; Sigma–Aldrich, St. Louis, MO) according to the
manufacturer’s instructions. Briefly, kidney lysates were
prepared by homogenization of tissues in ten volumes of
ice-cold 2.5% TCA and centrifugation at 10,000 g for 10
minutes at 4�C. After adjusting the lysate pH to 7.86 with
Tris base, and a second centrifugation to clear precipitation,
ATP concentration was determined using a TD-20/20
luminometer (Turner Designs, Sunnyvale, CA). The precip-
itated pellets were resuspended in 0.5 N NaOH, and the
protein content of each was determined using the BCA
assay; ATP content was calculated as nanomoles of ATP
per milligram of protein.

Ultrastructural Studies by Serial Block-face Scanning
Electron Microscopy
Sham and HP-AKI-treated kidney samples for serial

block-face scanning electron microscopy (SBF-SEM) were
prepared using a protocol developed as described (33).
Briefly, cortical tissue from sham and HP-AKI kidneys
was dissected and fixed by immersion in 2% gluta-
raldehyde12% paraformaldehyde in 0.1 M cacodylate
buffer containing 2 mM calcium chloride. After fixation,
samples were rinsed in 0.1 M cacodylate buffer and placed
into 2% osmium tetroxide11.5% potassium ferricyanide in
0.1 M cacodylate, washed with H2O, incubated at 50�C in
1% thiocarbohydrazide, rinsed in H2O, and placed in 2%
uranyl acetate overnight. The next day, samples were
rinsed again in H2O, incubated with Walton’s lead aspar-
tate, dehydrated through an ethanol series, and embedded
in Embed 812 resin.
To prepare embedded sample for placement into the

SBF-SEM, a piece from the cortex area of sham and
HP-AKI kidneys measuring around 1 mm3 was trimmed of
any excess resin and mounted to an 8-mm aluminum stub
using silver epoxy Epo-Tek (EMS, Hatfield, PA). The
mounted samples were then carefully trimmed into a
smaller tower measuring around 0.5 mm3 using a Diatome
diamond trimming tool (EMS) and vacuum sputter-coated
with gold palladium to help dissipate charge.
Sectioning and imaging of samples were performed

using a VolumeScope 2 SEM (Thermo Fisher Scientific).
Imaging was performed under high vacuum/low water
conditions with a starting energy of 1.8 keV and beam cur-
rent of 0.10 nA. Serial sections 60-nm thick were removed
from the block, providing a final 10 nm310 nm360 nm
spatial resolution to reveal mitochondrial ultrastructure
within the proximal tubule epithelial cells as described (34).
Image analysis, including registration, segmentation, vol-

ume rendering, and visualization, was performed using
ImageJ, Amira (Thermo Fisher Scientific), and Reconstruct
(35) software packages.

Transmission Electron Microscopy
Cortical tissue from sham and HP-AKI kidneys was dis-

sected and fixed using 4% paraformaldehyde11% glutaralde-
hyde in 0.1 M phosphate buffer, pH 7.2 (PB). After fixation,
the tissue was washed with PB, stained with 1% osmium
tetroxide, washed in H2O, stained in 2% uranyl acetate,

washed in H2O, dehydrated through a graded series of etha-
nol and acetone, and then embedded in Embed 812 resin.
After a 24-hour polymerization at 60�C, 0.1 mM ultrathin sec-
tions were prepared and post stained with lead citrate. Micro-
graphs were acquired using a JEOL 1400 Plus transmission
electron microscope (JEOL, Inc., Peabody, MA) at 80 keV
equipped with a Gatan Orius camera (Gatan, Inc., Warren-
dale, PA).

In Vitro Studies
Human renal proximal tubule epithelial cells (RPTECs)

used in these studies were obtained from Lonza (Walkers-
ville, MD) and used from passages 3 to 5. Additionally,
murine RPTECs were isolated and cultured as described
(34). Briefly, these cells were maintained at 37�C in 95% air
and 5% carbon dioxide in REBM basal medium with Sin-
gleQuot supplements (catalog nos. CC-3191 and CC-4127,
respectively; Lonza). In studies of heme exposure, human
RPTECs and murine RPTECs were incubated in basal
medium containing hemin (25 mM, catalog no. H651–9;
Frontier Scientific, Logan, UT) for 8 hours. The cells were
then harvested for the assessment of gene and protein
expression as described.

Statistics
Data are expressed as the mean6SEM and were consid-

ered statistically significant at P,0.05. The t test was used
for parametric data, and the Mann–Whitney U test was
used for nonparametric data.

Results
Impaired Kidney and Mitochondrial Function in HP-AKI

Kidney function in mice with HP-AKI compared with
sham mice was impaired as reflected by significantly
increased serum creatinine and BUN at both 8 and 24 hours
after HP-AKI (Supplementary Figure 1, A and B).

Mitochondrial function in HP-AKI was evaluated using
three indices—whole kidney ATP content, NAD1 content,
and the NAD1/NADH ratio—all of which were signifi-
cantly reduced at 8 hours after HP-AKI (Figure 1).

Mitochondrial Biogenesis in HP-AKI
Expression of proteins essential for mitochondrial bio-

genesis was evaluated at 8 and 24 hours after HP-AKI.
PGC-1a levels were significantly reduced in HP-AKI mice
at both time points (Figure 2A). PGC-1a activates nuclear
encoded mitochondrial protein NRF1, the latter also
decreased in expression in HP-AKI (Figure 2B). PGC-1a,
along with NRF1, indirectly regulates mitochondrial DNA
transcription by upregulating TFAM. TFAM protein
expression was significantly reduced at 8 and 24 hours
after HP-AKI (Figure 2C). Mitochondrial biogenesis is thus
impaired at an early timepoint after HP-AKI.

This decreased expression of PGC-1a may reflect
decreased NAD1 content (23,24). The decreased PGC-1a
expression cannot be ascribed to AMPK because its expres-
sion at 8 hours was not significantly altered (sham 1.1860.28
versus HP-AKI 1.6760.26, P5NS). However, PGC-1a
expression is suppressed by inflammatory cytokines, and as
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shown in Table 1, inflammatory cytokines are markedly
upregulated in HP-AKI at 8 hours.

Mitochondrial Fission, Fusion, and Mitophagy in HP-AKI
Mitochondrial fission and fusion are tightly regulated in

maintaining mitochondrial homeostasis. Mitochondrial fis-
sion fundamentally involves proteins such as DRP1. Renal
p-DRP1(Ser616) levels were significantly increased at 8 and
24 hours after HP-AKI (Figure 3A). Renal DRP1 levels
were also significantly increased at these time points after
HP-AKI (Figure 3B).
Mitochondrial fusion compensates for and offsets

mitochondrial fission as it enables the generation of larger,
functional mitochondria. Mitochondrial fusion involves mito-
chondrial outer membrane proteins such as MFN2, among

others. Renal MFN2 levels were significantly decreased at
both 8 and 24 hours after HP-AKI (Figure 4A), indicating that
HP-AKI also resulted in decreased mitochondrial fusion.
We assessed expression of PINK1 as a representative

protein involved in mitophagy. PINK1 expression was sig-
nificantly decreased at 24 hours after HP-AKI (Figure 4B).

Mitochondrial Outer and Inner Membrane Integrity in
HP-AKI
VDAC is the most abundant outer membrane protein

and is essential for mitochondrial integrity. VDAC protein
expression was significantly decreased at 8 hours after
HP-AKI (Figure 5A). The expression of another essential
outer mitochondrial membrane protein, Tom20, was also
significantly decreased at both 8 and 24 hours after
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Figure 1. | Renal total ATP content, NAD1 content, and NAD1/NADH ratio in whole kidney of sham and heme protein–induced AKI
(HP-AKI) mice. (A) Total ATP content was significantly reduced at 8 hours after HP-AKI compared with sham mice. (B) and (C) Total
NAD1 content and NAD1/NADH ratio were significantly lower at 8 hours after HP-AKI compared with sham mice. n58 and n510 in
sham and HP-AKI groups, respectively. ***P,0.001 and **P,0.01 versus sham group.
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Figure 2. | Renal mitochondrial biogenesis in sham and HP-AKI mice. Expression of (A) peroxisome proliferator-activated receptor gamma coac-
tivator-1a (PGC-1a), (B) nuclear respiratory factor 1 (NRF1), and (C) mitochondrial transcription factor A (TFAM) protein was significantly reduced at
both 8 and 24 hours after HP-AKI compared with sham mice. Densitometry (mean6SEM), normalized for GAPDH expression, is displayed below
blots. n58 and n510 in sham and HP-AKI groups, respectively, at 8 hours, and n55 in each group at 24 hours. ***P,0.001 and *P,0.05 versus
sham group. The 24-hour analyses of PGC-1a and TFAM were performed on the same membrane that was divided, as described in the Methods sec-
tion. As such, the same GAPDH blot was employed for densitometric analysis for each of these targets and is displayed below both blots.
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HP-AKI (Figure 5B). Expression of Tim23, an inner mito-
chondrial membrane protein, was reduced at 8 hours after
HP-AKI (Figure 5C). A compensatory increase in synthesis
may underlie the relative recovery of VDAC and TIM23
expression at 24 hours.

Mitochondrial Ultrastructure in HP-AKI
We examined mitochondrial ultrastructure in proximal

tubule epithelial cells (PTECs) in the kidneys of sham and
HP-AKI mice at 8 hours using SBF-SEM. Mitochondria
were elongated and intact in PTECs in sham mice com-
pared with relatively oval and rounded mitochondria with
irregular and misshapen cristae in HP-AKI mice (Figure 6,
A–D). In PTECs from HP-AKI mice, subsets of mitochon-
dria were considerably swollen, whereas some mitochon-
dria appeared smaller compared with cylindrically shaped
mitochondria in sham kidneys (Figure 6, A–D). Morpho-
metric studies from approximately 200 mitochondria from
four different samples in each group demonstrated that the
mean aspect ratio (major axis/minor axis) was significantly
decreased in mitochondria from HP-AKI compared with
mitochondria from sham kidneys (Figure 6E). Additionally,
mitophagy was observed in HP-AKI (Supplementary
Figure 2). Studies undertaken at 24 hours after HP-AKI
demonstrate the presence of amorphous electron dense

structures within mitochondria—findings indicative of irre-
versible cell injury (Supplementary Figure 3).

Three-dimensional imaging can provide conclusive evi-
dence for fragmentation and fission of mitochondria, the
latter not possible with 2D electron microscopy imaging.
We thus undertook 3D reconstruction of the mitochondria
on the basis of sixty, 60 nm serial sections from SBF-SEM
images using Reconstruct software. Figure 7, C and D, dis-
play color-coordinated 3D reconstructed mitochondria that
are also displayed in Figure 7, A and B, respectively. A rep-
resentative section from sham and HP-AKI PTECs revealed
intact, elongated mitochondria in sham kidneys, but rela-
tively rounded and fragmented mitochondria in HP-AKI
PTECs (Figure 7, C and D). Three-dimensional reconstruc-
tion thus conclusively demonstrates mitochondrial frag-
mentation and fission in HP-AKI.

Heme-mediated Mitochondrial Biogenesis and
Fission In Vitro

As heme contributes to HP-AKI, in vitro studies were
conducted to determine whether RPTECs exposed to
heme recapitulate key features observed in HP-AKI in vivo.
The mitochondrial biogenesis marker (PGC-1a) and mito-
chondrial fission marker (p-DRP1 and DRP1) were thus
assessed. PGC-1a mRNA expression in heme-treated
RPTECs was markedly decreased and was accompanied
by striking induction of p-DRP1 protein expression, with
no change in overall DRP1 protein expression (Figure 8).
A possible basis for the marked suppression of PGC-1a is
the robust proinflammatory effects of heme in RPTECs
(Table 2).

Discussion
This study was predicated on two essential considera-

tions: first, our prior observations in 1998 that demon-
strated impaired mitochondrial respiration in this model of
HP-AKI (22); and second, the need to evaluate in HP-AKI
the novel concepts and pathways subsequently discovered
in the intervening years regarding mitochondrial injury in
AKI (23–27). To the best of our knowledge, this study is the
first to undertake a comprehensive analysis of these

Table 1. Inflammatory gene expression in murine HP-AKI (8
hours)

Gene Sham HP-AKI P Value

IL-6 4.661.1 483.36156.7 0.008
TNF-a 3.660.2 7.761 ,0.001
IL-1b 1.160.1 2.360.3 0.001
MCP-1 5.260.8 87.5611.2 0.008
KC 3.760.2 731.2651.2 ,0.001
MMP-9 1.360.1 3.760.2 0.004
PAI-1 3.960.5 50.867 0.008

Real-time RT-PCR analysis normalized for 18S rRNA
expression; n58 and n510 in sham and HP-AKI groups,
respectively. HP-AKI, heme protein–induced AKI.
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Figure 3. | Renal mitochondrial fission in sham and HP-AKI mice. Expression of (A) phospho dynamin-related protein 1 (p-DRP1) and (B)
DRP1 protein was significantly increased at both 8 and 24 hours after HP-AKI compared with sham mice. Densitometry (mean6SEM), nor-
malized for GAPDH expression, is displayed below blots. n58 and n510 in sham and HP-AKI groups, respectively, at 8 hours, and n55
in each group at 24 hours. ***P,0.001 and **P,0.01 versus sham group.
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pathways in HP-AKI. We demonstrate the following
regarding HP-AKI: (1) kidney content of ATP and NAD1,
which largely reflects mitochondrial function, is signifi-
cantly reduced at a relatively early time point; (2) multiple
biomarkers indicate impaired mitochondrial biogenesis; (3)
proteins involved in mitochondrial fission are markedly
upregulated, whereas those involved in mitochondrial
fusion are downregulated; and (4) expression of mitochon-
drial proteins that maintain integrity of mitochondrial
membranes is significantly reduced at an early time point.
Such impaired mitochondrial function and altered

expression of these proteins are accompanied by profound
changes in mitochondrial structure. First, mitochondria
lose their cylindrical shape and become swollen and
rounded, with significant separation and distortion of

mitochondrial cristae. Second, size heterogeneity exists
with smaller mitochondria coexisting with swollen ones.
Third, engulfing of injured mitochondria in autophagic
vacuoles—mitophagy—was observed in some sections.
Fourth, 3D analysis of mitochondria—indispensable in con-
clusively detecting mitochondrial fission and previously
reported in IRI (34) but not in HP-AKI—demonstrated
fragmentation and fission of mitochondria in HP-AKI.
These 3D images of mitochondria are remarkably similar to
mitochondrial images in prior seminal IRI studies (34). Our
prior observations of human heme protein-AKI revealed
mitophagy and prominent mitochondrial injury (36).
Our finding that PINK1 expression, a protein involved in

mitophagy, was significantly decreased at 24 hours after
HP-AKI merits comment. We offer four considerations in this
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(B) Tom20 protein expression was decreased at both 8 and 24 hours after HP-AKI. (C) Tim23 protein expression was significantly decreased at 8
hours after HP-AKI. Densitometry (mean6SEM), normalized for GAPDH expression, is displayed below blots. n58 and n510 in sham and HP-AKI
groups, respectively, at 8 hours, and n55 in each group at 24 hours. ***P,0.001, **P,0.01, and *P,0.05 versus sham group. At each time point
(8 and 24 hours), analyses of VDAC and Tom20 were performed on the same membrane that was divided, as described in the Methods section.
At each time point, the same GAPDH blot was employed for densitometric analysis for each of these targets and is displayed below both blots.
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regard. First, proteins other than PINK1 are involved in
mitophagy in AKI, and these may be more pertinent to
HP-AKI (24,26,27). Second, the decreased PINK1 expression
may be a maladaptive response. Third, the decreased PINK1

expression may reflect consumption of the protein in mitoph-
agy in the prior 24 hours. Fourth, in certain circumstances,
PINK1 suppression may contribute to mitophagy (37).

NAD1 is reduced in IRI and other types of AKI (24,26,27),
but we are unaware of prior studies demonstrating such
acute and early reduction in NAD1 and the NAD1/NADH
ratio as we observed. The seminal insights by Parikh and
colleagues demonstrating the beneficial effects of increased
availability of NAD1 in experimental AKI and that human
AKI also exhibits evidence of impairment in net NAD1 gen-
eration and content, in aggregate, support NAD1-boosting
strategies as a novel and feasible therapeutic strategy in AKI
(4,5). Such a strategy is also relevant to HP-AKI, including,
for example, AKI caused by rhabdomyolysis and by circulat-
ing CFH. CFH is increasingly recognized as a cause for
sepsis-associated AKI and AKI after cardiopulmonary
bypass (11). Additionally, CFH may contribute to AKI and
CKD in sickle cell disease (38) and in pre-eclamptic states
and the HELLP syndrome (39). Studies of NAD1-boosting
strategies in HP-AKI are thus of considerable interest.

Decreased NAD1 content impairs ATP generation and
reduces PGC-1a expression (24,26,27); the observed reduc-
tion in NAD1 content in HP-AKI may thus account for the
reduced ATP content and reduced expression of PGC-1a
that were also observed. PGC-1a is a fundamental determi-
nant of mitochondrial quality control in general and in fos-
tering mitochondrial biogenesis in particular; adequate
generation of ATP, essentially a mitochondrial-dependent
function, thus critically depends on expression of PGC-1a.
Older studies emphasize that reduced renal ATP content
broadly sensitizes the kidney to acute insults (40). Accord-
ingly, a positive feedback loop exists among these three
molecules such that if the acute insult is severe enough,
irrecoverable AKI may ensue. In addition to reduced
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Figure 6. | Mitochondrial ultrastructure in renal proximal tubules of sham and HP-AKI mice. Electron microscopy revealed rounded
mitochondria (B) in renal proximal tubule epithelial cells (RPTECs) at 8 hours after HP-AKI compared with elongated mitochondria in
sham mice (A). (C) and (D) are higher magnifications of the insets in (A) and (B), respectively. (E) Morphometric assessment showed
decreased mean aspect ratio (major axis length/minor axis length) of approximately 200 mitochondria from at least four different RPTECs
from each group, indicating elongated mitochondria in sham group compared with relatively more rounded mitochondria in HP-AKI prox-
imal tubules. Scale bar55 mm; mean6SEM, ***P,0.001.

Figure 7. | Three-dimensional reconstruction of mitochondria in renal
proximal tubules of sham and HP-AKI mice. (A) and (B) Representative
serial section (of 60 sections imaged) from renal proximal tubules of
sham and HP-AKI mice. Proximal tubules from sham mice displayed
elongated mitochondria (A) compared with relatively more rounded
mitochondria in HP-AKI proximal tubules (B). (C) and (D) Three-
dimensional images were generated using Reconstruct software. Note
the elongated mitochondria in sham mice compared with relatively
rounded mitochondria and mitochondrial fission in HP-AKI mice.
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NAD1 content, PGC-1a expression is strongly suppressed
by inflammatory cytokines, and such an inflammatory
response observed in HP-AKI may also contribute to the
reduced PGC-1a expression in HP-AKI.
Increased intracellular heme occurs in HP-AKI as the kid-

ney incorporates myoglobin and hemoglobin. Heme may
also originate from destabilized heme proteins, in particular
cytochrome p450, which are relatively unstable (20,41).
Heme is prooxidant, proinflammatory, and proapoptotic
(16,42,43). Intracellular heme impairs mitochondrial func-
tion; this effect is enabled by the intercalation of heme (a
lipophilic molecule) in lipid-enriched mitochondrial mem-
branes and the enhancement of the lipid-peroxidating effect
of heme by the low-grade mitochondrial generation of
hydrogen peroxide. We previously demonstrated that the
exposure of normal mitochondria to concentrations of heme
measured in mitochondria isolated from HP-AKI promptly
impairs mitochondrial respiration (22). Accordingly, we
examined the effects of heme on cellular expression of key
representative molecules of mitochondrial biogenesis (PGC-
1a) and mitochondrial fission (p-DRP1). Heme-exposed cells
exhibited markedly reduced PGC-1a expression and robust
induction of p-DRP1. We suggest that the increased

intracellular heme in HP-AKI contributes to the changes in
these proteins observed in the kidney in vivo with HP-AKI.
Heme also elicited a vigorous proinflammatory response
in vitro; these findings are consistent with those observed
in vivo and congruent with inflammation as a possible sup-
pressor of PGC-1a expression.
In AKI, sublethal cell injury variably afflicts different

cells. Analogously, various types of cell death may afflict
different cells in AKI (44). The severity of sublethal cell
injury and the type of cell death are not only site specific,
but also may be dependent on the time point after AKI.
Cell death caused by ferroptosis merits consideration
because the kidney in HP-AKI exhibits several criteria that
characterize ferroptosis, including lipid peroxidation, iron
and ferritin buildup, impaired antioxidant mechanisms,
and glutathione depletion (45,46). Ultrastructurally, ferrop-
tosis exhibits mitochondrial fragmentation, with consis-
tently smaller mitochondria, reduced number of cristae,
and mitochondrial membrane densities. Some of these fea-
tures were observed in some cells in HP-AKI.
Prior studies demonstrate that ATP in the kidney cortex

is not significantly altered 24 hours after HP-AKI and that,
at this time point, expression of PGC-1a is unaltered,
whereas NRF-1 and TFAM are increased (47). Our present
findings are in contrast to these prior studies in that we
demonstrate an early reduction in ATP content within 8
hours, and at both 8 and 24 hours, expression of PGC-1a,
NRF1, and TFAM is significantly reduced. The present
findings are consistent with the profoundly impaired mito-
chondrial respiration we observed previously (22) and the
ultrastructural damage observed in mitochondria in the
present study, both of which would impair mitochondrial
ATP-generating ability.
HP-AKI is a systemic disease with adverse effects

directed to and away from the kidney: namely, released
extrarenal nephrotoxins (myoglobin or hemoglobin) are
delivered to and damage the kidney, and adverse effects of
AKI then extend from the kidney to distant organs. A
recent novel construct regarding AKI indicates that injured
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versely, hemin treatment significantly increased p-DRP1 protein expression (B) with no change in overall DRP1 protein expression in
human RPTECs (C) compared with vehicle treatment. Densitometry (mean6SEM), normalized for GAPDH expression, is displayed below
blots. n54 in each group. ***P,0.001 versus vehicle alone.

Table 2. Inflammatory gene expression in murine RPTECs
after 8 hours of heme treatment

Gene Vehicle Hemin P Value

IL-6 8.260.7 16.860.7 ,0.001
TNF-a 2.060.5 9.261.1 0.01
IL-1b 0.760.7 12.161.8 0.01
MCP-1 3.160.1 21.360.9 ,0.001
KC 7.060.4 13.860.4 ,0.001
MMP-9 2.460.1 8.260.4 0.008
PAI-1 7.060.4 40.961.5 0.008

Real-time RT-PCR analysis normalized for 18S rRNA
expression; n54 in each group. RPTECs, renal proximal
tubule epithelial cells.
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mitochondria are involved in mediating the adverse extra-
renal effects of AKI (25). Danger-associated molecular pat-
terns are released into the cytosol by injured mitochondria,
thence into the circulation through the injured plasma
membrane, and eventually conveyed to distant organs.
This novel concept likely also applies to HP-AKI in view of
the prominent mitochondrial injury in HP-AKI.
Prior studies of renal tubular function and morphology

in HP-AKI demonstrate that the proximal tubule is severely
injured, whereas aspects of distal tubular function (acidifi-
cation and potassium secretion) are intact, but others are
impaired (concentrating and diluting ability) (48). Examin-
ing distal nephron mitochondrial function and structure is
of interest, and such studies are planned.
In conclusion, we demonstrate marked and early distur-

bances in mitochondrial dynamics as evidenced by exag-
geration of pathways involved with mitochondrial fission
in conjunction with impairment of pathways involved with
mitochondrial biogenesis and fusion; ultrastructural
derangements in mitochondria; and reduced NAD1 and
ATP content. Heme-exposed cells in vitro recapitulate two
of these cardinal features: decreased and increased expres-
sion of PGC-1a and p-DRP1, respectively. The examination
of the effects of NAD1-boosting strategies and mitoprotec-
tive agents in HP-AKI is the basis for future investigations
in HP-AKI.
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