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Apoptosis-inducing factor (AIF) is a mitochondrial flavo-
protein with dual roles in redox signaling and pro-
grammed cell death. Deficiency in AIF is known to
result in defective oxidative phosphorylation (OXPHOS),
via loss of complex I activity and assembly in other
tissues. Because the kidney relies on OXPHOS for
metabolic homeostasis, we hypothesized that a de-
crease in AIF would result in chronic kidney disease
(CKD). Here, we report that partial knockdown of Aif in
mice recapitulates many features of CKD, in association
with a compensatory increase in the mitochondrial ATP
pool via a shift toward mitochondrial fusion, excess
mitochondrial reactive oxygen species production, and
Nox4 upregulation. However, despite a 50% lower AIF

protein content in the kidney cortex, there was no loss
of complex I activity or assembly. When diabetes was
superimposed onto Aif knockdown, there were exten-
sive changes in mitochondrial function and networking,
which augmented the renal lesion. Studies in patients
with diabetic nephropathy showed a decrease in AIF
within the renal tubular compartment and lower AIFM1
renal cortical gene expression, which correlated with
declining glomerular filtration rate. Lentiviral overex-
pression of Aif1m rescued glucose-induced disruption
of mitochondrial respiration in human primary proximal
tubule cells. These studies demonstrate that AIF defi-
ciency is a risk factor for the development of diabetic
kidney disease.
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Normal kidney function is energetically demanding, and the
proximal tubule of the kidney generates vast quantities of
ATP via oxidative phosphorylation (OXPHOS) to facilitate
active reabsorption of macromolecules such as glucose and
lactate, which would otherwise be lost into the urine (1).
There is increasing evidence to indicate that the disruption
of mitochondrial bioenergetics, which leads to altered
capacity for ATP production, may contribute to the de-
velopment and progression of chronic kidney disease
(CKD) (2,3). This includes in the setting of diabetic ne-
phropathy (DN) (4–10), but the specific molecular mech-
anisms linking mitochondrial dysfunction to CKD remain
to be elucidated.

The mitochondrial flavoprotein apoptosis-inducing
factor (AIF) was initially discovered as the first caspase-
independent cell death effector mediating chromatin
condensation and DNA fragmentation (11). However,
AIF can promote cell survival independently from its
role as a cell death effector, via NADH oxidoreductase
and redox activity (12). Previous studies have shown
that the Harlequin (Hq; Aifm1Hq/Y) mouse, which has
a loss of AIF protein of up to 80% relative to wild-type
(WT) mice (13), has a decrease in complex I activity in a
variety of organs (14,15), which is reminiscent of hu-
man complex I mitochondrial deficiency syndromes.
Other studies (15) have also linked AIF to the stabili-
zation, assembly, and activity of complex I. Given the
role for AIF in the regulation of OXPHOS in other
tissues, and the vast quantities of ATP required to
maintain metabolic homeostasis in the kidney, we hy-
pothesized the following: 1) that AIF may be important
for normal kidney function, 2) that decreasing AIF
would impair kidney function and alter structure, and
3) that restoring AIF would ameliorate bioenergetic de-
fects. Here, we show that 1) renal AIF protein and gene
expression are significantly decreased in human DN, in
proportion to the impairment of renal function (by es-
timated glomerular filtration rate [eGFR]); 2) Aifm1Hq/Y

mice, which have a 50% reduction in AIF within the
kidney, exhibit hallmarks of CKD, including protein-
uria, glomerulosclerosis, tubulointerstitial fibrosis, and
hyperfiltration, in parallel with altered mitochondrial
dynamics and bioenergetics; 3) induction of experimen-
tal diabetes in Aifm1Hq/Y mice resulted in more severe
kidney disease than in WT diabetic mice; and 4) over-
expression of AIF in primary proximal tubule epithelial
cells (PTECs) restored OXPHOS capacity following a
high glucose insult. These studies indicate a role for
AIF in the development of human renal pathologies
such as CKD.

RESEARCH DESIGN AND METHODS

Mouse Model
All animal experiments were performed in accordance
with guidelines from the Alfred Medical Research and
Education Precinct Animal Ethics Committee and the
National Health and Medical Research Council of

Australia. Four-week-old male mice hemizygous for the
Hq mutation (F1 generation) in the Aifm1 gene, which
encodes for AIF and their littermate controls (WT) were
purchased from The Jackson Laboratory (Bar Harbor,
ME) (B6CBACaAw-J/A-Aifm1Hq/J; http://jaxmice.jax.org/
strain/000501.html). Mice were housed in a temperature-
controlled environment, with a 12-h light/dark cycle and
access to chow (Specialty Feeds, Perth, WA, Australia) and
water ad libitum. Diabetes was induced in 6-week-old mice
(n = 15 mice/group, WT D or Hq D) by five daily intraper-
itoneal injections of low-dose streptozotocin (55 mg/kg;
Sigma-Aldrich, St. Louis, MO) as previously described
(16). At 10 weeks after the induction of diabetes, mice
were placed individually into metabolic cages (Iffa Credo,
L’Arbresele, France) for 24 h. Blood glucose levels were
measured using a glucometer (Accutrend; Boehringer
Manheim Biochemica, Manheim, Germany). Glycated he-
moglobin (GHb) was determined using a Cobas Integra
400 Autoanalyzer (Roche Diagnostics Corporation). After
10 weeks, animals were euthanized, and the kidneys were
rapidly dissected, weighed, and snap frozen or placed in
10% neutral buffered formalin (v/v) for fixation before
paraffin embedding. In a subset of mice (n = 5 per group),
mitochondria were isolated from fresh renal cortices, as
described later. Renal cortices from three mice per group
were processed for transmission electron microscopy, as
described below.

Renal Function and Morphometry
Urinary and plasma creatinine concentrations were
measured by high-performance liquid chromatography
(16). Mouse-specific ELISAs were used to measure uri-
nary albumin excretion (Bethyl Laboratories, Montgom-
ery, TX), urinary kidney injury molecule-1 (KIM-1)
(USCN Life Sciences, Wuhan, China), plasma cystatin
C (BioVendor, Mordice, Czech Republic), and urinary neutro-
phil gelatinase–associated lipocalin (NGAL) (R&D Systems,
Minneapolis, MN) as per the manufacturer specifications.
Glomerulosclerotic index (GSI) was assessed in periodic
acid Schiff (PAS)–stained sections, as previously described
(17). Tubulointerstitial area was evaluated in PAS-stained
sections by point counting, as previously described (16).
Immunohistochemistry for collagen IV was performed in
paraffin-embedded kidney sections using a goat polyclonal
collagen IV antibody as previously described (Southern
Biotech, Birmingham, AL) (18).

Electron Microscopy and Analysis of Mitochondrial
Morphology
Immediately following exsanguination, renal cortices
were fixed in 2.5% glutaraldehyde in 0.1 mol/L sodium
cacodylate buffer, and tissue was processed for standard
transmission electron microscopy using postfixation
in 1% OsO4 and embedding in EPON resin. Ultrathin
sections were cut and stained with lead citrate and
uranyl acetate, and were imaged on a Hitachi H-7500
Transmission Electron Microscope equipped with a Gatan
MultiScan 791 charged-coupled device camera. Up to 10
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images of PTECs per kidney section were randomly col-
lected for each mouse at 315,000 magnification. Mito-
chondrial length and width of all mitochondria within
a given image (from five to six images per mouse) were
measured using ImageJ, and the aspect ratio was calcu-
lated (length/width) and expressed as the mean aspect
ratio per group. In addition, the number of mito-
chondria within each field per section was evaluated
and expressed as the mean mitochondrial number per
group.

Mitochondrial Isolation
Mitochondria from fresh mouse kidneys were isolated
from 100 mg of renal cortex by differential centrifuga-
tion, as previously described (2).

ATP Content
Mitochondrial ATP was measured using a Molecular Probes
bioluminescence ATP determination kit (Life Technolo-
gies, Melbourne, VIC, Australia), as described previously
(19,20) with the following modifications. A 10-point
standard curve was prepared, ranging from 50,000 to
125 nmol/L.

Oxygen Consumption Rate
The oxygen consumption rate (OCR) in isolated mito-
chondria from the renal cortex of WT and Hq mice
was measured using a Clarke electrode, as described
elsewhere (21). OCRs in isolated mitochondria from
WT diabetic, Hq, and Hq diabetic mice were measured
using an Oxygraph-2k high-resolution respirometer
(Oroboros Instruments, Innsbruck, Austria) (22). Units
were calculated as oxygen consumption in nanograms
of atoms of oxygen per minute per milligram of pro-
tein, and data were normalized to the percent of WT
control.

Mitochondrial Superoxide Production
Superoxide generation in freshly isolated mitochondria
was measured using a Molecular Probes MitoSOX Red
probe (Thermo Fisher Scientific, Eugene, OR), and fluo-
rescence was measured by flow cytometry as previously
described (2).

Superoxide Dismutase Activity
The activity of superoxide dismutase in isolated mitochon-
dria was assayed using an assay kit of Cayman Chemical
Company (Ann Arbor, MI) according to the instructions of
the manufacturer.

Complex I Activity and Citrate Synthase Activity
Respiratory chain complex I and citrate synthase activ-
ity were assayed by standard spectrophotometric methods
in renal cortical supernatants as previously described
(2).

3-Nitrotyrosine ELISA
3-Nitrotyrosine (3-NT) was measured in mitochondrial
isolates (neat) using the BIOXYTECH Nitrotyrosine
EIA kit (OxisResearch, Portland, OR), as specified by the
manufacturer.

Western Immunoblotting
Renal cortices were homogenized using a Bullet Blender
24 (Next Advance, Averill Park, NY) at 4°C, with 1.00- and
2.00-mm beads at speed 8 for 4 min in radioimmunopre-
cipitation assay extraction buffer (10 mmol/L Tris-HCl,
pH 8.0; 150 mmol/L NaCl; 1% NP-40; 1% sodium deoxy-
cholate; 0.1% SDS), containing Protease Inhibitor Cock-
tail (Roche, Castle Hill, NSW, Australia) and Phosphatase
Inhibitor Cocktail 2 (Sigma-Aldrich [Pty] Ltd., Sydney,
NSW, Australia). The supernatant was obtained following
centrifugation (15,000g, for 15 min) at 4°C, and protein
content was determined using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Melbourne, VIC,
Australia). Immunoblotting was performed using the
following primary antibodies: mouse monoclonal anti-
AIF (Clone E-1) antibody (1:1,000; Santa Cruz Bio-
technology, Santa Cruz, CA), b-actin (AC-15; 1:10,000)
and cyclooxygenase IV (COX IV; 1:10,000) antibodies
(Abcam, Melbourne, VIC, Australia), mouse monoclonal
anti–optic atrophy 1 (OPA1) and dynamin-related protein
1 (Drp-1) antibodies (1:1,000; BD Transduction Laboratories,
North Ryde, NSW, Australia), rabbit anti–mitofusin
(MFN)-1 (Abcam), and rabbit anti-MFN2 (Cell Signaling
Technology).

Blue Native PAGE
Mitochondria (40 mg protein), obtained as described in
the above section, were solubilized in 50 mL 1% (w/v)
digitonin (Calbiochem) or 1% (w/v) Triton X-100 (Sigma-
Aldrich) in 50 mmol/L NaCl; 20 mmol/L Bis-Tris, pH 7.0;
and 10% (w/v) glycerol, and subjected to a 4–10% gradient
blue native PAGE (23).

Quantitative RT-PCR
RNA was isolated from kidney cortex (20–30 mg) or hu-
man primary PTECs using TRIzol Reagent (Life Technol-
ogies) as previously described. DNA-free RNA was reverse
transcribed into cDNA using the SuperScript First Strand
Synthesis System according to the manufacturer specifi-
cations (Life Technologies BRL, Grand Island, NY). Real-
time PCR was performed using either TaqMan assays or
SYBR green PCR mix (primer concentration of 500 nmol/L;
Applied Biosystems, Mulgrave, VIC, Australia) using a
7500 Fast Real-time PCR System (Applied Biosystems),
and normalized relative to the 18S ribosomal RNA. For
TaqMan reactions, the relative fold difference in expres-
sion was calculated using the comparative 2-DDCt method.
Primers and probes were designed with Primer Express
2.0 software (Applied Biosystems). The nucleotide se-
quences for primers and probes examined are shown in
Supplementary Table 1.

Human PTEC Culture
Human primary PTECs obtained from American Type
Culture Collection (ATCC) (Manassas, VA) were main-
tained in Renal Epithelial Cell Basal Medium (ATCC)
supplemented with the Renal Epithelial Cell Growth Kit
(ATCC). PTECs, at 80% confluency, were exposed to normal
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glucose (5 mmol/L D-glucose), high glucose (25 mmol/L
D-glucose), or osmotic control (5 mmol/L D-glucose and
20 mmol/L mannitol) for 48 h, after which RNA was
extracted and Aifm1 (encoding AIF) expression was mea-
sured by quantitative PCR (qPCR). In subsequent cell
culture experiments, AIF was overexpressed in human pri-
mary PTECs using lentiviral vectors as described below.

Construction and Generation of Lentiviral Vectors
The mouse AIF vector (cFugw-AIF-GFP) was a gift from
Drs. Ted and Valina Dawson from The Johns Hopkins
University School of Medicine (Baltimore, MD); it was
prepared (24) and lentiviral particles were generated as
described previously (25).

Lentiviral Infection of PTECs and Cellular Oxygen
Consumption
The cellular bioenergetics profile of primary human PTECs
was assessed using the Seahorse XF24 Flux Analyzer
(Seahorse Bioscience, North Billerica, MA) (26). Human
primary PTECs were seeded into 24-well XF24 cell culture
microplates (Seahorse Bioscience) at 50,000 cells/well. Six
hours later, cells were infected with lentivirus expressing
AIF at a multiplicity of infection of 20 for 18 h with the
addition of 5 mg/mL polybrene, and then were left to
recover for 24 h in renal epithelial cell basal medium.
Cells were washed and incubated at 37°C in DMEM con-
taining either 5 mmol/L glucose, 1 mmol/L pyruvate, and
1 mmol/L glutamate or 25 mmol/L glucose, 1 mmol/L
pyruvate, and 1 mmol/L glutamate, pH 7.4, for 2 h. Three
basal OCR measurements were performed, and these were
then repeated following sequential exposure to the ATP
synthase inhibitor oligomycin (1 mmol/L), the proton ion-
ophore FCCP (1 mmol/L), and the complex III inhibitor
antimycin A (1 mmol/L). Calculations of the respiratory
parameters of mitochondrial function were then com-
pleted (27). At the end of the assay, the number of cells
was determined in each well using the CyQuant Cell Pro-
liferation Assay kit (Molecular Probes) according to the
instructions of the manufacturer.

AIF Immunohistochemistry of Human Renal
Biopsy Material
The study was approved by the Human Research Ethics
Committee at Austin Health and was conducted according
to the principles of the Declaration of Helsinki. AIF
immunohistochemistry was performed on clinically in-
dicated renal biopsy samples collected from patients with
DN (type 1 diabetes, n = 2, or type 2 diabetes, n = 13) and
in age-matched (66 6 7 vs. 68 6 2 years, respectively)
healthy kidney tissue sections obtained from nephrec-
tomy for renal carcinoma or from donor kidneys (n = 6)
before transplantation. The sections were incubated over-
night in primary antibody (1:250; mouse anti-human AIF,
catalog #sc-13116; Santa Cruz Biotechnology). The sec-
tions were then sequentially exposed to biotinylated horse
anti-mouse IgG (Vector Laboratories, Burlingame, CA) fol-
lowed by ABC Elite (Vector Laboratories), and then were

visualized by 3,3-diaminobenzidine. Total cortical AIF was
quantitated by computer-aided densitometry (Optimus
6.5; Media Cybernetics, Silver Springs, MD), as described
previously (18). Fraction positivity for AIF in at least 40
randomly selected tubule cross sections per renal biopsy
specimen was quantified using NIS-Elements imaging
software (Nikon Instruments Inc.).

AIFM1 Gene Expression in Human Renal
Biopsy Material
RNA was extracted from formalin-fixed, paraffin-embedded
tissue specimens from 43 kidney biopsies performed in
patients with diagnosed DN and from 16 kidneys from
normal donors, and quantitative RT-PCR was performed
as previously described (28) for AIFM1 gene expression
(Assay ID Hs.58.38539266; Integrated DNA Technologies,
Coralville, IA). The primer and probe nucleotide sequences
are shown in Supplementary Table 1. This assay detects
all variants of AIFM1.

Statistics
All statistical computations were performed using Prism
version 6.0 for Mac OSX (GraphPad Software, San Diego,
CA). Values for experimental groups are given as the
mean, with bars showing the SEM, unless otherwise
stated. A Student t test was used to compare means be-
tween two groups. If data were nonparametric, a Mann-
Whitney test was used. One-way ANOVA with Tukey
post-test was used to determine statistical significance
for three or more groups, where nonparametric data
were logarithmically transformed before analysis. In some
instances, two-way ANOVA with Bonferroni post hoc
testing was used. Pearson coefficients were calculated for
associations between variables. A P value of ,0.05 was
considered to be statistically significant.

RESULTS

AIF Is Expressed in Human Kidneys and Is Decreased
in CKD
AIF was localized to renal cortical tubules both in kidneys
from patients with CKD (DN) (Fig. 1A, arrows) (DN1–
DN3) and in healthy kidney tissue sections (Fig. 1A)
(ND1–ND3). The clinical characteristics of these individ-
uals are shown in Supplementary Table 2. There was a
fourfold decrease in renal cortical AIF protein content in
renal biopsy samples from patients with CKD (n = 15
individuals with DN) when compared with samples from
control subject kidneys (n = 6 individuals) (Fig. 1B) (P ,
0.001). AIF protein content of the tubular compartment
(per tubule cross section) was decreased by 50% (Fig. 1C)
(P , 0.002), which was positively associated with declin-
ing eGFR (Fig. 1D).

To further confirm a decrease in AIF in the diabetic
kidney, AIFM1 mRNA expression was determined in a
separate cohort of normal donor control kidneys (n =
16) and in renal biopsy samples from patients with DN
(n = 43) by qPCR. Renal cortical expression of AIFM1 was
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decreased in individuals with DN, compared with healthy
donors (Fig. 1E) (P , 0.01), and also positively correlated
with eGFR (Fig. 1F).

Knockdown of AIF Phenocopies CKD
To determine whether decreases in AIF could be a primary
cause of CKD, we studied the Aifm1Hq/Y mouse, which
harbors a retroviral insertion in the Aifm1 gene encoding

AIF, resulting in partial knockdown of AIF (13). At week
18 of life, both Aifm1 gene expression (Fig. 1G) and ma-
ture and truncated forms of the AIF protein (Fig. 1H)
were significantly decreased in the kidney cortices of
Aifm1Hq/Y mice when compared with those of control
mice. Partial knockdown of AIF in Aifm1Hq/Y mice led to
a decrease in body weight and renal hypertrophy, but did
not change fasting blood glucose or GHb concentrations

Figure 1—AIF is present in the human kidney and is decreased in patients with CKD. A: AIF was localized predominantly to the renal
tubules in human renal biopsy samples obtained from individuals without diabetes (top panels, nondiabetic [ND1, ND2, ND3]) and from
patients with diabetes and DN (DN1, DN2, DN3; bottom panels: left, type 2 diabetes; middle and right, type 1 diabetes). Original magni-
fication 3200. Scale bar = 50 mm. Arrows indicate tubular AIF staining. B: Quantitation of AIF protein expression (percent cortical area) in
patients with diabetes (n = 15) compared with individuals with normal glucose tolerance (n = 6), P = 0.0001. The box represents the
interquartile range, whiskers represent range, and median is shown by the cross bar. C: Quantitation of AIF protein in renal tubules (per
tubule cross section) in patients with diabetes (n = 15) compared with individuals with normal glucose tolerance (n = 6), P = 0.0019. D:
Correlation between AIF (per tubule cross section) and eGFR, r 2 = 0.28, P = 0.042, n = 15 (data shown comprise n = 2 control subjects and
n = 14 patients with diabetes). E: AIFM1mRNA expression by qPCR in renal cortex obtained from patients with DN (n = 43) and nondiabetic
control subjects (n = 16), P = 0.005. F: Correlation between AIFM1 gene expression and eGFR, r 2 = 0.46, P < 0.001, n = 38 (data comprise
patients with DN only). G: Aifm1 expression (encoding for AIF) in kidneys from Hq mice (n = 15) compared with WT control mice (n = 13). H:
Representative immunoblots demonstrating mature (62 kDa) and truncated AIF (tAIF; 57 kDa) protein with b-actin loading control in kidney
cortical homogenates from WT and Aifm1Hq/Y (Hq) mice.
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(Table 1). Aifm1Hq/Y mice had increased urinary albumin
excretion rates (AERs) (Fig. 2A) as well as renal structural
damage, including glomerulosclerosis (Fig. 2B and C) and
collagen IV deposition (Fig. 2D and F). In concert with
glomerular lesions, there was expansion of the tubuloin-
terstitial compartment, including collagen IV deposition (Fig.
2E and F), increased tubulointerstitial area (Fig. 2G), and
shedding of the ectodomain of the epithelial cell adhe-
sion molecule KIM-1 into the urine (Fig. 2H), which is
consistent with proximal tubular injury (29,30). Knock-
down of AIF in the absence of diabetes also resulted in
hyperfiltration, as indicated by an increase in creatinine
clearance (Fig. 2I), and a decrease in plasma cystatin C
(Fig. 2J) (31). Finally, urinary excretion of NGAL (32),
which is indicative of tubular damage, was increased
with AIF knockdown (Fig. 2K).

Mitochondrial Bioenergetics Are Altered With
AIF Knockdown, Independent of Changes in
Complex I Activity or Assembly
In Aifm1Hq/Y mice, a disturbance in bioenergetics was ev-
ident, including a marked increase in mitochondrial ATP
content (Supplementary Fig. 1A). In parallel experiments,
renal mitochondrial respiration was determined using
OCR in the presence of the complex I substrates gluta-
mate and malate (Supplementary Fig. 1B). Complex
I–driven basal and ADP-stimulated (state III) OCR were
not different between control and Aifm1Hq/Y mice. How-
ever, state IV and uncoupled dinitrophenol complex
I–driven OCR were increased in renal mitochondria from
Aifm1Hq/Y mice (Supplementary Fig. 1B). Mitochondrial
respiration in the presence of the complex II substrate
succinate and rotenone (to inhibit complex I and thus
reverse electron transport) was not different between con-
trol and Aifm1Hq/Y mice (Supplementary Fig. 1C).

Complex I–driven mitochondrial superoxide produc-
tion (Supplementary Fig. 1D) was increased in the face
of compensatory increases in the activity of manganese
superoxide dismutase (Supplementary Fig. 1E) in mito-
chondria from Aifm1Hq/Y mouse kidneys. The expression
of NADPH oxidase isoform-4 (Nox4), a key source of kid-
ney reactive oxygen species, including from mitochondria
(33), was also elevated in the renal cortex (Supplementary
Fig. 1F). Despite a 50% lower AIF protein content in the
kidney, renal mitochondrial complex I activity was not
different in Aifm1Hq/Y mice at week 10 (Supplementary

Fig. 1G). Blue native PAGE on renal mitochondrial ex-
tracts, using 1% digitonin solubilization to examine re-
spiratory chain supercomplexes, revealed no differences
in complex I supercomplex assembly among groups
(Supplementary Fig. 1H). Further, 1% Triton X-100 dis-
sociation of supercomplexes into smaller complexes and
holo-complexes (34) also showed no differences among
groups (Supplementary Fig. 1I). There were also no
changes in supercomplex assembly of complexes III,
IV, or V (data not shown).

AIF Knockdown Induces Mitochondrial Fusion Events
Transmission electron microscopy showed mitochondria
of a mixed population in PTECs (Fig. 3A, left), that is,
fragmented, intermediate, and elongated. However, mito-
chondria in PTECs of Aifm1Hq/Y mice appeared more elon-
gated (Fig. 3A, right). This elongation was confirmed by
the assessment of mitochondrial length, which was sig-
nificantly increased in Aifm1Hq/Y compared with WT mice
(Fig. 3B). The aspect ratio of mitochondria, which takes
into account both length and width, was also increased
in Aifm1Hq/Y mice (Fig. 3C). PTECs of Aifm1Hq/Y mice
also had fewer mitochondria per field than WT mice
(Fig. 3D).

Western immunoblotting of the protein guanosine
triphosphatase OPA1 demonstrated that long isoforms
1 and 2 (L1 and L2) and three short isoforms (S1, S2, and
S3) (35) were detected in kidneys of WT and Aifm1Hq/Y

mice (Fig. 3E). While there was no change in the abun-
dance of fusion-associated L1 and L2, all three short iso-
forms of OPA1, which relate to fission events, were
decreased in the renal cortices of nondiabetic Aifm1Hq/Y

mice compared with WT mice (Fig. 3E, right). MFN1
and MFN2, which regulate outer mitochondrial mem-
brane fusion (36), were increased in the renal cortex of
Aifm1Hq/Y mice (Fig. 3F). When taken together, these
changes show a shift toward mitochondrial fusion in
renal mitochondria with AIF deficiency. Gene expres-
sion of Ppargc1a (Fig. 3G) and Tfam (Fig. 3H) was not
changed, suggesting that mitochondrial biogenesis is
not altered by AIF knockdown.

Superimposition of Diabetes on Aifm1 Knockdown
Worsens Kidney Damage by Extensive Changes in
Mitochondrial Networking
DN is a leading cause of end-stage renal disease, and
alterations in mitochondrial bioenergetics and dynamics

Table 1—Phenotypic and biochemical characteristics of mice

WT Hq WT diabetic Hq diabetic

BW (g) 35 6 4 23 6 3* 25 6 2* 22 6 2*

Kidney weight/BW (31022) 1.1 6 0.1 1.7 6 0.6* 1.9 6 0.3* 1.7 6 0*†

FBG (mmol/L) 10.4 6 3.1 11.2 6 5.2 28.5 6 8.2* 24.2 6 7.2*†

GHb (%) 3.9 6 0.1 3.8 6 0.1 7.9 6 1.0 8.0 6 0.5

Data are reported as the mean 6 SEM. Male mice (n = 20/group) were studied from week 8 to week 18 of life. *P , 0.05 vs. WT mice.
†P , 0.05 vs. WT diabetic mice. BW, body weight; FBG, fasting blood glucose; Hq, Aifm1Hq/y.
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in the kidney in experimental diabetes have been
documented (4,37,38). Hence, we superimposed diabetes
onto AIF knockdown in mice to determine whether the
renal phenotype could be worsened. In kidneys from
diabetic WT mice, the truncated isoform of AIF was
decreased compared with kidneys from WT mice (Sup-
plementary Fig. 2B and C), whereas both the mature and
truncated isoforms were decreased in Aifm1Hq/Y diabetic
mice (Supplementary Fig. 2A–C). As expected, diabetic
WT mice developed renal injury, and this was similar
to that seen in the nondiabetic Aifm1Hq/Y mice. With
diabetes, urinary AERs were increased, and this was ex-
acerbated in diabetic Aifm1Hq/Y mice (Fig. 4A). In the
kidney, there was glomerulosclerosis (Fig. 4B), deposi-
tion of glomerular (Fig. 4C) and tubular collagen IV
(Fig. 4D), and urinary excretion of KIM-1 (Fig. 4E),
which were further increased in diabetic Aifm1Hq/Y

mice. By contrast, expression of the extracellular matrix
protein fibronectin (Fn1) was elevated by both AIF de-
ficiency and diabetes, and this was not augmented in
diabetic Aifm1Hq/Y mice (Fig. 4F). Diabetic Aifm1Hq/Y

mice had a further decrease in plasma cystatin C when
compared with both WT diabetic and nondiabetic

Aifm1Hq/Y mice (Fig. 4G), indicating renal hyperfiltration.
Creatinine clearance was increased by the same degree in
all groups when compared with WT mice (Fig. 4H).

Diabetic mice had decreased mitochondrial ATP con-
tent in the kidney cortex, which was further exacerbated
by AIF knockdown (Fig. 4I). Mitochondrial superoxide
production (Fig. 4J) was not changed by diabetes in WT
or Aifm1Hq/Y mice. However, there was evidence of elec-
tron flux to peroxynitrite in the diabetic setting, demon-
strated by increased mitochondrial 3-NT content, which
was further increased in diabetic Aifm1Hq/Y mice (Fig. 4K).
Renal cortical Nox4 expression was also elevated in diabetic
Aifm1Hq/Y mice compared with other groups (Fig. 4L).

By imaging with an electron microscope, it was seen
that mice with diabetes had an increase in mitochondrial
fragmentation within PTECs compared with WT control
mice (Fig. 5A). This change was verified by a decrease in
the aspect ratio (length/width) of mitochondria (Fig. 5B).
Diabetic Aifm1Hq/Y mice showed a greater number of frag-
mented mitochondria in their renal cortices, as supported
by a decrease in the aspect ratio (Fig. 5A and B). This was
accompanied by an increase in recruitment of the guano-
sine triphosphatase Drp-1 to mitochondria (Fig. 5C and

Figure 2—Knockdown of AIF recapitulates nephropathy. Urinary AER (A), GSI (B), photomicrographs of PAS-stained renal cortex (original
magnification 3400, scale bar = 25 mm) (C), quantitation of collagen IV deposition within glomeruli (D), quantitation of collagen IV deposition
within the tubulointerstitial compartment (E), photomicrographs of collagen IV deposition by immunohistochemistry (original magnification3200,
scale bar = 50 mm) (F), tubulointerstitial area (TIA) (G), urinary excretion of KIM-1 (H), creatinine clearance (CrCl) (I), and plasma cystatin C level (J).
K: Urinary excretion of NGAL. Data are reported as the mean 6 SEM, n = 5–15 mice/group. Aifm1Hq/Y, Hq.
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D), suggesting increased mitochondrial fission in kidneys
taken from the diabetic Aifm1Hq/Y group. While the level
of mitochondrial fusion protein MFN1 was not changed
in diabetic kidneys (Fig. 5E and F), that of MFN2 was
increased (Fig. 5E and G) and OPA1 expression was un-
changed (Fig. 5H).

Supporting an increase in fission, diabetes increased
the expression of renal mitochondrial fission factor (Fig. 5I),
which facilitates the recruitment of Drp-1 to the mitochon-
drial surface (39), in Aifm1Hq/Y mice. Ppargc1a expression

was also elevated by diabetes (Fig. 5J), but there was a
corresponding decrease in Tfam expression (Fig. 5K).

Gain of Function in AIF Restores OXPHOS in Human
Primary PTECs After Exposure to High Glucose
High-glucose treatment in PTECs decreased AIF gene
expression, which was not seen with the osmotic control
(5 mmol/L D-glucose and 20 mmol/L mannitol) (Fig. 6A).
Next, we performed lentiviral overexpression of AIF in
primary PTECs using the delivery vector cFugw-AIF (Fig.

Figure 3—AIF knockdown mediates mitochondrial fusion events. A: Electron micrographs of renal PTECs showing mitochondrial mor-
phology in WT (left) and Hq (right) mice. BM, basement membrane. Original magnification 315,000. Scale bar = 1 mm. B: Mitochondrial
length measured using ImageJ. Data are reported as the mean6 SEM, n = 5–6 images/mouse (with up to 115 mitochondria scored in each
image), n = 3 mice/group. C: Mitochondrial aspect ratio (length/width). Data are mean 6 SEM, n = 5–6 images/mouse (with up to 115
mitochondria scored in each image), n = 3 mice/group. D: Mitochondrial number per field. Data are the mean 6 SEM, n = 5–6 images/
mouse, n = 3 mice/group. E, Left: Representative Western blot (gradient gel) of OPA1 in showing the five isoforms: long isoforms 1 and 2
(L1 and L2) and short isoforms 1–3 (S1, S2, and S3) (spanning 80–100 kDa). COX IV loading control (bottom). Right: Quantitation of OPA1
Western blot, n = 8 mice/group. F, Left: Representative Western blot of MFN1 and MFN with b-actin loading controls beneath. Right:
Quantitation of MFN1 and MFN2 Western blots relative to b-actin, n = 6–8 mice/group. qPCR analysis of genes involved in mitochondrial
biogenesis: Ppargc1a (G) and Tfam (H) in renal cortex of WT mice and Aifm1Hq/Y (Hq) mice. n = 14 mice/group.
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Figure 4—Diabetes superimposition on Aifm1 knockdown worsens renal pathology. Diabetes was induced in WT and Aifm1Hq/Y (Hq) mice
by streptozotocin. Urinary AER (A), GSI (B), quantitation of glomerular collagen IV (C), quantitation of tubulointerstitial collagen IV (D), urinary
excretion of KIM-1 (E ), Fn1 mRNA expression (F ), plasma cystatin C (G), creatinine clearance (CrCl) (H), and renal mitochondrial ATP
content (I). J: Representative histogram of mitochondrial superoxide production using the Mitosox Red probe (5 mmol/L) with detection by
flow cytometry: WT control mice (gray solid line), Aifm1Hq/Y (Hq) control mice (gray dotted line), WT diabetic mice (green solid line), and
Aifm1Hq/Y (Hq) diabetic mice (green dotted line). Inset: Quantification of the flow cytometry data (n = 5 mice/group). FL, fluorescence; MFI,
mean fluorescence intensity. K: Mitochondrial 3-NT. L: Nox4 mRNA expression in renal cortex. *P < 0.05 compared with WT control, #P <
0.05 compared with Hq control. Data are reported as the mean 6 SEM, n = 5–15 mice/group.
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Figure 5—Diabetes superimposition on Aifm1 knockdown remodels the mitochondrial network. A: Electron micrographs of renal PTECs
showing mitochondrial morphology in WT control (left), WT diabetic (middle), and Aifm1Hq/Y (Hq) diabetic (right) mice. Red dots indicate
fragmented mitochondria. BM, basement membrane. Top row: Original magnification 315,000; scale bar = 1 mm. Bottom row is the area
bounded by the white boxes in the top row enlarged. B: Mitochondrial aspect ratio (length/width). The gray bar represents control mice, and
the green bars represent mice with diabetes (D). Data are reported as the mean 6 SEM, n = 5–6 images/mouse (with up to 143
mitochondria scored in each image), n = 3 mice/group. C: Quantitation of Western blot of Drp-1 in mitochondrial isolates, n = 4 mice/
group. COX IV was used as a loading control. D: Representative Western blot of Drp-1 (80 kDa) in mitochondria with COX IV loading control,
n = 4 mice/group. E: Representative Western blots of MFN1 and MFN2 with corresponding b-actin loading controls beneath. F: Quanti-
tation of MFN1 Western blot relative to b-actin, n = 6–8 mice/group. G: Quantitation of MFN2 Western blots relative to b-actin, n = 6–8
mice/group. qPCR analysis of genes involved in mitochondrial fusion, fission, and biogenesis Opa1 (H); mitochondrial fission factor (Mff) (I);
Ppargc1a (J); and Tfam renal cortex (K). n = 9–15 mice/group. *P < 0.05 compared with WT control mice, #P < 0.01 compared with
diabetic mice.
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6B). Metabolic profiling using a Seahorse XF24 Bioanalyzer
showed that high glucose induced a decrease in OCR max-
imal respiratory capacity (Fig. 6C) and ATP turnover (Fig.
6D), which was rescued by the overexpression of AIF.

DISCUSSION

The current studies have demonstrated that partial
knockdown of AIF leads to renal injury, including
glomerular and tubulointerstitial damage and hyperfiltra-
tion. This phenotype was associated with changes in
mitochondrial dynamics and bioenergetics, including
excess mitochondrial superoxide production, a markedly
increased ATP pool, and an increase in mitochondrial
fusion. There was, however, no loss of complex I activity
or assembly despite a 50% lower AIF protein expression in
the kidney. When diabetes was superimposed on AIF
deficiency, the changes in mitochondrial networking were
more extensive, with mitochondrial fragmentation and de-
pletion of the renal ATP pool, which augmented both the
structural and functional abnormalities seen in the kidney.
Furthermore, significant depletion of AIF protein within
tubules and a decrease in AIFM1 gene expression were evi-
dent in renal biopsy samples taken from patients with DN
compared with healthy control subjects. Finally, lentiviral
overexpression of AIF rescued glucose-induced disruption of
cellular respiration in human primary proximal tubule cells.
Taken together, these studies suggest that AIF deficiency
leading to mitochondrial dysfunction is a risk factor for DN.

In these studies, AIF deficiency in the absence of
diabetes led to kidney injury, which resembled early DN,
including aberrant mitochondrial bioenergetics and dy-
namics in the kidney. Within the renal cortices from
Aifm1Hq/Y mice, with AIF deficiency, ATP content was
increased, indicating that a partial loss of AIF may drive
a compensatory change in mitochondrial dynamics, with
an increase in fusion. This is consistent with previous
studies showing that fusion events increase ATP gener-
ation (40,41). A physical interaction between OPA1 and
AIF has also been described, although it is unclear
whether this occurs to facilitate mitochondrial fusion
events (42). Our data show that AIF knockdown de-
creased the specific isoforms of OPA1, which is respon-
sible for mitochondrial fission (35), but increased other
mitochondrial fusion proteins, MFN1 and MFN2 (36), in
kidneys from nondiabetic Aifm1Hq/Y mice. Given the in-
crease in mitochondrial length, aspect ratio, and a de-
crease in mitochondrial number, there was an increase in
mitochondrial fusion within the renal tubules of nondi-
abetic Aifm1Hq/Y mice, which was associated with an in-
crease in ATP content. We would therefore suggest that
this compensatory increase in ATP as a result of fusion
events is present early in renal injury but that, as dis-
ease progresses, ATP concentrations cannot be sustained
at sufficient levels, leading to further renal injury and
cell death. Intriguingly, however, mitochondrial fusion,

Figure 6—AIF overexpression restores OXPHOS in human primary
PTECs. A: Primary human PTECs were exposed to 5 mmol/L
D-glucose (normal glucose [NG]), 25 mmol/L D-glucose (high glu-
cose [HG]), or 5 mmol/L D-glucose plus 20 mmol/L mannitol (osmotic
control [OC]) for 48 h, and AIF mRNA expression was measured by
qPCR; n = 3 replicates/group and two independent cell culture
experiments. *P < 0.05 compared with NG-treated cells. #P <
0.05 compared with HG-treated cells. B: Western blot showing
efficiency of lentiviral overexpression of AIF. EV, empty vector.
cFugw-AIF, AIF lentivirus. C and D: Human primary PTECs were
exposed to NG or HG with or without overexpression of AIF by
lentiviral infection. Cellular respiration (OCR) was measured using
a Seahorse XF24 Bioanalyzer to determine maximal respiratory
capacity (C) and ATP turnover/20,000 cells (D). n = 6 replicates/
group with two independent cell culture experiments. Max, maxi-
mum. *P < 0.05 compared with NG-treated cells. #P < 0.05
compared with HG-treated cells.
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leading to increased renal ATP content at week 16, did
not prevent the early renal functional and structural in-
jury observed in the nondiabetic Aifm1Hq/Y mice. This
suggests that rather than being compensatory, the early
increase in ATP may represent a defect in ATP use at this
time, setting the stage for further renal injury. This con-
cept should be investigated in future studies.

There is evidence to indicate that AIF is important in
the maintenance of mitochondrial structure (43). Cheung
et al. (43) found that neurons with severely depleted AIF
have reduced viability, abnormally dilated mitochondrial
cristae, and mitochondrial fragmentation. In the current
study, a worsening of renal injury with diabetes was seen
in mice with AIF deficiency, in association with fragmen-
tation of mitochondria within the tubular compartment.
This was also supported by increased recruitment of the
fission protein Drp-1 to renal mitochondria taken from
Aifm1Hq/Y mice with diabetes. Previous studies have dem-
onstrated that fragmentation of mitochondria within the
kidney is linked to both acute (44) and chronic (37,45,46)
renal injury and that it is likely that this is the reason for
the inability of the diabetic Aifm1Hq/Y mice to maintain
an adequate renal ATP pool. In agreement with this, we
showed that interruption of OXPHOS in human PTECs
by high glucose levels was prevented by the restoration
of AIF protein, which also rescued ATP turnover.

There have been several previous reports (15) suggesting
that AIF plays a role in the assembly of complex I of the
mitochondrial electron transport chain. However, the effects
may be tissue specific, since previous studies have observed a
variable impact of AIF mutations on complex I activity (15,47),
including the finding that decreasing AIF did not change com-
plex I assembly, supercomplex formation, or activity. However,
recently, a study (48) of two related patients with loss-of-
function mutations in AIFM1, which affected both redox and
DNA-binding properties of the AIF protein, showed no evi-
dence of complex I deficiency in mitochondria taken from
their skin fibroblasts or skeletal muscle biopsy samples.

AIF is encoded as a 67-kDa protein that contains a
mitochondrial localization signal. Upon import into the
mitochondria, the mitochondrial localization signal is
removed, generating the mature 62-kDa protein, which
is N-terminally anchored to the inner mitochondrial
membrane (49). The mature form comprises a flavin ade-
nine dinucleotide–binding domain and an NADH-binding
domain, which are thought to confer electron transfer
activity (12), as well as a COOH-terminal domain (50).
A truncated isoform of the protein (57 kDa) is also gen-
erated in the intermembrane space after proteolytic pro-
cessing, which is thought to be mediated by m-calpain,
a cysteine protease (50). This isoform also contains the
flavin adenine dinucleotide–binding domain, NADH-
binding domain, and a COOH-terminal domain and, as
such, likely retains oxidoreductase activity. Aifm1Hq/Y mice
also had concomitant decreases in mature AIF and the gene
expression of Aifm1, and had worse kidney disease than
their WT littermates. In our human samples, obtained

from individuals with diabetes who had advanced DN, we
also showed that both total AIF protein and expression of the
AIF gene were decreased in kidney cortices. Hence, we have
postulated that decreased gene expression leading to a de-
crease in both isoforms of AIF results in more advanced
kidney disease. However, it is also evident that a decline in
truncated AIF alone, as seen in the WT diabetic mice, can also
impair kidney function and cause structural damage to the
kidney. This warrants further investigation in future studies.

Taken together, these studies demonstrate that a
deficiency in AIF results in changes in mitochondrial
function, networking, and reactive oxygen species pro-
duction, which could precipitate renal disease. In the
presence of diabetes, a switch from mitochondrial fusion
to fission, impaired OXPHOS, and a depleted mitochon-
drial ATP pool lead to more advanced renal injury. These
studies support a novel role for the AIF protein in the
maintenance of kidney function via the control of mito-
chondrial homeostasis and ATP generation. Future studies
should focus on upstream regulators leading to AIF de-
pletion in the kidney during diabetes, which could ultimately
lead to new therapeutic targets relevant to DN.
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