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Increased oxidative stress in glomerular endothelial cells
(GEnCs) contributes to early diabetic kidney disease
(DKD). While mitochondrial respiratory complex IV activ-
ity is reduced in DKD, it remains unclear whether it is a
driver or a consequence of oxidative stress in GEnCs.
Synthesis of cytochrome C oxidase 2 (SCO2), a key met-
allochaperone in the electron transport chain, is critical
to the biogenesis and assembly of subunits required for
functional respiratory complex IV activity. Here, we
investigated the effects of Sco2 hypomorphs (Sco2KO/KI,
Sco2KI/KI), with a functional loss of SCO2, in the progres-
sion of DKD by using a model of type 2 diabetes, db/db
mice. Diabetic Sco2KO/KI and Sco2KI/KI hypomorphs
exhibited a reduction in complex IV activity but an
improvement in albuminuria, serum creatinine, and his-
tomorphometric evidence of early DKD compared with
db/db mice. Single-nucleus RNA sequencing using gene
set enrichment analysis of differentially expressed genes
in the endothelial cluster of Sco2KO/KI;db/db mice dem-
onstrated an increase in genes involved in VEGF-VEGFR2
signaling and reduced oxidative stress compared with
db/db mice. These data suggest that reduced complex
IV activity as a result of a loss of functional SCO2 might
be protective in GEnCs in early DKD.

Diabetic kidney disease (DKD) is the leading cause of end-
stage renal disease worldwide, developing in �40% of
patients with diabetes (1). In the early stages, DKD is

characterized by glomerular hyperfiltration and micro-
albuminuria, which eventually progresses to glomerular
dysfunction, a rise in albuminuria, and kidney dysfunction
in the later stages (1). While glomerular endothelial cell
(GEnC) injury, mesangial expansion, and podocyte loss
remain hallmark features in DKD, GEnC injury is an early
inciting feature that contributes to glomerular hyperfiltra-
tion and microalbuminuria (2). Previous studies demon-
strated that GEnC dysfunction in early DKD is
characterized by an increase in oxidative stress resulting
from an imbalance in accumulation and production of
reactive oxygen species (ROS), leading to changes in vaso-
reactivity, coagulation, and inflammation (3). This increase
in oxidative stress has also been identified to be more
prominent in GEnCs compared with that in podocytes in
DKD (4). Furthermore, cross talk between injured GEnCs
and podocytes potentiates podocyte loss while exacerbat-
ing GEnC injury in DKD, leading to glomerular injury and
albuminuria (2,5).

Several studies demonstrated the association between
mitochondrial dysfunction in glomeruli and DKD progres-
sion, with reduced respiratory complex IV activity along the
electron transport chain and an increase in ROS (6,7). Under
homeostatic conditions, basal levels of ROS are regulated by
antioxidant enzymes, such as superoxide dismutases (SODs)
and peroxiredoxins, and low-molecular-weight scavengers,
such as cytochrome c, with ROS acting as important second
messengers in cellular signaling (6,8). However, excess ROS

1Division of Nephrology, Department of Medicine, Stony Brook University, Stony
Brook, NY
2Department of Pathology, University of Utah, Salt Lake City, UT
3Division of Nephrology, Department of Medicine, Icahn School of Medicine at
Mount Sinai, New York, NY
4Department of Pharmacological Sciences, Stony Brook University, Stony Brook,
NY
5Renal Section, Northport VA Medical Center, Northport, NY
Corresponding author: Sandeep K. Mallipattu, sandeep.mallipattu@
stonybrookmedicine.edu

Received 17 April 2021 and accepted 18 October 2021

This article contains supplementary material online at https://doi.org/10.2337/
figshare.16828219.

N.A.G. and A.R.L. contributed equally to this work.

© 2021 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

P
A
T
H
O
P
H
Y
S
IO

L
O
G
Y

142 Diabetes Volume 71, January 2022

D
ow

nloaded from
 http://ada.silverchair.com

/diabetes/article-pdf/71/1/142/636590/db210316.pdf by guest on 17 April 2024

mailto:sandeep.mallipattu@stonybrookmedicine.edu
mailto:sandeep.mallipattu@stonybrookmedicine.edu
https://doi.org/10.2337/figshare.16828219
https://doi.org/10.2337/figshare.16828219
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db21-0316&domain=pdf&date_stamp=2021-12-10


from overproduction of ROS or a loss of antioxidants is del-
eterious to mitochondria, leading to mtDNA damage and
impaired oxidative phosphorylation (6,9). All respiratory
complexes are involved in oxidative phosphorylation, with
complex IV being the terminal enzyme in the electron trans-
port chain that catalyzes the reduction of molecular oxygen
by transferring electrons from reduced cytochrome c (10).

As the name suggests, synthesis of cytochrome c oxidase
(SCO2) is critical to the biogenesis and assembly of subunits
required for functional respiratory complex IV, also known
as cytochrome c oxidase (COX). SCO2 is one of eight pro-
teins required for the insertion of copper into complex IV
(11) and serves as a metallochaperone to transport copper
to the copper A site of complex IV as well as a redox sensor
under cell stress (10). Furthermore, mutations in the SCO2
gene in humans contribute to devastating mitochondrial
diseases, such as fatal infantile cardioencephalomyopathy,
because of reduced respiratory complex IV activity (12). The
most frequently reported SCO2 mutation is a point muta-
tion at the E140 residue, resulting in a switch from glu-
tamic acid to lysine residue. Mice with knockin (KI) for the
homologous human E140 residue exhibit dysfunctional
COX assembly with reduced COX activity in the brain,
heart, liver, and muscle tissues compared with wild-type
mice (13). The addition of exogenous SCO2 cDNA to cancer
cells results in a six-fold increase in cellular ROS levels and
induction of apoptosis through activation of the apoptosis
signal-regulating kinase 1 (ASK1) pathway, whereas silenc-
ing of SCO2 leads to a four-fold decrease in cellular ROS in
MCF-7 and KB cells (14). Specifically, cell stress induces
p53-mediated transcriptional upregulation of SCO2 and
leads to increased ROS production and activation of the
apoptotic pathway (14). Furthermore, in the absence of
p53, reduction in SCO2 contributes to a metabolic switch
from oxidative phosphorylation to glycolysis for the genera-
tion of ATP (i.e., Warburg effect) in cancer cells (15,16).
Conversely, the loss of SCO2 in HCT116 cells shows a
reduction in cell respiration that affects intracellular oxygen
and redox homeostasis, leading to an increase in ROS pro-
duction and oxidative DNA damage (17). These data sug-
gest a cell context–dependent role of SCO2 loss and ROS
production.

SCO2 is critical to the biogenesis and activity of COX,
but an increase in COX activity might exacerbate ROS pro-
duction during the early phases of DKD, as observed in the
liver under early diabetic conditions (18). While several
studies reported the increase in glomerular ROS generation
under diabetic conditions (3,19,20), it remains unclear
whether this is driven by an increase in COX activity in the
early stages compared with reduction in activity during the
later stages of DKD (21). In addition, the effects of inhibit-
ing complex IV activity on ROS generation and glomerular
injury by impairing SCO2 function in early DKD remain
unclear. Here, we demonstrate that the loss of complex IV
activity in mice expressing Sco2 hypomorph alleles reduces

GEnC ROS production and attenuates albuminuria and glo-
merular injury in a murine model of early DKD.

RESEARCH DESIGN AND METHODS

Animal Models and Genotyping of Sco2 Knockout/KI,
Sco2KI/KI, and db/db Mice
Sco2KI/KI and Sco2 knockout/KI (Sco2KO/KI) mice were a gift
from the laboratory of Eric Schon (Columbia University,
New York, NY), and mice were generated as previously
reported (13). To generate Sco2 hypomorph mice under
diabetic conditions, Sco2KI/KI and Sco2KO/KI mice were bred
with C57BL/6 Lepr db/1 mice to generate Sco2KO/KI db/1
and Sco2KI/KI db/1 mice. The db/1 mice were subse-
quently bred with the respective genotypes to generate
Sco2KO/KI;db/db and Sco2KI/KI;db/db mice. Mice with two
wild-type alleles for the Sco2 gene, Sco2KO/KI and Sco2KI/KI,
served as respective controls to mice homologous for the
leptin receptor mutation (db/db), Sco2KO/KI;db/db and
Sco2KI/KI;db/db mice. Male mice at 24 weeks of age were
used for the studies. Genotyping by tail biopsy and PCR
were performed at 2 weeks of age (Supplementary Table
1) (13). The db/db mice were genotyped using the protocol
and primer information from The Jackson Laboratory.

Isolation of Glomeruli From Mice
Mouse glomeruli were isolated as previously described
(22). Briefly, mice were perfused with PBS containing 2.5
mg/mL iron oxide and 0.1% BSA. At the end of perfusion,
kidneys were removed, decapsulated, minced into 1-mm3

pieces, and digested in PBS containing 1 mg/mL collage-
nase A and 100 units/mL DNase I at 37�C. Digested tissue
was subsequently passed through a 100-mm cell strainer
and collected by centrifugation. The pellet was resus-
pended in 1 mL of PBS, and glomeruli were collected using
a magnet. The purity of glomeruli was verified under
microscopy.

Measurement of Urine Albumin
The animals were housed in single-mouse metabolic cages
(Tecniplast) with free access to food and water for 24-h
urine collection. Urine albumin concentration was mea-
sured by ELISA kit (Bethyl Laboratories). Twenty-four-
hour urine albumin excretion was calculated by multiply-
ing total volume of urine collected and urine albumin
concentration.

Measurement of Serum Creatinine Levels
Serum creatinine levels were measured by isotope dilution
liquid chromatography-tandem mass spectrometry at the
University of Alabama at the Birmingham O’Brien Core
Center.

Measurement of Glomerular Filtration Rate
Glomerular filtration rate (GFR) in mice was determined
using the clearance of FITC-sinistrin as previously
described (23). Briefly, a transdermal GFR monitor was
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attached to the shaved back of anesthetized mice, and a
baseline reading was obtained for 5 min before retro-
orbital injection with a 1.5 mg/20 g dose of 40 mg/mL
FITC-sinistrin. After the injection, the mice recovered
from anesthesia in a single cage, and the GFR monitor
was removed after 2 h of recording. The recorded data
were analyzed using MB Lab and MB STUDIO software
(MediBeacon, Mannheim, Germany). GFR was calculated
from the decrease of fluorescence intensity over time (i.e.,
plasma half-life of FITC-sinistrin) using a three-compart-
ment model, mice body weight, and an empirical conver-
sion factor.

Blood Pressure Monitoring
Blood pressure was measured noninvasively using the
BP-2000 Blood Pressure Analysis System. Mice were
initially subjected to an acclimation period of eight cycles
before blood pressure assessment. Subsequently, systolic
and diastolic blood pressure were measured in each
mouse for 10 continuous cycles on 3 consecutive days
and expressed as an average as previously described (24).

Cell Culture
Conditionally immortalized mouse GEnCs were derived as
previously reported (25). These cells were maintained in
RPMI medium with L-glutamine (Invitrogen) containing
10% FBS and 1% penicillin/streptomycin at 33�C with 10
units/mL of interferon-g in a humidified incubator (5%
CO2).

shRNA-Mediated Sco2 Knockdown
Lentivirus Sco2 knockdown in mouse GEnCs was per-
formed using the expression arrest psi-LVRU6GP lentiviral
shRNA system (GeneCopoeia, Rockville, MD) as previously
described (26). Lentiviral particles were produced by trans-
fecting 293T cells with a combination of lentiviral expres-
sion plasmid DNA, pCD/NL-BHDDD packaging plasmid,
and VSV-G–encoding pLTR-G plasmid. For cell infection,
viral supernatant was supplemented with 8 mL/mL poly-
brene and incubated with cells for a 24-h period. Cells
expressing shRNA for Sco2 (Sco2-shRNA, MSH089823-
LVRU6GP-f, GCAACTACCGCGTATACTACATCAAGAGTG-
TAGTATACGCGGTAGTTGC) were selected with puromy-
cin for 2–3 weeks before use in all studies. EV-shRNA
served as empty vector control. GFP expression and real-
time PCR analysis were performed to confirm Sco2
knockdown.

Real-Time PCR
Total RNA was isolated from glomeruli or kidney cortex of
mice using the RNeasy Kit (QIAGEN) and from cells using
TRIzol. First-strand cDNA was prepared from total RNA
using the SuperScript III First-Strand Synthesis Kit (Life
Technologies), and cDNA was amplified using SYBR
GreenER qPCR Supermix on QuantStudio 3 (Applied Bio-
systems). Primers for mouse Sco2, vascular endothelial

growth factor receptor 2 (Vegfr2), Kr€uppel-like factor 2
(Klf2), vascular cell adhesion molecule 1 (Vcam1), intercel-
lular adhesion molecule 1 (Icam1), cluster of differentiation
31 (Cd31), EH domain containing 3 (Ehd3), Wilms’ tumor
1 (Wt1), and podocin were designed using National Center
for Biotechnology Information Primer-BLAST and validated
for efficiency before application (Supplementary Table 2).
LightCycler software was used to determine crossing points
by the second derivative method. Data were normalized to
the housekeeping gene (b-actin) and presented as fold
increase compared with RNA isolated from the control
group using the 2�DDCT method.

Histopathology and Morphometric Studies by
Bright-Field Light Microscopy
Mice were perfused with PBS, and kidneys were fixed in
10% phosphate-buffered formalin overnight and switched
to 70% ethanol before processing for histology. Kidney
tissue was embedded in paraffin by the histology core
facility at Stony Brook University and 4-mm-thick sections
were stained with periodic acid-Schiff (PAS) (Sigma-
Aldrich) and hematoxylin and eosin (H & E). Liver and
heart tissue were fixed and embedded, and 4-mm-thick
sections were stained with H and E.

Mesangial expansion, glomerular volume, and average
capillary loop area were quantified as previously described
(27). In brief, images were scanned, and profile areas were
traced using ImageJ. Mean glomerular tuft volume (GV)
was determined from mean glomerular cross-sectional
area (GA) by light microscopy. GA calculation was based
on the average area of 20 glomeruli in each group, and
GV calculation was based on the following equation:

GV5
b

k
� GAð3=2Þ,

where b 5 1.38, the shape coefficient of spheres (ideal-
ized shape of glomeruli), and k 5 1.1, the size distribu-
tion coefficient.

Mesangial expansion was defined as a PAS-positive and
nuclei-free area in the mesangium. Quantification of
mesangial expansion was based on 20 glomeruli cut at the
vascular pole in each group.

Average capillary loop area of a glomerulus was deter-
mined by dividing its PAS-negative area by the number of
capillary loops. Quantification of average capillary loop
area was based on 20 glomeruli cut at the vascular pole in
each group.

Quantification of podocyte number per glomerular area
was determined using WT1-stained podocytes. Immuno-
staining for WT1 was initially performed using mouse
anti-WT1 (SC-7385; Santa Cruz). Counting of podocytes
using WT11 Hoechst1 cells and measurement of glomer-
ular area was performed using ImageJ, and data were
reported as WT11 Hoechst1 cells per glomerular area.
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Immunofluorescence and Immunohistochemistry
All kidney sections from mice were prepared in identical
fashion. Immunofluorescence was performed using mouse
anti-WT1 (SC-7385; Santa Cruz), rabbit anti-SCO2
(ab115877; Abcam), mouse anti–8-oxoguanine (8-oxoG)
(sc130914; Santa Cruz), rabbit anti–translocase of outer
mitochondrial membrane 20 (TOMM20) (ab78547; Abcam),
and mouse anti–mitochondrially encoded cytochrome c oxi-
dase II (mt-CO2) (ab110258; Abcam). After washing, sec-
tions were incubated with a fluorophore-linked secondary
antibody (Alexa Fluor 647 donkey anti-mouse, Alexa Fluor
488 goat anti-rabbit, Alexa Fluor 568 donkey anti-rabbit;
Life Technologies). After counterstaining with Hoechst
(Thermo Fisher Scientific), Ulex europaeus agglutinin I (UEA
I), rhodamine (Vector Laboratories), and isolectin (Vector
Laboratories), slides were mounted in ProLong Gold Anti-
fade Mountant (Thermo Fisher Scientific) and photographed
under a Nikon Eclipse 90i microscope with a digital camera.
Quantification of 8-oxoG expression in the glomerulus was
determined by measuring the percent area stained in the
glomerulus in 20 high-power field (20×) digitized images.
For measuring non-glomerular 8-oxoG staining, the image
was converted into a binary image, and after subtracting the
glomerular area, percent area of 8-oxoG staining in the non-
glomerular area per high-power field was quantified using
ImageJ. For staining of SCO2, de-identified human kidney
biopsy specimens from the Stony Brook University Depart-
ment of Medicine and University of Utah were categorized
into early-stage (<30%) and late-stage (>30%) chronic
tubulointerstitial fibrosis by a renal pathologist (M.P.R.).
Control kidney biopsy specimens were acquired from the
unaffected pole of kidneys that were removed because of
renal cell carcinoma. The percentage of glomeruli stained
positive for SCO2 was quantified using ImageJ, glomeruli
were traced, and positive staining was quantified in the
traced area. Quantification of mt-CO2, TOMM20, and SCO2
in the GEnCs was done using ImageJ, the glomeruli were
traced, and the threshold was set to trace the isolectin or
UEA I staining followed by overlaying the mt-CO2,
TOMM20, or SCO2 staining on the previously traced isolec-
tin or UEA I image.

Immunohistochemistry for COX activity was per-
formed as previously described (24). Mouse kidney
cryosections were allowed to dry at room temperature
for 1 h. For COX staining, an incubating solution (750
mg of sucrose in 7.5 mL of deionized H2O, 2.5 mL of
0.2 mol/L phosphate buffer, 5 mg of 3,3'diaminobenzi-
dine, 10 mg of cytochrome c, and 20 mg of bovine cat-
alase) was freshly prepared. Slides were incubated at
37�C for 40 min with the incubating solution and sub-
sequently washed twice with 0.1 mol/L PBS. Quantifi-
cation of the COX staining in the glomeruli and
kidney cortex was done using ImageJ. In brief, for glo-
merular COX staining, the glomeruli were traced and
percent area of COX staining in the glomeruli quanti-
fied. For measuring nonglomerular COX activity, the
image was converted into a binary image, and after

subtracting the glomerular area, percent area of COX
staining in the nonglomerular area per high-power
field was quantified.

Histopathology by Transmission Electron Microscopy
Mice were perfused with PBS and then immediately fixed
in 2.5% glutaraldehyde for transmission electron micros-
copy (TEM). Kidney tissue was embedded, and ultrathin
sections were mounted on a copper grid and photo-
graphed under a Hitachi H7650 microscope. Briefly, nega-
tives were digitized, and images with a final magnification
of approximately ×6,800, ×13,000, and ×23,000 were
obtained. Swollen segments of endothelial cytoplasmic
rim in which fenestrae were not discernible was
identified as glomerular endothelial swelling, as previously
described (28). Dysmorphic mitochondria were defined as
mitochondria with a focal loss of visible cristae, clustering
of residual cristae at the peripheral mitochondrial mem-
brane, and fragmented (<2 mm in length).

The quantification of podocyte effacement was per-
formed as previously described (24). In brief, ImageJ was
used to measure the length of the peripheral glomerular
basement membrane (GBM), and the number of slit pores
overlying this GBM length was counted. Quantification of
GBM thickness was performed using ImageJ, as previ-
ously described (24). The measurements were from podo-
cyte to endothelial cell membrane at random sites where
GBM was displayed in the best cross section.

Single-Nucleus Isolation, Sequencing, Data
Processing, and Analysis
Nuclei were isolated from the mouse kidney cortex on the
basis of a previously described protocol (29). In brief, mice
were perfused with PBS, and kidney cortex was stored in
RNAlater solution at �80�C. A 2-mm3 section of tissue was
rinsed briefly with PBS and minced before adding 1 mL of
lysis buffer containing 20 mmol/L Tris HCl (pH 8),
320 mmol/L sucrose, 5 mmol/L CaCl2, 3 mmol/L MgAc2,
0.1 mmol/L EDTA, 0.1% Triton X-100, 0.1% RNase inhibi-
tor, and 0.1% DAPI. The tissue was initially dissociated by
pipetting up and down 10 times with a P1000 tip and then
passed through a 25G syringe 10 times. The tissue was
incubated on ice for 10 min and then passed through a 30-
mm CellTrics filter. Nuclei were pelleted by centrifugation
(500g for 5 min at 4�C) and washed with PBS after removal
of supernatant. Nuclei were pelleted again and resuspended
in 1 mL of PBS containing 0.04% BSA and RNase inhibitor
(0.2 units/mL) and then passed through a 40-mm Flowmi
filter before generating counts with a hemocytometer.
Nuclei were then diluted and prepared for single-nucleus
RNA sequencing (snRNA-seq) with the 10x Chromium Sys-
tem according to the manufacturer’s instructions (10x
Genomics). Sequencing was performed using a NovaSeqS4
platform.

Raw sequencing data were demultiplexed and aligned to a
mouse pre-mRNA reference genome using Cell Ranger on
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SeaWulf, the High Performance Computing Cluster at Stony
Brook University. Quality control, dimensionality reduction,
and clustering were performed using the R software package
Seurat (30). Genes expressed in a minimum of three cells
were retained. Cells expressing <200 or >8,000 genes were
excluded. Cells expressing >5% mitochondrial genes were
also excluded.

Blue Native PAGE
Mitochondria isolated from perfused kidney were quanti-
fied using Bradford assay, and 35 mg of mitochondrial
extracts were solubilized with 2% dodecyl maltoside. After
incubation on ice for 10 min, mitochondrial extracts were
centrifuged at 17,000g for 20 min at 4�C, and the super-
natant was loaded on a 3–12% gradient blue native PAGE
(Invitrogen) to identify the amount of mitochondrial
complexes (31).

Statistical Analysis
All statistical analyses were performed using GraphPad
Prism 9.0, and P < 0.05 was considered statistically signif-
icant. To compare continuous data between two groups
and among more than two groups, Student t test and two-
way ANOVA with Tukey posttest were used, respectively.
Nonparametric statistical tests were performed using the
Mann-Whitney test to compare continuous data between
two groups and Kruskal-Wallis test with Dunn posttest to
compare continuous data among more than two groups.
The exact test used for each experiment is denoted in the
figure legends, and data are expressed as mean ± SEM. All
experiments were repeated a minimum of three times,
and representative experiments are shown.

Study Approval
All animal studies conducted were approved by the Stony
Brook University Institutional Animal Care and Use Com-
mittee. The National Institutes of Health Guide for the
Care and Use of Laboratory Animals was followed strictly.
The Stony Brook University Institutional Review Board
approved the use of archived de-identified human biopsy
specimens for immunostaining.

Data and Resource Availability
Raw data from snRNA-seq have been deposited in the Gene
Expression Omnibus (under accession no. GSE171722).
Reviewer access is available using the token utifiymihfevlmh.
R code and the Seurat RDS data object are available through
https://github.com/MallipattuLab/MallipattuLab-Diabetes-
SCO2-Manuscript.

RESULTS

SCO2 Expression in Human DKD
To assess the role of SCO2 in human DKD, we interro-
gated a previously reported expression microarray data
set using Nephroseq to compare human kidney biopsy
specimens from DKD and healthy donor nephrectomies

(32). DKD biopsy specimens were grouped on the basis of
estimated GFR (eGFR) to represent early- and late-stage
DKD (eGFR >60 and <60 mL/min/1.73 m2, respectively).
SCO2 expression was significantly increased in microdis-
sected glomeruli in both stages of DKD compared with
healthy donor nephrectomy specimens, with no signifi-
cant changes in tubulointerstitial SCO2 expression (Fig.
1A and B). Immunostaining for SCO2 in healthy donor
nephrectomy specimens as well as in kidney biopsy speci-
mens from early-stage (<30% fibrosis) and late-stage
patients with DKD (>30% fibrosis) confirmed a signifi-
cant increase in glomerular SCO2 expression in early- and
late-stage DKD compared with healthy donor specimens,
with no significant changes in the non-glomerular fraction
(Fig. 1C–E). Since GEnC injury is a hallmark feature of
early DKD (2,4,33), we immunostained for SCO2 with
endothelial-specific lectin (UEA I) to demonstrate that
this increase was specific to GEnCs, which was higher in
early-stage than in late-stage DKD (Fig. 1C and F). These
data suggest that SCO2 in GEnCs is increased in early
stages of DKD, which is sustained in the later stages of
DKD.

Loss of Functional SCO2 Attenuates Early DKD
To ascertain the role of SCO2 in DKD, we initially used
mice with a point mutation at residue 129 in the func-
tional domain of mouse Sco2, which is analogous to
human disease mutation at residue 140, resulting in a
switch from glutamic acid to lysine (E129K) (13). Since
mice with homozygous KO of Sco2 are embryonically
lethal (13), we used heterozygous Sco2KO/KI and homozy-
gous (E129K) Sco2KI/KI mice. These mice have been previ-
ously reported to exhibit reduced COX activity with
dysfunctional complex IV assembly in other tissues (13).
In the kidney, we demonstrate that Sco2 expression, COX
activity, and complex IV assembly are significantly
reduced in Sco2KO/KI and Sco2KI/KI mice compared with
wild-type mice (Supplementary Fig. 1A–C). However,
these Sco2 hypomorphs (Sco2KO/KI and Sco2KI/KI) were via-
ble and fertile, with no significant increase in albuminuria
or histological evidence of kidney injury at 24 weeks of
age (Supplementary Fig. 1D and E).

Leprdb (db/db) mouse is a widely used representative
model of type 2 diabetes as a result of leptin receptor
mutation (34). Since these db/db mice have been previ-
ously reported to exhibit GEnC injury with histological
features consistent with early DKD (35,36), we sought to
interrogate the role of Sco2 hypomorphs in this murine
model of early DKD. Sco2KO/KI and Sco2KI/KI mice were
bred with db/1 mice to generate Sco2KO/KI;db/db and
Sco2KI/KI;db/db by the second filial generation. All diabetic
mice (db/db, Sco2KO/KI;db/db, and Sco2KI/KI;db/db) exhib-
ited a significant increase in blood glucose and body
weight compared with the nondiabetic mice (wild type,
Sco2KO/KI, and Sco2KI/KI) (Table 1). We also observed that
all diabetic mice exhibited a significant increase in kidney
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Figure 1—Increased glomerular SCO2 expression in human kidney biopsy specimens with DKD. A and B: To examine the SCO2 expres-
sion, we used previously reported gene expression arrays from Ju et al. (32) collected from microdissected glomerular and tubulointersti-
tial fractions of kidney biopsy specimens with DKD grouped into eGFR >60 and <60 mL/min/1.73 m2 and healthy living donor biopsy
specimens with eGFR >90 mL/min/1.73 m2. C: Immunostaining for SCO2, UEA 1, and DAPI in human kidney biopsy specimens from
healthy donor nephrectomies as controls and from patients with DKD grouped into <30% and >30% fibrosis; representative images are
shown (n5 5 patients/group). Dashed white line shows the glomerular region. Scale bars5 50 mm. D–F: Glomerular, non-glomerular, and
glomerular endothelial SCO2 expression was quantified using ImageJ (10 glomeruli/sample; n5 5 samples/group). *P < 0.05, **P < 0.01,
***P< 0.001, ****P< 0.0001 by Kruskal-Wallis test with Dunn posttest.

Table 1—Blood pressure, blood glucose, and kidney, heart, liver, and body weight measurements
Wild type Sco2KO/KI Sco2KI/KI db/db Sco2KO/KI;db/db Sco2KI/KI;db/db

Blood glucose (mg/dL) 111 ± 21 107 ± 15 126 ± 20 377 ± 134** 319 ± 64** 333 ± 93**

Body weight (g) 31.2 ± 1.8 32.6 ± 2.8 33.6 ± 5.6 57.6 ± 5.1* 62.7 ± 7.6*** 64.8 ± 4.5***

Kidney weight (g) 0.20 ± 0.02 0.19 ± 0.01 0.20 ± 0.03 0.29 ± 0.07* 0.26 ± 0.02** 0.28 ± 0.02***

Heart weight (g) 0.20 ± 0.02 0.19 ± 0.04 0.19 ± 0.07 0.20 ± 0.03 0.19 ± 0.03 0.18 ± 0.03

Liver weight (g) 1.5 ± 0.14 1.5 ± 0.14 1.5 ± 0.2 4.1 ± 1.5* 3.8 ± 0.9* 4.3 ± 1.1**

Blood pressure (mmHg)
Systolic 111 ± 15 112 ± 15 109 ± 8 107 ± 23 105 ± 10 110 ± 12
Diastolic 57 ± 13 57 ± 14 59 ± 12 44 ± 27 53 ± 11 47 ± 5

Data are mean ± SD. n 5 4–6 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the corresponding genotype by
Kruskal-Wallis test.
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weight compared with the nondiabetic mice. Since Sco2 is
expressed in other cell types (37) and db/db mice are
known to exhibit hepatosteatosis (38,39), we measured
liver weight. While liver weight was increased in all dia-
betic mice compared with nondiabetic mice, no significant
changes were noted among the db/db, Sco2KO/KI;db/db,
and Sco2KI/KI;db/db mice. We observed mild changes in
liver and heart histology at baseline (Supplementary
Fig. 1E), and Sco2KO/KI mice have been previously shown
to develop liver hepatosteatosis with aging (40). No
changes were observed in heart weight or blood pressure
across the groups (Table 1).

While the db/db mice exhibited an increase in albumin-
uria compared with the wild-type mice, this increase was
abrogated in the Sco2KO/KI;db/db and Sco2KI/KI;db/db mice

(Fig. 2A). Although hyperfiltration is a feature of early
DKD, serum creatinine was not decreased in db/db mice,
despite the increase in albuminuria compared with wild-
type mice, indicating a progression in DKD (Fig. 2B).
However, both the Sco2KO/KI;db/db and the Sco2KI/KI;db/db
mice exhibited a significant decrease in serum creatinine
with a corresponding increase in GFR compared with the
db/db mice, suggesting that the loss of functional Sco2
contributes to continued hyperfiltration under diabetic con-
ditions (Fig. 2B and C). We also observed that Sco2KO/KI;
db/db and Sco2KI/KI;db/db mice exhibited an increase in
overall survival compared with db/db mice (Fig. 2D). Subse-
quent staining with PAS and H & E showed an increase in
mesangial expansion and glomerular volume in all diabetic
mice compared with their respective controls (Fig. 3A–C).
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Figure 2—Diabetic Sco2 hypomorph (Sco2KO/KI;db/db, Sco2KI/KI;db/db) mice exhibit reduced albuminuria and serum creatinine and
improved GFR and overall survival compared with db/db mice. A: Urine albumin was measured using 24-h urine collected in metabolic
cages at 24 weeks of age in all six groups. B: Serum creatinine was measured at 24 weeks of age. Data are mean ± SEM (n 5 4–6 mice/
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However, the Sco2KO/KI;db/db and Sco2KI/KI;db/db mice
exhibited less mesangial expansion and glomerular hyper-
trophy than the db/db mice (Fig. 3A–C). Interestingly, there
was a significant increase in glomerular capillary dilation in
the Sco2KO/KI;db/db and Sco2KI/KI;db/db mice compared with
the db/db mice and their respective controls (Fig. 3A and
D), which was further confirmed upon blinded review by
the renal pathologist (M.P.R.). We also immunostained for
WT1, a podocyte-specific marker, to assess podocyte loss
between the groups. While all diabetic mice had fewer
podocytes per glomerular area than nondiabetic mice, we
observed an improvement in podocyte number in Sco2KO/
KI;db/db and Sco2KI/KI;db/db mice compared with db/db
mice (Fig. 3E). Interestingly, nondiabetic Sco2KO/KI and
Sco2KI/KI mice had a slight reduction in podocyte number
compared with wild-type mice (Fig. 3E). Furthermore, we
investigated the ultrastructural changes using TEM and
found that the db/db mice had an increase in GBM

thickness and foot process effacement compared with wild-
type mice, which was mitigated in the Sco2KO/KI;db/db and
Sco2KI/KI;db/db mice (Fig. 4A and Supplementary Fig. 2). In
addition, db/db mice exhibited endothelial swelling, with a
significant loss of endothelial fenestrations compared with
the Sco2KO/KI;db/db and Sco2KI/KI;db/db mice (Fig. 4A).
While we observed more dysmorphic mitochondria in
GEnCs in the Sco2KO/KI and Sco2KI/KI mice than in the
wild-type mice, these changes were attenuated in Sco2KO/KI;
db/db and Sco2KI/KI;db/db mice compared with db/db mice
(Fig. 4A).

To assess whether these changes in GEnCs were medi-
ated by changes in endothelial markers involved in angio-
genesis, cell adhesion, and inflammation and are known to
be dysregulated in DKD (36,41), we measured the mRNA
expression of Vegfr2, Klf2, Icam1, and Vcam1 in isolated
glomeruli from all groups. We observed a significant
increase in Vegfr2 and Klf2 (anti-inflammatory, pro-
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Figure 3—Diabetic Sco2 hypomorph (Sco2KO/KI;db/db, Sco2KI/KI;db/db) mice exhibit less glomerular injury compared with db/db mice.
A: Representative images of paraffin-embedded sections stained with PAS (magnification ×10 and ×20) and H & E (magnification ×20) are
shown to demonstrate mesangial expansion, glomerular volume, and tubulointerstitial changes in each group. Scale bars 5 50 mm. B–E:
Quantification of mesangial expansion, glomerular volume, capillary dilation, and podocyte number (defined as the number of WT11 cells
per glomerular area) (20 glomeruli/mouse, n 5 4–6 mice/group). *P < 0.05, **P < 0.01, ***P < 0.001 by Kruskal-Wallis test with Dunn
posttest; #P< 0.01 by Mann-Whitney U test.
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angiogenesis) and a decrease in Icam1 and Vcam1 (cell
adhesion, pro-inflammatory) in Sco2KO/KI;db/db and
Sco2KI/KI;db/db mice compared with db/db mice (Fig. 4B–E).
Collectively, these data suggest that the loss of functional
SCO2 attenuated GEnC injury and progression of DKD,
with an improvement in functional and histological
markers of glomerular injury consistent with early DKD.

Loss of Functional SCO2 Attenuates Oxidative Stress
in GEnCs Under Diabetic Conditions
While we observed no significant changes in kidney injury
between the Sco2 hypomorphs and wild-type mice at base-
line, the loss of functional SCO2 significantly increased
the glomerular capillary dilation and attenuated the loss
of endothelial fenestrations and podocyte injury under
diabetic conditions (Figs. 3D and 4A). To assess the cellu-
lar pathways that might mediate the renoprotective
effects of SCO2 loss in early DKD at the single-cell level,
we initially performed snRNA-seq on kidney cortex from

wild-type, Sco2KO/KI, db/db, and Sco2KO/KI;db/db mice. Our
rationale for choosing snRNA-seq instead of single-cell
RNA sequencing was based on studies in the kidney (42).
Using the 10x Genomics platform, we successfully gener-
ated transcriptomes for 16,196 nuclei that passed all qual-
ity control checks (Supplementary Fig. 3A and B). With
use of the R software package Seurat, 21 clusters were
generated using unsupervised clustering analysis (Sup-
plementary Fig. 3C). To assign cell-type identity to the
clusters, we manually compared the top significant marker
genes with established cell-type markers from several pub-
lished data sets (29,43), and clusters with similar cell-type
identity were combined to generate 18 unique clusters
(Fig. 5A). Annotated clusters include many of the most
abundant cell types in the kidney, including proximal
tubule (PT) segment 1 (S1) and S2, PT S3, endothelial cells,
mesangial cells, podocytes, connecting tubule, distal convo-
luted tubule (CD-PC), intercalated cells A and B, loop of
Henle (ascending and descending loops), collecting duct
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Figure 4—Diabetic Sco2 hypomorph (Sco2KO/KI;db/db, Sco2KI/KI;db/db) mice exhibit less glomerular injury compared with db/dbmice. A:
Ultrastructural changes are shown at original magnification by TEM to demonstrate changes in podocyte structure, GEnC structure, and
GBM. Arrowheads indicate foot process effacement, asterisks indicate GEnC swelling and injury, and arrows indicate dysmorphic mito-
chondria in GEnCs. Scale bars 5 2 mm (magnification ×6,800) and 500 nm (magnification ×13,000 and ×23,000). B–E: mRNA expression
quantified from real-time PCR for Vegfr2, Klf2, Icam1, and Vcam1 in isolated glomeruli (n 5 4–6 mice/group). *P < 0.05, **P < 0.01 by
Kruskal-Wallis test with Dunn posttest.
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principal cell, and macrophages (Fig. 5A and B). We also
report the relative abundance of each cell type as a percent-
age of nuclei in each cluster with respect to each group
(Fig. 5C). Since we observed an improvement in markers of
GEnC injury in Sco2KO/KI;db/db mice compared with db/db
mice, we identified 99 differentially expressed genes
(DEGs) between these groups and ranked the genes on the
basis of log2 fold change (Supplementary File 1). To differ-
entiate the subpopulation of endothelial cells, we isolated
and subclustered the endothelial cluster. Subclustering of
the endothelial cluster revealed six subclusters with higher
expression of previously reported GEnC-specific markers,
such as kinase insert domain receptor (Kdr), plasmalemma
vesicle associated protein (Plvap), and Eps15 homology
domain-containing 3 (Ehd3) in subclusters 1 and 4
(Supplementary Fig. 4A) (44–46). We highlight the key
upregulated DEGs, such as Kdr, glutathione peroxidase 3
(Gpx3), Zinc finger and BTB domain containing 16
(Zbtb16), heparan sulfate proteoglycan 2 (Hspg2), Plvap,
and insulin-like growth factor binding protein 5 (Igfbp5)

(Fig. 5D). We subsequently performed enrichment analysis
with Enrichr (47,48) on the list of genes differentially upre-
gulated in Sco2KO/KI;db/db compared with db/db endothelial
clusters. Enrichment analysis using WikiPathways (49),
Reactome (50), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways (51) revealed that these DEGs
encompassed key pathways, such as VEGF-VEGFR signal-
ing, detoxification of ROS signaling, and oxidative stress
(Fig. 5E). To assess the level of specificity of these path-
ways to the endothelial cluster, we demonstrate the
changes in gene expression and the percentage of cells in
all identified clusters between the Sco2KO/KI;db/db and db/
db mice for genes involved in antioxidative stress and
VEGF-VEGFR2 signaling (Fig. 5F). In addition to the endo-
thelial cluster, we observed that other clusters, such as PT
clusters, also demonstrate an increase in genes countering
oxidative stress. Furthermore, enrichment analysis for all
other clusters that had a minimum of 40 DEGs between
Sco2KO/KI;db/db and db/db mice showed enrichment of oxi-
dative stress pathways, suggesting that the global loss of
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SCO2 function plays a role in reducing oxidative stress in
other cell types in the kidney (Supplementary Figs. 5 and
6). Conversely, enrichment analysis of significantly downre-
gulated DEGs in the endothelial cell cluster showed path-
ways involved in regulation of focal adhesion assembly,
regulation of cell matrix adhesion, complement, and coagula-
tion cascade (Supplementary Fig. 7A and B). These changes
in the endothelial cluster are reflective of GEnCs as shown
in the subclusters of the endothelial cluster (Supplementary
Fig. 4B and C).

To further validate this change in endothelial markers
involved in angiogenesis, cell adhesion, and inflammation
with Sco2 knockdown in GEnCs, we used immortalized
mouse GEnCs to generate stable knockdown of Sco2. We
initially confirmed that previously generated mouse
GEnCs express markers specific to GEnCs, such as Cd31
and Ehd3, with no detectable expression of other cellular
markers such as podocyte markers, Wt1, and podocin
(Supplementary Fig. 8A). We subsequently generated and
confirmed stable knockdown of Sco2 using shRNA specific
to Sco2 (Sco2-shRNA) with EV-shRNA control GEnCs
(Supplementary Fig. 8B). Sco2-shRNA GEnCs exhibited a
significant increase in Vegfr2 and Klf2 and a decrease in
Vcam1 and Icam1 expression compared with EV-shRNA
GEnCs (Supplementary Fig. 8C).

Loss of Functional SCO2 Reduces COX Activity and
Oxidative Stress in GEnCs Under Diabetic Conditions
SCO2 is a critical membrane-bound metallochaperone
critical for complex IV assembly, and we initially observed
that the loss of functional SCO2 results in reduced COX
activity and its assembly in the kidney (Supplementary
Fig. 1B and C). In snRNA-seq, we also observed an
increase in DEGs involved in reduced oxidative stress in
the endothelial cluster of Sco2KO/KI;db/db compared with
db/db mice (Fig. 5D–F). Furthermore, previous studies
demonstrated that reduced COX activity in the setting of
SCO2 knockdown might contribute to a decrease in ROS
production in other tissues (52). Since GEnC ROS produc-
tion is a major driver of glomerular injury in DKD
(19,25), we sought to determine whether Sco2 hypo-
morphs contribute to reduced COX activity and oxidative
stress under diabetic conditions.

Initially, we observed that the Sco2KO/KI mice exhibited a
reduction in COX activity in the glomeruli compared with
wild-type mice at basal conditions (Fig. 6A). However, glo-
merular COX activity was significantly increased in db/db
mice compared with wild-type mice, which remained
reduced in Sco2KO/KI;db/db and Sco2KI/KI;db/db mice com-
pared with db/db mice (Fig. 6A and Supplementary Fig. 9B).
However, we observed no significant differences in non-
glomerular COX activity between the groups (Supplementary
Fig. 11A). Not surprisingly, glomerular 8-oxoG (marker of oxi-
dative stress from excess ROS) expression was increased in all
diabetic mice compared with their respective controls (Fig. 6B
and Supplementary Fig. 9C). While Sco2 hypomorphs

exhibited a mild increase in glomerular 8-oxoG expression
under basal conditions, Sco2KO/KI;db/db and Sco2KI/KI;db/db
mice had reduced glomerular 8-oxoG expression compared
with db/dbmice (Fig. 6B and Supplementary Fig. 9C). We also
observed an increase in non-glomerular 8-oxoG expression in
db/db mice compared with Sco2KO/KI;db/db and Sco2KI/KI;db/db
mice (Supplementary Fig. 11B). We also immunostained and
quantified the percentage of TOMM20 expression in GEnCs
to demonstrate that reduced glomerular COX activity and
8-oxoG expression were not a result of reduced mitochondria
in Sco2KO/KI;db/db and Sco2KI/KI;db/dbmice compared with db/
db mice (Fig. 6C and Supplementary Fig. 10A). Furthermore,
we observed that GEnC TOMM20 was reduced in db/db mice
compared with wild-type mice, suggesting that a loss of GEnC
mitochondria might be a result of enhanced COX activity
leading to oxidative stress from excess ROS (Fig. 6C and
Supplementary Fig. 10A).

SCO2 is essential for transporting copper to the copper
A site on mt-CO2 and, therefore, is essential for the syn-
thesis and maturation of cytochrome subunit II (mt-CO2)
(53). Immunostaining and quantification of mt-CO2 in
GEnCs showed reduced expression in Sco2 hypomorphs
compared with wild-type mice, but no changes were
observed in db/db mice (Fig. 6D and Supplementary Fig.
10B). While GEnC mt-CO2 expression was unchanged
between wild-type and db/db mice, GEnC TOMM20
expression was reduced in db/db mice compared with
wild-type mice (Fig. 6C and Supplementary Fig. 10A).
These data suggest that mt-CO2 expression is increased
in the remaining mitochondria in GEnCs in db/db mice,
which contribute to enhanced COX activity leading to
excess ROS production. In comparison, GEnC TOMM20
and mt-CO2 expression in Sco2KO/KI;db/db and Sco2KI/KI;
db/db mice remains preserved with respect to the nondia-
betic Sco2 hypomorphs (Fig. 6C and D). Collectively, these
data suggest that the reduction in COX activity due to the
loss of functional SCO2 might attenuate GEnC oxidative
stress in early DKD.

DISCUSSION

Mitochondrial dysfunction that leads to an increase in
mitochondrial ROS (mtROS) contributes to GEnC injury
in DKD as well as other glomerular diseases, such as focal
segmental glomerulosclerosis (3,5,54–57). mtROS has
also been implicated in microvascular dysfunction in
patients with chronic kidney disease stages 3–5 (57). In
addition, activation of endothelial NAD(P)H oxidase, a
major source of vascular ROS, has been reported to exac-
erbate DKD (56). Mouse GEnCs exposed to high glucose
or diabetic sera also contribute to mitochondrial dysfunc-
tion with increased mtROS. Conversely, pharmacological
inhibition using a mitochondrially targeted antioxidant,
mitoTEMPO, attenuated endothelial dysfunction in cul-
tured mouse GEnCs (25). Furthermore, treatment of
streptozocin-treated D2 and Akita-D2 mice with mito-
TEMPO has been reported to prevent accumulation of 8-
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oxoG in GEnCs as well as reduce urinary 8-oxodG levels,
thereby ameliorating endothelial cell injury in these dia-
betic mouse models (58). ROS accumulation in GEnCs
might occur as a result of enhanced complex IV activity
or reduced accessibility of cytoplasmic copper ions by
antioxidant SOD1. In this study, we demonstrate that the
loss of functional SCO2, an essential assembly factor for
complex IV of the electron transport chain, attenuated
glomerular injury in our db/db mice model, which in large
part is driven by mitigating the increase in COX activity,
leading to a reduction in excess ROS production in GEnCs
under diabetic conditions. Similar to the studies using
mitoTEMPO (58), Sco2 hypomorphs play a protective role

in early DKD by attenuating excess ROS production. In
addition, we observed that GEnC SCO2 expression is
induced in early DKD, suggesting that enhanced COX
activity driving ROS production might contribute to the
GEnC injury observed in DKD.

Stress conditions such as diabetes can mimic p53-medi-
ated induction of SCO2 expression, which results in
increased ROS production and apoptosis in cancer cells
(59). SCO2 has been previously reported to activate
ASK-1 phosphorylation, triggering the dissociation of the
ASK-1-thioredoxin complex, which leads to increased ROS
production and eventual apoptosis (14). We postulate that
the increase in SCO2 expression in human diabetic kidney

A

WT

Sco
2K

O/K
I

Sco
2K

I/K
I

db/db

Sco
2K

O/K
I ;db/db

Sco
2K

I/K
I ;db/db

0

5

10

15

%
 g

lo
m

er
ul

ar
 C

O
X 

ac
tiv

ity
*

**
*

*

WT

SCO2K
O/K

I

SCO2K
I/K

I

db/db

Sco
2K

O/K
I ;db/db

Sco
2K

I/K
I ;db/db

0

5

10

15

20

25

%
 g

lo
m

er
ul

ar
 8

-o
xo

G
 s

ta
in

in
g

**

***
**

**
**

**

*

B

WT

Sco
2K

O/K
I 

Sco
2K

I/K
I 

db/db

Sco
2K

O/K
I ;db/db

Sco
2K

I/K
I ;db/db

0

5

10

15

20

%
 G

En
C

 T
O

M
M

20
 s

ta
in

in
g ***

**
*

WT

Sco
2K

O/K
I 

Sco
2K

I/K
I 

db/db

Sco
2K

O/K
I ;db/db

Sco
2K

I/K
I ;db/db

0

5

10

15
%

 G
En

C 
m

t-C
O

2 
st

ai
ni

ng

**
**

C D

Figure 6—Reduced COX activity and ROS production in the diabetic Sco2 hypomorph (Sco2KO/KI;db/db, Sco2KI/KI;db/db) mice compared
with db/db mice. Immunohistochemistry for COX activity and immunostaining for 8-oxoG, TOMM20, mt-CO2, and isolectin were per-
formed. A and B: Quantification of in situ glomerular COX activity and 8-oxoG staining. C and D: Quantification of GEnC TOMM20 and
mt-CO2 staining (20 glomeruli/mouse, n 5 4–6 mice/group). *P < 0.05, **P < 0.01, ***P < 0.001 by Kruskal-Wallis test with Dunn
posttest.
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might be related to an induction of p53 pathway under dia-
betic conditions; however, further studies are required to
validate these findings. In the presence of diabetes, a sig-
nificant increase in mtROS production in cardiac myocytes
has been reported to be due to increased SCO2 expression
(52). The increase in SCO2 expression during the early
stages of disease parallels the increase in complex IV activity,
and as the disease advances, there is a reduction in SCO2
expression and complex IV activity. Hence, loss of functional
SCO2 might play a protective role in conditions such as
early-stage DKD, where there is increased COX activity
because of increased energy demand, leading to increased
ROS production (21). Inhibiting functional SCO2 might
counteract the overactivity of complex IV as well as prevent
induction of the p53 pathway under diabetic conditions.

While the level of Sco2 expression was reduced in the
Sco2 hypomorphs compared with wild-type mice, we did
not observe any difference in the Sco2 expression between
Sco2KO/KI and Sco2KI/KI mice, which might be due to
incomplete penetrance of the KO allele. In addition, there
was no evidence of significant kidney injury in these Sco2
hypomorphs, suggesting that degree of residual complex
IV activity is sufficient for the energy requirements under
basal conditions. Furthermore, in yeast, deletion of Sco2
reduces complex IV activity by 40%, whereas deletion of
Sco1 leads to a 90% loss of complex IV activity (60), suggest-
ing that other proteins might be able to compensate for the
loss of Sco2 in complex IV assembly. However, under dia-
betic conditions, the loss of functional SCO2 abrogated albu-
minuria and serum creatinine compared with db/db mice.
The loss of SCO2 might prevent the induction of stress-
induced pathways and, therefore, play a protective role in
these diabetic conditions. The copper pool in the mitochon-
drial matrix is shared by complex IV and the mitochondria-
localized portion of the antioxidant SOD1, and a balance
between the utilization of copper by SOD1 and complex IV
might be essential for maintaining oxidative phosphoryla-
tion and preventing mitochondrial and cellular damage from
increased oxidative stress (61). Under normal physiological
conditions, there is no excess of free copper ions, electrons
movement is undisturbed, and, therefore, SOD1 uses <2%
of the shared copper ion pool to counter any excess ROS
production. However, in early diabetes, substrate overload
increases mitochondrial activity and ROS production with-
out a change in copper ion concentration, thereby limiting
the antioxidant effects of SOD1 or downstream peroxidases
to convert the free radicals (O2

�) to H2O2. Absence of func-
tional SCO2 under diabetic conditions could help to mitigate
this excess ROS production due to reduced complex IV activ-
ity (62,63) as well as enhanced antioxidant activity of SOD1
resulting from an increase in the pool of available copper
ions (37). Therefore, the decrease in GEnC ROS production
we observed in the diabetic Sco2 hypomorphs might be a
result of reduced complex IV activity or an increase in acces-
sible copper ions by antioxidant SOD1. Interestingly, the
deletion of SCO2 or SCO1 does not affect the growth of

yeast in the presence of ROS conditions, but deletion of
SCO2 and SOD1 concurrently leads to a decrease in yeast
growth (60). Additional studies are required to determine
the role of SOD1 in Sco2 hypomorphs under these diabetic
conditions.

Surfeit locus protein 1 (Surf1) is another key factor
required for the assembly of complex IV (10). Loss of
Surf1 in mice initiates mitochondrial stress response and
improves insulin sensitivity as a result of reduced complex
IV assembly and activity (64,65). Despite this reduced com-
plex IV assembly and activity, Surf1�/� mice exhibit
improved survival compared with wild-type mice (66). While
we did not observe similar effects on survival at baseline in
our Sco2 hypomorphs, loss of functional SCO2 did restore
overall survival in mice under diabetic conditions.

In the presence of DKD, ROS has been reported to be
detrimental in multiple cell types in the kidney. High-glu-
cose–mediated ROS production in podocytes from mito-
chondrial and non-mitochondrial sources has been
reported to induce apoptosis and depletion of podocytes
at the onset of diabetes (67). ROS also plays a critical role
in the differentiation of resident interstitial fibroblasts to
myofibroblasts (68). Proximal tubules have higher mito-
chondrial content, which might reduce their threshold for
ROS production and subsequent tubular damage. Interest-
ingly, the excess copper ion pool resulting from a loss of
functional SCO2 can be used by SOD1, which is highly
expressed in kidney PTs (69). As such, in our mouse
model, the reduction in oxidative stress pathways in other
cell clusters in the snRNA-seq might also be due to a loss
of functional SCO2 and reduced COX activity. Further-
more, inhibition of increased superoxide production in
the kidney cortex mitochondria isolated from db/db mice
attenuated ROS-induced mitochondrial dysfunction (70).

An improvement in early glomerular injury under dia-
betic conditions might not be restricted to only a reduc-
tion in complex IV activity. Interestingly, inhibition of
complex I by rotenone has been previously reported to
have renoprotective effects in a murine model of DKD
(42). While several studies have reported a reduction in
complex IV, as well as others, in later stages of DKD (21),
it remains unclear whether this is a consequence of
reduced activity at later stages of DKD or a result of fewer
or damaged mitochondria resulting from substrate over-
load and ROS production. Furthermore, persistent inhibi-
tion of complex IV activity might be detrimental at later
stages of DKD because of a reduction in overall mitochon-
drial content. Additional studies are necessary to delineate
the precise stage at which inhibition of complex IV activity
might play a protective role in the progression of DKD.

To our knowledge, this study is the first to demonstrate
that the loss of functional SCO2 might be protective by
attenuating glomerular injury in early DKD. Specifically, we
observed that these renoprotective effects under diabetic
conditions might be a result of reduced complex IV activity,
leading to a decrease in oxidative stress in GEnCs. These
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data suggest that inhibiting SCO2 might be a potential
therapeutic target in the early stages of DKD.
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