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ABSTRACT: Hypothesis: In this communication, we test the
hypothesis that sulfotransferase 1C2 (SULT1C2, UniProt
accession no. Q9WUW8) can modulate mitochondrial respiration
by increasing state-III respiration. Methods and results: Using
freshly isolated mitochondria, the addition of SULT1C2 and 3-
phosphoadenosine 5 phosphosulfate (PAPS) results in an
increased maximal respiratory capacity in response to the addition
of succinate, ADP, and rotenone. Lipidomics and thin-layer
chromatography of mitochondria treated with SULT1C2 and
PAPS showed an increase in the level of cholesterol sulfate.
Notably, adding cholesterol sulfate at nanomolar concentration to
freshly isolated mitochondria also increases maximal respiratory
capacity. In vivo studies utilizing gene delivery of SULT1C2
expression plasmids to kidneys result in increased mitochondrial membrane potential and confer resistance to ischemia/reperfusion
injury. Mitochondria isolated from gene-transduced kidneys have elevated state-III respiration as compared with controls, thereby
recapitulating results obtained with mitochondrial fractions treated with SULT1C2 and PAPS. Conclusion: SULT1C2 increases
mitochondrial respiratory capacity by modifying cholesterol, resulting in increased membrane potential and maximal respiratory
capacity. This finding uncovers a unique role of SULT1C2 in cellular physiology and extends the role of sulfotransferases in
modulating cellular metabolism.

■ INTRODUCTION
Ischemic preconditioning (IPC) confers organ-level protection
against subsequent ischemic episodes. The phenomenon was
first described by Murry who showed that a series of brief
bouts of ischemia brought about by coronary artery occlusion
conferred protection against a subsequent bout of prolonged
coronary artery occlusion.1 Since that ground breaking study,
the observation was extended to other organs and methods of
inducing preconditioning.2 Most notably, subjecting a limb to
ischemia has been demonstrated to convey distal target organ
resistance to injury.3−5 Despite these promising laboratory
observations, it has been difficult to demonstrate a clinical
effect with IPC as reports from many studies using multiple
different approaches have had widely varying outcomes.6,7

There are two signaling pathways mediating IPC: the RISK
and SAFE pathways.6 The survival activating factor enhance-
ment (SAFE) pathway is associated with remote ischemia
preconditioning, while the reperfusion injury salvage kinase
(RISK) pathway directs the tissue responses to local ischemia.8

Both pathways alter mitochondrial physiology, which, among

other cellular adaptations, results in cellular resistance to
ischemia.9 While both pathways appear to confer short-term
resistance to subsequent ischemia, long-term cellular adapta-
tions are poorly understood.
To garner insights into changes in mitochondrial composi-

tion that are related to the long-term IPC response, we
performed proteomic surveys on mitochondria isolated 14 days
after kidney IPC.10 We found 12 mitochondrial proteins that
were significantly increased in the ischemic preconditioned
state. Some proteins identified in the proteomics screen
appeared to have seemingly irrelevant roles in modifying
mitochondria. One such protein is sulfotransferase 1C2
(SULT1C2), a cytosolic enzyme that covalently attaches
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sulfate moieties to target molecules such as androgens, thyroid
hormone, xenobiotics, and lipids.11,12 However, due to the
sharp increase in mitochondrial expression of SULT1C2, we
hypothesized that this enzyme may play a previously
unappreciated role in mitochondrial physiology and could
play an important role in the preconditioned state. In this
letter, we show that SULT1C2 directly modifies mitochondrial
physiology and contributes to a renal protective effect against
ischemic injury in the absence of prior preconditioning.

■ MATERIALS AND METHODS
Materials. All fluorescent probes were purchased from

Thermo Fisher Scientific (Waltham, MA). Recombinant
SULT1C2 (specific activity >45 pmol/min-ug) was purchased
from Novus Biologics (R&D Systems, Minneapolis, MN), 3′-
phosphoadenosine 5′-phosphosulfate lithium salt (PAPS) was
purchased from Millipore-Sigma (St. Louis, MO), and
cholesterol sulfate was purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). SULT1C2 antibody was purchased from
Protein Tech (Chicago, IL). Beta actin was purchased from
Millipore (Billerica, MA). All secondary antibodies were
purchased from Jackson Laboratories (West Grove, PA).
Lipofectamine 3000 was purchased from Thermo Fisher
Scientific (Waltham, MA). All plasmid DNA was purchased
from OriGene (Rockville, MD). Specifically, rat SULT1C2
(NM_133547) tagged with Myc and DKK (clone RR202511)
was purchased from OriGene (Rockville, MD). FIJI was
downloaded from the NIH Web site (National Institutes of
Health, Bethesda, MD).13

Animal Care and Use. Male Sprague−Dawley rats
(Envigo, Indianapolis, IN) (250−350 g) were used for our
in vivo studies. Rats had access to food and water, and all
experiments conducted followed NIH guidelines. Rats were
randomly assigned to the control or experimental groups.
Approval from the Indiana University School of Medicine
Institutional Animal Care and Use Committee (IACUC) and
Richard L. Roudebush VAMC animal care and use committee
was gained prior to all in vivo studies.
IPC, Hydrodynamic Gene Delivery, and Acute Kidney

Injury Methods. To induce acute kidney injury, bilateral
renal ischemia reperfusion (I/R) was induced by 40 min renal
pedicle clamping in rats anesthetized with ketamine (100 mg/
kg), xylazine (10 mg/kg), and acepromazine (2.5 mg/kg)
cocktail as described previously. Serum creatinine levels were
determined from animals with a 24 h postischemia time point
used to evaluate the degree of renal dysfunction. IPC was
performed by allowing rats to recover from renal I/R for 14
days after serum creatinine levels returned to level observed in
sham control animals; and the efficacy of IPC was verified by a
second bout of IRI that has been described previously.14

To determine the effect of exogenous SULT1C2 in kidney
mitochondrial function and response to ischemic injury,
plasmid DNA carrying full-length sult1C2 was delivered into
the left kidney by hydrodynamic delivery (300 μg plasmid
DNA in 0.5 mL saline), similar to approaches we have
described previously.15 Since the right kidney is more difficult
to access, unilateral nephrectomy of the right kidney was
conducted such that the only remaining kidney had been
subjected to gene delivery. Additional studies using a LacZ
expressing plasmid (300 μg plasmid DNA in 0.5 mL saline)
were used to help identify and confirm the renal tubular
segment expression plasmid DNA.16

After 1 week of recovery, the effect of exogenous gene
delivery to the remaining kidney was evaluated by subjecting
rats to ischemia/reperfusion, as outlined above. Assessment of
renal damage was evaluated by measuring serum creatinine
values at 24 h post ischemia/reperfusion or by histological
assessment.
Isolation and Analysis of Mitochondria. Kidney

mitochondria were isolated from rats and used for respiration
assays or for biochemical and lipidomic studies, as described
later. Kidney cortex was homogenized in mitochondrial
isolation buffer (250 mM sucrose, 20 mM HEPES, 10 mM
KCl, 1.5 mM MgCl2, 1.0 mM EDTA pH 7.9) using a PBI S3
shredder (Pressure Biosciences, Easton, MA). The homoge-
nate was centrifuged at 800g for 10 min at 4 °C. The
supernatant was collected and centrifuged at 14,000g for 10
min. The mitochondrion-enriched pellet was suspended once
more in mitochondrial isolation buffer and then centrifuged at
14,000g for 10 min. The pellet was resuspended in
mitochondrial isolation buffer and used for an immediate
respiration analysis. Just prior to respiration studies, an aliquot
was used for determination of the protein concentration using
a Bradford assay (Bio-Tek Instruments, Inc.) in the
mitochondrion-enriched fraction, used for input in respiration
assays.17

In some studies, aliquots of these fractions were assessed by
immune blot to determine the relative enrichment of the
mitochondria in the fractions. Relative to the initial
homogenate, there is approximately a six- to sevenfold increase
in the mitochondrial marker vs a two- to threefold increase in
nuclear and endoplasmic reticulum markers, while the
lysosomal marker, lysosome-associated membrane protein-1
(LAMP-1), was not observed in the final fractions (see the
Supporting Information and Supporting Figure S1).
Cytochrome C Oxidase Assay. Cytochrome C oxidase

activity was measured using a colorimetric assay manufactured
by AMSBIO (AMSBIO LLC, Cambridge, MA). Assays were
performed on mitochondrion-enriched fractions isolated as
described above. Prior to performing the assay, the following
conditions were tested: control, mitochondria plus 20 μM
PAPS, mitochondria plus 1 nM SULT1C2 plus 20 μM PAPS,
and mitochondria plus 1 μM cholesterol sulfate for 30 min.
The change in absorbance at 565 nm was measured by using a
CLARIOstar spectrophotometer (BMG Labtech, Cary, NC).
All studies were performed in triplicate with four technical
replicates for each assay condition. Statistical significance was
determined by Student’s t-test18 with significance determined
at p < 0.05.
Mitochondrial Respiration. Mitochondrial respiration

was measured using an Oroboros Oxygraph-O2k (Oroboros
Instruments, Innsbruck, Austria) as previously described.19,20

Equivalent amounts of mitochondrial protein (1 mg per study)
were loaded into a final volume of 2.0 mL of miRO5
respiration buffer (110 mM sucrose, 20 mM HEPES, 20 mM
taurine, 60 mM K-lactobionate, 3 mM MgCl2, 10 mM
KH2PO4, 0.5 mM EGTA, 1 g L−1 bovine serum albumin,
pH 7.1). Following addition of isolated mitochondria, oxygen
flux was allowed to stabilize before addition of substrates or
ADP. Substrates were added in the following order and diluted
to the following final concentrations: 10 μM isocitrate; 2.5 μM
malate; 20 nM ADP; 7.5 μM pyruvate; 20 nM ADP; 10 μM
succinate; and in the final assay step, 20 nM ADP with 1 μM
rotenone. For experiments in which cholesterol sulfate was
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added to the assay, we added a final concentration of 10 nM to
the chamber.
In studies performed to evaluate SULT1C2 activity on

mitochondrial physiology, rat kidney mitochondria were
prepared from naiv̈e, untouched rats, and 50 μg of
sulfotransferase was added to the reaction vessel, with or
without PAPS (10 μM) (3′-phosphoadenosine 5′ phospho-
sulfate). Data were analyzed using Oroboros DatLab version 6
(Oroboros Instruments, Innsbruck, Austria), and calibration
prior to experimentation was conducted according to Oro-
boros protocols.
Assessment of Cholesterol Sulfate Production by

Thin-Layer Chromatography. Isolated mitochondria (2
mg) were incubated with SULT1C2 (25 μg/mg mitochondrial
protein) with or without 10 μM PAPS and incubated at 37 °C
for 30 min. Samples were cooled on ice and then centrifuged at
10,000g for 10 min. The pellet was extracted with a 2:1:0.8
mixture of chloroform/methanol/water.21 The sample was
agitated to optimize the lipid extraction, and the extract was
filtered through Whatman grade 1 filter paper (Cytiva,
Amersham, UK). The filtrate was transferred to a glass test
tube, the upper layer was removed by aspiration, and the
chloroform in the bottom layer was evaporated by passing dry
N2 over the liquid. The isolated lipids were resuspended in 100
μL of 2:1 chloroform/methanol solution. The following
controls were also included in the studies: 2 μM cholesterol
or cholesterol sulfate dissolved in 2:1 chloroform/methanol.
To test for the ability of SULT1C2 to convert cholesterol to
cholesterol sulfate in the absence of a biological membrane,
cholesterol (1 μg/mL) was incubated with 25 μg of SULT1C2
and 10 μM PAPS for 30 min at 37 °C. The reaction was
terminated by adding 10× volume of 2:1:0.8 mixture of
chloroform/methanol/water. The lipids were isolated as
described above and prepared for thin-layer chromatography
analysis (see detailed methods in the Supporting Information).
Lipidomics Analysis. Equivalent amounts of mitochond-

rion-enriched fractions (1 mg total protein) were subjected to
the following conditions: control untreated, mitochondria
treated with SULT1C2 (25 μg/mg mitochondrial protein) for
60 min at 37 °C, mitochondria treated with sulfotransferase
(25 μg/mg mitochondrial protein) just prior to snap freezing,
mitochondria treated with SULT1C2 (25 μg/mg mitochon-
drial protein) plus 10 μM PAPS for 60 min at 37 °C, and
mitochondria treated with 1 μM cholesterol sulfate for 5 min at
37 °C.
The mitochondrial samples were spiked with 10 μg/mL of

d7-cholesterol and 500 ng/mL of d7-cholesterol sulfate as
internal standards and then submitted to Bligh and Dyer
extraction.21 Briefly, 200 μL of the sample was transferred to a
CK14 Precellys tube of 0.5 mL and homogenized using a
Precellys Evolution homogenizer (Bertin Technologies SAS,
France). The homogenate was transferred to a 1.5 mL tube
and extracted with 1100 μL of chloroform/methanol/water in
a 1:2:0.8 ratio. The sample was vortexed and centrifuged at
20,000g for 10 min to obtain aqueous and organic phases. The
top and bottom phases were collected separately, dried under a
vacuum centrifuge, and stored at −80 °C until LC−MS/MS
analysis.
Extracts were resuspended with 50 μL of 3:1 methanol/

chloroform, vortexed, and centrifuged, and the supernatants
were transferred to LC vials. The LC−MS/MS analysis was
performed in an Agilent 1290 Infinity II LC with multisampler
(Agilent Technologies, San Jose, CA) coupled with a 6470

triple quadrupole mass spectrometer (Agilent Technologies,
San Jose, CA) equipped with a Jet Stream ESI ion source. 10
μL of the resolubilized extract was loaded into a Waters
XBridge C18 2.1 × 100 mm, 3.5 μm column (Waters
Corporation, Milford, MA). The binary pump flow rate was 0.4
mL/min, and mobile phase A was 40:40:20 (v/v) of
acetonitrile/methanol/water at 50 mM ammonium acetate
and mobile phase B was 3:1 (v/v) of methanol/chloroform.
The gradient went from 0 to 100% of B in 5 min, held at 100%
for 5 min, returned to 0% B at 11 min, and re-equilibrated for 4
min.
The tandem mass spectrometer was operated in multiple

reaction monitoring (MRM) mode. Concentration of choles-
terol and cholesterol sulfate in μg per sample was obtained by
calculating the ratio of the endogenous compound and the
corresponding deuterated internal standard peak area and then
multiplying by the internal standard concentration spiked.
Data processing utilized Agilent Mass Hunter (Agilent, Santa
Clara, CA).
Measurement of Mitochondrial Membrane Order.

Mitochondrion-enriched fractions (1 mg of total protein) were
incubated with a final concentration of 1 nM of human
recombinant SULT1C2 protein, 10 μM PAPS (Sigma-Aldrich,
St. Louis, MO), and 10 μM Laurdan (Thermo Fischer
Scientific, Waltham, MA). 50 μL of this suspension was placed
on a slide for fluorescence lifetime measurement (FLIM)
analysis as previously described.22,23 Prior to all studies, the
FLIM module (ISS, Champaign, IL) was calibrated with
coumarin dissolved in ethanol to a final concentration of 6.1
mg/mL and fluorescein dissolved in 0.01 M NaOH at a
concentration of 1 mg/mL. Measured fluorescence lifetimes
from the calibration studies were 2.5 ns for coumarin and 4.04
ns for fluorescein. These results agree with measured lifetimes
published on the ISS Web site (www.iss.com).
Intravital Kinetic Studies of Mitochondrial Mem-

brane Potential. Intra vital imaging of mitochondrial
structure and function was evaluated using Rhodamine 123
according to methods described by Hall et al.24 Sprague−
Dawley rats transfected with either SULT1C2 or LAC-Z
plasmid (as a control) were prepared for imaging, and
background images were taken for 10 regions to be studied
and analyzed. An 18 μg/kg b.w. dose of the mitochondrial
potential dye, tetramethylrhodamine methyl ester (TMRM)
(Thermo Fisher, Waltham, MA), was administered as a single
bolus via a venous access line. Images from 10 selected regions
were taken at 5, 15, and 30 min postinfusion for analysis. An
inverted Leica SP-8, 2-photon microscope with Dive detectors
(Wetzlar Germany) with a 40× water immersion objective (1.1
NA) at 1.5× zoom for a total magnification of 60× was used to
collect images. MetaMorph (version 7.7.0.0, Molecular
Devices, San Jose, CA) was used for the analysis.
Image analysis was performed by thresholding images to

highlight the area occupied by the tubular epithelia while
avoiding the interstitial and vascular spaces, the average
intensity was recorded for each time point, and the background
value was subsequently subtracted. The average values for each
time point were then normalized to the respective 5 min value
and analyzed using Student’s t-test in Microsoft Excel
(Redmond, WA).
Histological Assessment and LacZ Tissue Staining.

For studies assessing levels of renal injury, bisected kidney
tissue was fixed by immersion in 10% neutral buffered formalin
and 4 μm sections were stained with hematoxylin/eosin
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Figure 1. Mitochondrial membrane analysis following gene delivery and IPC. TMRM-labeled mitochondria by intravital microscopy in sham rats
(A), rats following mock transfection (B), transfection with SULT1C2 (C), or following IPC (D). (E) Fluorescence intensity measurements
compared between saline-injected kidneys (saline), IPC-treated kidneys, and SULT1C2 gene-delivered kidneys. *p value < 0.001, $p value < 0.001.
N = 50 for each group, bars = standard deviation. (F) 5 and 30 min post infusion of TMRM, image at 30× magnification for the LAC-Z transfected
rat on the left (taken for a larger view of the renal surface). Panels on the right show a similar set of micrographs for the SULT1C2 transfected rat; a
pseudo-color intensity scale bar is located below figure F. Note the significant decrease in intensity throughout the tubules in the control LAC-Z
transfected rat between the first and last time point. In contrast, the SULT1C2 micrographs at 30 min show a minimal decrease in intensity. This is
consistent with the experimental design. Retention of TMRM in the tubules after a single bolus will be dependent on mitochondrial potential alone;
greater potential reduces loss of fluorescence over time. The graph in panel G displays the analysis of the 60× images from the 10 fields, showing a
significant difference in dye retention at the 15 and 30 minute time points. Bar = 40 μm. (H) Renal cortical mitochondria isolated from saline-
treated kidneys (vehicle w/o IRI), saline-treated kidneys with I/R injury or kidneys injected with plasmids encoding SULT1C2 and then subjected
to I/R injury (SULT1C2 w IRI) were subsequently studied using an Oroboros O2 oxygraph. The maximum oxygen flux (OCR) in response to
added pyruvate or isocitrate was measured. *p < 0.05, N = 4, comparing OCR with isocitrate added as a substrate comparing vehicle-treated
kidneys to SULT1C2 plasmid DNA-treated kidneys.
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staining. Analysis of renal injury was performed by a study
member blinded to the treatment based on the procedure
described previously.25

Following intravital imaging, kidneys were recovered from
euthanized rats and fixed in immersion in 2% paraformalde-
hyde. After fixation, kidneys were bisected along the sagittal
plan and passed through graded sucrose solutions ranging from
10 to 30% at 4 °C for 12 h. Kidneys were stained with X-gal
staining solution composed of X-gal 1 mg/mL dissolved in
dimethylformamide, 0.5 M potassium ferricyanide, and 0.5 M
potassium ferrocyanide followed by washes in PBS. Kidneys
were embedded in Tissue Tek O.C.T. compound (Sakura
Finetek USA, Torrance, CA) on a dry ice block. 10 μm
cryostat sections were placed on Fisher plus slides, dipped in
1% gelatin at 37 °C, and air-dried. The samples were post fixed
with 95% ethanol, counterstained with eosin (Sigma-Aldrich,
St. Louis, MO), and mounted with Permount (Fisher
Scientific, Waltham, MA). Images were collected with a
Leica DM 1000 LED light microscope with a DMC 4500
camera attachment with equivalent image settings via the Leica
application suite (Leica Microsystems, Wetzlar, Germany).
Statistical Analysis, Randomization, and Blindness.

All statistical analyses were conducted using a two-tailed
unpaired Student’s t-test or one-way ANOVA with Turkey’s
multiple comparison. All bar graphs are expressed as means ±
s.d. All experiments were conducted in duplicate with at least
one control group and one experimental group to ensure
random assortments. Injury scoring was performed under blind
conditions.

■ RESULTS
SULT1C2 Increases Mitochondrial Membrane Poten-

tial. Our recent study identified increased mitochondrial
content of SULT1C2 in kidney following IPC by proteomic
screening.10 To verify these results, we repeated the
experimental preconditioning procedure and performed
immune blot analysis for SULT1C2 on isolated kidney
mitochondrial fractions, using a standardized approach26

(Supporting Information Figure S1 lanes 7 and 8). The results
from these immuno blots show that SULT1C2 is enriched in
the same fractions that contain cytochrome c. Notably, LAMP-
1, an integral membrane protein located in lysosomes, is not
found in the cytochrome c-enriched fractions or with
SULT1C2-enriched fractions (Supporting Information Figure
S1 lanes 7 and 8 for the cytochrome c, SULT1C2, and LAMP-
1 blots).
To confirm the presence of SULT1C2 in mitochondrial

fraction and evaluate the presence of other SULT isoforms,
mitochondrion-enriched fractions from preconditioned rat
kidneys were subjected to proteomic analysis and queried for
the presence of members of the sulfotransferase family (see
Supporting Information methods). The top peptides identified
corresponded to SULT1C2 and SULT1C2A (Supporting
Information Table S1). SULT1B1 was also identified in
mitochondria, but the content of 1C2-related isoforms was
∼11-fold higher than that of 1B1. SULT1A1 was also identified
in kidney, but it was not found in the final mitochondrial
fractions used for our studies (see Supporting Information
Table S1). These data strongly suggest that SULT1C2 is
present in the mitochondria of rat preconditioned kidneys. We
also tested whether sulfotransferase 1B1 could convert
mitochondrial cholesterol to cholesterol sulfate. Thin-layer
chromatography analysis of the lipids extracted from

mitochondria treated with sulfotransferase 1B1 or sulfotrans-
ferase 1B1 with PAPS failed to detect any cholesterol sulfate
produced by the reaction (Supporting Information Figure
S2A). Furthermore, we confirmed the identity of the lipid
produced by SULT1C2 when incubated with mitochondria
and PAPS by extracting the lipids from the labeled regions
(Supporting Information Figure S2A, arrows) and analyzing
the extracted lipid by lipidomics. The chromatograms are
shown in Supporting Information Figure S2B and the amount
of cholesterol sulfate extracted is shown in Supporting
Information Table S2. The results confirm that SULT1C2
catalyzes the production of cholesterol sulfated in mitochon-
drial membranes. We also sought to confirm that SULT1C2
was delivered in our gene transfer experiments.
Since preconditioning alters expression of many proteins, a

gene transfer approach was used to facilitate overexpression of
SULT1C2 by delivery of a standard mammalian expression
vector. This approach increased the expression of SULT1C2 in
rat mitochondrial fractions 1 week following transfection
(Supporting Information Figure S3), allowing for the potential
assessment of SULT1C1 on kidney mitochondrial function
without preconditioning.
To evaluate the effect of IPC or overexpression of SULT1C2

on renal mitochondrial function, we performed intravital light
microscopy of kidneys following infusion of TMRM to assess
the relative degree of membrane potential. Baseline fluo-
rescence signal in sham-treated control rats or mock
transfected rats displayed a low level of mitochondrial staining;
however, both overexpression SULT1C2 or IPC precondition-
ing significantly increased the degree of fluorescence in
proximal tubule relative to control values (Figure 1A−E),
suggesting that both SULT1C2 or IPC increases kidney
proximal tubule mitochondrial membrane potential in vivo.
These studies were repeated by comparing transfections

with plasmid bearing either SULT1C2 or beta-galactosidase
and evaluated TMRM fluorescence using a more rigorous
kinetic analytical method.24 This method can account for
fluorescent signal decay over time due to dye transport out of
the cell. Figure 1F (left upper and lower panels) and 1F (right
upper and lower panels) illustrate the TMRM signal in
pseudocolored blue at 5 and 30 min following TMRM
administration. Consistent with the previous results, SULT1C2
gene delivery to rat kidneys resulted in enhanced TMRM in
renal tubule beta-galactosidase control 30 min after infusion
(Figure 1F, lower panels). We confirmed the plasmid delivery
and expression of beta-galactosidase in renal tubules by X-Gal
staining of kidney sections (Supporting Information Figure
S4). For analysis, fluorescence intensity values were normalized
for each individual animal and demonstrate a significant
increase in TMRM fluorescence in SULT1C2 vs beta-
galactosidase indicative of an increase in mitochondrial
membrane potential (Figure 1G).
SULT1C2 Preserves Mitochondrial Function and

Attenuates Injury in Response to Ischemia Reperfusion.
Since mitochondrial dysfunction promotes renal proximal
tubule damage following reperfusion injury, we sought to
determine if alterations in mitochondrial function due to
SULT1C2 expression would result in renal protection, such as
IPC. I/R injury was performed on rats 1 week following
delivery of the SULT1C2 expression plasmid. 24 h following I/
R, serum creatinine levels rose to between 3 and 4 mg/dl on
saline-injected control rats; creatinine was significantly
attenuated post I/R in rats pretreated with SULT1C2
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expression plasmid and was similar to sham control and the
degree of protection was comparable to that observed
following IPC (Figure 2A). Consistent with the effect on
creatinine, SULT1C2-treated kidneys showed significant
structural protection based on standard histological assessment
relative to vehicle control (Figure 2B,C).
Previous studies have shown that mitochondrial respiratory

capacity is significantly impaired in the early post I/R period,
which is thought to set in motion cellular injury. Therefore, we
sought to determine the effect of SULT1C2 transfection on
mitochondrial respiration 1 h following reperfusion injury.
Mitochondria from vehicle-treated rats show a significant
reduction in the state-III oxygen consumption rate, 1 h
following I/R relative sham (no IRI) controls when using
isocitrate as a substrate. However, gene transfer significantly
enhanced oxygen consumption following IRI relative to vehicle
(Figure 1H). Notably the oxygen consumption rate is not
significantly changed when pyruvate is the substrate (Figure
1H), suggesting that SULT1C2 affects more downstream sites
in the tricarboxylic acid cycle or the efficiency of downstream
complexes II and III. Taken together, these data suggest that
SULT1C2 may affect resistance to injury by affecting
mitochondrial function.
SULT1C2 Increases State-II/III Mitochondrial Respira-

tion. Given the observation that SULT1C2 overexpression
appears to preserve oxygen consumption, we evaluated oxygen
consumption in mitochondria isolated from control rat kidneys
in response to exogenous SULT1C2 exposure in vitro.
Representative oxygen consumption tracings are shown for
normal control mitochondria following the addition of
SULT1C2 and the subsequent addition of succinate and
ADP (Figure 3A,C), and the OCR did not differ from control
mitochondria in the absence of added SULT1C2. However,
when the sulfate donor PAPS was added to the presence of
SULT1C2 , there was a threefold increase in the level of OCR
(Figure 3B,C). Notably, neither SULT1C2 alone nor PAPS
alone altered maximal O2 flux, but there was a statistically
significant increase in maximal oxygen flux with the addition of
SULT1C2 and PAPS compared to other groups (Figure 3C).
These data strongly suggest that SULT1C2 alters mitochon-
drial respiratory function due to its sulfotransferase activity.
SULT1C2 Increases Mitochondrial Respiration by

Converting Cholesterol to Cholesterol Sulfate in
Mitochondrial Membranes. To determine the molecular
targets of SULT1C2 in mitochondria, we initially sought to
evaluate the potential mitochondrial protein tyrosine sulfation.
We performed immune blots of isolated mitochondria probed
with antisulfotyrosine, which revealed only one 28 kDa band,
that was not changed by the following incubation with
SULT1C2 and PAPS (Supporting Information Figure S5A).
These observations suggest that SULT1C2 does not mediate
protein sulfation and affect mitochondrial respiratory function.
Alternatively, we evaluated whether SULT1C2 could modify

the mitochondrial lipid composition. We extracted mitochon-
drial membrane lipids as previously described and separated
the lipids using thin-layer chromatography.27 Figure 4A shows
that a band of cholesterol sulfate is detected in mitochondria
treated with SULT1C2 and PAPS (lane 6) while mitochondria
treated with PAPS alone or SULT1C2 alone have undetectable
or lower levels of cholesterol sulfate (Figure 4A lanes 4 and 5).
The band observed in lane 6 has the same Rf as purified
cholesterol sulfate run on a separate thin-layer chromatography
plate (Figure 4A lane1 and Table 1).

Previous studies found that SULT1C2 does not sulfate
steroids.28 Similarly, we observed that incubation of cholesterol

Figure 2. SULT1C2 gene delivery prevents ischemic injury. (A)
Serum creatinine measurements comparison between sham, vehicle-
treated, SULT1C2 gene delivery, and IPC groups. #�no statistical
difference between sham, SULT1C2, and IPC groups (N = 4). *p <
0.01 comparing vehicle and SULT1C2 groups (N = 4). This data
shows that SULT1C2 confers protection against subsequent ischemic
injury like the effect of IPC. (B) Hematoxylin and eosin staining of
corticomedullary kidney junctions. Left panel: vehicle-treated kidney.
Right panel: SULT1C2 transformed kidney. The vehicle-treated
kidney shows signs of extensive necrosis that is missing in the
SULT1C2 transformed kidney. Both kidney sections are made from
tissue fixed 24 h after a 40 min renal pedicle cross-clamp-induced
ischemic injury. Bar = 25 μm. (C) Medullary injury scores comparing
kidney cortico-medullary regions from kidneys treated with ischemia-
reperfusion injury (IRI = 40 min renal pedicle cross-clamp) 7 days
after saline (vehicle) hydrodynamic delivery or SULT1C2 gene
delivery. Alternatively, kidneys were subjected to IRI after a treatment
14 days before IPC. All tissues are stained with hematoxylin and
eosin. A blinded reviewer determined all injury scores. *p < 0.01
comparing IRI/saline vs IRI/SULT1C2 gene transduced kidneys. #p
< 0.05 comparing IRI/saline vs IRI/IPC kidneys. N = 5 for each
group with three replicates. This data shows that SULT1C2 gene
transduction protects against subsequent ischemic injury.
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with purified SULT1C2 and PAPS does not generate
cholesterol sulfate (Figure 4A lane 3), but cholesterol sulfate
is formed only in the presence of mitochondrial extracts. It is
possible that the limited solubility of cholesterol in water is too
low for a cholesterol sulfate reaction product to be detected in
our assay. Alternatively, the data may suggest that the
conversion of cholesterol to cholesterol sulfate in mitochondria
by SULT1C2 requires an interaction with components of
mitochondria.
In separate studies, cholesterol sulfate was identified in

mitochondria isolated from ischemia preconditioned kidneys
(Figure 4B). This observation is strengthened by the measured
Rf value (Rf = 0.52) of the cholesterol sulfate band in Figure 4B
(Table 1) which matches the Rf value of a pure cholesterol
sulfate band (Rf = 0.52) in Figure 4A.
To further confirm the possible sulfation of cholesterol by

SULT1C2 by thin-layer chromatography, lipidomics was
performed on the following experimental conditions; control
untreated mitochondria, mitochondria incubated with
SULT1C2 plus PAPS at 37 °C for 60 min, mitochondria
incubated at 37 °C for 60 min with SULT1C2 plus PAPS
spiked into the sample just prior to snap freezing, and
mitochondria samples spiked with cholesterol sulfate. Evalua-
tion of the ratio of the reaction product (cholesterol sulfate) vs
the substrate (cholesterol) shows that there is a statistically

significant difference in the ratio in samples treated with
SULT1C2 plus PAPS for 60 min (p < 0.03, Table 2).
In contrast, when SULT1C2 and PAPS are added to the

isolated mitochondria just prior to snap freezing the samples,
the ratio of the reaction products is not statistically significantly
different than control samples (p = 0.26, Table 2). These data
support the hypothesis that SULT1C2 promotes mitochon-
drial cholesterol sulfate formation.
We next sought to determine whether the formation of

cholesterol sulfate could alter mitochondrial respiration. We
repeated assays on control isolated mitochondria and
confirmed that SULT1C2 and PAPS significantly increased
the oxygen consumption rate and demonstrated that addition
of exogenous cholesterol sulfate, in the absence of added
SULT1C2 and PAPS, also sharply elevated OCR (Figure 3D).
Taken together, these data strongly suggest that SULT1C2
alters the mitochondrial respiratory activity via the production
of cholesterol sulfate.
SULT1C2 Changes Mitochondrial Membrane Order.

To assess the possible effects of SULT1C2 on the
mitochondrial membrane, we analyzed the fluorescence
lifetime of isolated mitochondria labeled with MitoTracker
Red and Laurdan with and without SULT1C2 and PAPS. The
mitochondria were then imaged using a confocal microscope
equipped for fluorescence lifetime imaging. The phasor
diagram from these studies is shown in Figure 5. The half-

Figure 3. SULT1C2 and PAPS or cholesterol sulfate increases state-III respiration in vitro. Mitochondrial oxygen consumption is measured in the
presence of isolated mitochondria treated with (A) SULT1C2 or (B) SULT1C2/PAPS following the addition of succinate (S) and ADP (D). (C).
Measurement of mitochondrial respiration following the addition of succinate (S) or succinate/ADP (SD) in isolated mitochondria treated with
vehicle, PAPS, SULT1C2, or the combination of SULT1C2/PAPS. (D). Mitochondrial respiration is also analyzed with and without the addition
of 10 nM cholesterol sulfate vs vehicle. Data indicates that the addition of the cholesterol sulfate (10 nM) increases mitochondrial respiration
compared to controls (*p < 0.05 control vs cholesterol sulfate; #p < 0.05 control vs SULT1C2/PAPS).
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life of fluorescence (τ) in mitochondria in the blue maximum
wavelength of Laurdan is 4.12 ns. In contrast, τ is equal to 3.66
ns in mitochondria treated with SULT1C2 and PAPS (p <
0.05). Similarly, in the green wavelength, τ is 4.55 ns in control
mitochondria and 4.48 ns (p < 0.05) in sulfotransferase with
PAPS-treated mitochondria. Since FLIM queries the local
environment of fluorophores and Laurdan shifts its fluo-
rescence in response to changes in lipid packing, our data
points to a change in the lipid membrane environment that
results in a more disorganized lipid packing state.29,30

SULT1C2 Decreases Cytochrome C Redox Kinetics.
Mitochondrial membrane potential is increased in ischemia
preconditioned kidneys (Figure 1); yet, assays of isolated
mitochondria from ischemia preconditioned kidneys reveal
increased state-II/III respiration. Since oxidative phosphor-
ylation will dissipate membrane potential when ATP is
synthesized, in the absence of changes in uncoupling protein
action, there must be a step in the ATP synthetic pathway
where there is a decrease in reaction kinetics. To test this
possibility, we measured the kinetics of cytochrome C
reduction in mitochondria treated with and without
SULT1C2 and PAPS or cholesterol sulfate. Table 3 compares
reaction kinetics between control, sulfotransferase- and PAPS-
treated, and cholesterol sulfate-treated mitochondria. Sulfo-
transferase and PAPS along with cholesterol sulfate signifi-
cantly slowed cytochrome C reduction rates as compared to
control mitochondria.

■ DISCUSSION
SULT1C2 is one of the cytoplasmic sulfotransferase enzyme
family members which modify hormones, steroids, and
xenobiotics using the universal sulfuryl donor, PAPS.31,32

While sulfation is a critical component of androgen
biosynthetic and triiodothyronine degradation pathways, little
evidence has directly linked the action of sulfotransferase
enzymes to metabolism. Shi et al. demonstrated that
sulfotransferase 2B1b inhibits gluconeogenesis in hepatocytes
by blocking hepatocyte nuclear factor 4 import into the
nucleus.33,34 Sulfotransferase 2B1b expression is increased in
the transition from the fasted to fed state. Since sulfotransfer-
ase 2B1b coverts cholesterol to cholesterol sulfate, the effect of
feeding cholesterol sulfate to obese rats was tested and found
to recapitulate sulfotransferase 2B1b′s inhibitory effects on
gluconeogenesis.34 Analysis of the downstream effects of
cholesterol sulfate and sulfotransferase 2B1b identified a
decrease in acetyl-coenzyme A synthetase, leading to a global
decrease in protein acetylation with decreased acetylated
hepatocyte nuclear factor 4a. This resulted in nuclear exclusion
of hepatocyte nuclear factor 4a.34 Two recent studies point to a
protective role for sulfotransferase in cellular protection.
Sulfotransferase 4A1, a cytosolic neuronal sulfotransferase,
knockout mice exhibit early postnatal death, and there is an
accumulation of reactive oxygen species in primary cortical
neurons. Subcellular fractionation studies revealed the
presence of sulfotransferase 4A1 in mitochondrial fractions.
Furthermore, cells expressing sulfotransferase 4A1 had
mitochondria that were protected against hydrogen peroxide
oxidative injury and loss of membrane potential.35 Sub-
sequently, Brettrager et al. used yeast as a model system to
study sulfotransferase 4A1 following its localization on the
mitochondrial outer membrane in which its sulfating activity
conferred cellular protection against oxidative injury with
hydrogen peroxide.36 Strikingly, the cellular protective action
of sulfotransferase 4A1 was dependent on PAPS and
extracellular sulfate.36

To evaluate SULT1C2’s activity on mitochondria, we first
tested for evidence of tyrosine sulfation in isolated
mitochondria but could find no evidence of tyrosine sulfation
in response to SULT1C2 (Supporting Information Figure S5).
From this finding, we next considered the possibility that
SULT1C2 was modifying mitochondrial membrane lipids. In
our assay of cholesterol sulfate production, we found that
SULT1C2 mediated the production of cholesterol sulfate only

Figure 4. SULT1C2 converts cholesterol to cholesterol sulfate in
mitochondrial membranes. Thin-layer chromatography analysis shows
that mitochondria have cholesterol sulfate. (A) Synthesis of
cholesterol sulfate by SULT1C2 is dependent on PAPS. SULT1C2
does not convert cholesterol to cholesterol sulfate in the absence of
mitochondria. Conversion of mitochondrial cholesterol to cholesterol
sulfate is dependent on PAPS. C: cholesterol, CS: cholesterol sulfate,
MITO: mitochondria, PAPS: 3′phosphoadenosine-5-phosphosulfate,
and SULT1C2: sulfotransferase 1C2. ** Cholesterol sulfate signal and
region where cholesterol sulfate is expected to migrate on the thin-
layer chromatography plate based on the migration of pure cholesterol
sulfate. * Cholesterol signal and region where cholesterol is expected
to migrate on the thin-layer chromatography plate based on the
migration of pure cholesterol. (B) Mitochondria isolated from
ischemia preconditioned kidneys have cholesterol sulfate in their
lipid membranes. Arrowhead points to the cholesterol sulfate signal.
The signal at the top of the image is cholesterol.

Table 1. Relative Migration (Rf) of Labeled Lipids

sample Rf
cholesterol standard 0.97
cholesterol sulfate standard 0.52
control mitochondrial cholesterol band 0.95
mitochondria + SULT1C2 + PAPS cholesterol band 0.96
mitochondria + SULT1C2 + PAPS cholesterol-SO4 band 0.48
mitochondria from IPC kidney-cholesterol band 0.94
mitochondria from IPC kidney-cholesterol sulfate band 0.52
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in the presence of mitochondria. Mixing pure SULT1C2 with
PAPS and cholesterol did not result in sulfate production. This
suggests that either cholesterol must be incorporated into a
lipid membrane for the reaction to go forward or that
mitochondria have a cofactor necessary for the reaction to
occur. In all our experiments, our mitochondrial isolation
method maintains the organelle’s oxidative phosphorylation
functionality with minimal disruption of the membrane
integrity. This constraint necessitated the use of enriched
mitochondrial fractions in our experiments. Since sulfotransfer-
ase 2B1b is expressed in rat kidney, this enzyme, which is
known to sulfate cholesterol, could account for the cholesterol
sulfate production observed in our studies.37 However, our
data eliminate this possibility based on the observation that
sulfotransferase 2B1b was not found in our proteomic screen
of the mitochondrial fraction (Supporting Information Table
S1). Furthermore, in our assays for cholesterol sulfate
production, mitochondria mixed with PAPS did not produce
cholesterol sulfate (Supporting Information Figures S2A and
4). Adding PAPS to the mitochondria should have activated
any contaminating sulfotransferase in the mitochondrial
fraction; ergo, the production of cholesterol sulfate observed
in our experiments is due to the action of SULT1C2. In
experiments where SULT1C2 is incubated with intact
mitochondria, the synthesis of cholesterol sulfate likely occurs
on the outer membrane. While cholesterol transport in
mitochondria has been shown to be dependent on Star1
proteins as part of androgen steroid biosynthesis, it is not
evident whether cholesterol sulfate is similarly transported.38

Our studies do not address what additional transport steps
occur with cholesterol sulfate or its relative distribution in the
mitochondrial membranes. We note additional bands in Figure
4 lane 6, but these bands were not identified because these
bands have a different Rf than cholesterol sulfate in lane 1 or
cholesterol in lane 2. Further studies are needed to fully
understand the other lipid products observed in Figure 4 lane 6

and cholesterol sulfate’s synthesis and transport in mitochon-
dria.
In a proteomic screen evaluating long-term mitochondrial

adaptations to IPC, SULT1C2 was identified with the largest
interval change in expression.10 In our studies, gene transfer of
sulfotransferase to the kidney cortex resulted in increased
mitochondrial membrane potential (Figure 1). SULT1C2 gene
transfer also markedly attenuated the renal response to
subsequent ischemia (Figure 5A). Serum creatinine increased
modestly in treated kidneys, while tissue injury assessment
using standard tissue injury criteria showed minimal tissue
injury in SULT1C2-treated kidneys (Supporting Information
Figure S3). These results are similar to our studies whereby
gene transfer of isocitrate dehydrogenase-2 mimicked ischemia
preconditioning.10 However, since isocitrate dehydrogenase-2
is a mitochondrial resident protein, its potential role in IPC
appeared to be more straightforward. The common finding of
increased mitochondrial membrane potential in the ischemia
preconditioned state and IDH2 and SULT1C2 gene transfer
studies led us to probe for a direct action on mitochondria by
SULT1C2.
Isolated mitochondria incubated with SULT1C2 and the

sulfate donor, PAPS, had a threefold increase in maximal
respiration in response to succinate and ADP substrates. In the
assay conditions, we measured oxygen flux in the presence of
malate, glutamate, and pyruvate suggesting an increase in state-
III respiration.39 A similar effect occurs when cholesterol
sulfate is added in nanomolar concentrations to mitochondria.
Taken together, our data suggest that SULT1C2 modifies
mitochondrial function by changing mitochondrial membrane
organization. This conclusion is reinforced by the FLIM
analysis of Laurdan-labeled mitochondria. SULT1C2 with
PAPS treatment significantly decreases the fluorescence
lifetime of Laurdan. Shortening fluorescence lifetime can be
attributed to a loss of lipid order likely because of negative
charged sulfate moieties introduced into the membrane

Table 2. Effect of SULT1C2 on Cholesterol Sulfate Levels in Isolated Mitochondria

cholesterol-SO4
μg/sample

cholesterol
μg/sample

ratio cholesterol-SO4/cholesterol ×
100

P value comparing ratios to
control

control sample 1 1.197 39.55 3.027
control sample 2 1.111 38.14 2.914
control sample 3 1.244 41.10 2.736
control sample 4 1.122 37.33 3.007
average of control samples 1.14 39.03 2.92
SULT1C2 + PAPS sample 1 0.975 33.72 2.89
SULT1C2 + PAPS sample 2 0.883 24.29 3.64
SULT1C2 + PAPS sample 3 1.271 36.74 3.46
SULT1C2 + PAPS sample 4 1.064 32.25 3.30
average SULT1C2 + PAPS 1.17 34.5 3.32 0.03
end incubation-SULT1C2 + PAPS
sample 1

1.17 34.51 3.38

end incubation-SULT1C2 + PAPS
sample 2

0.94 37.22 2.53

end incubation-SULT1C2 + PAPS
sample 3

1.13 37.30 3.02

end incubation-SULT1C2 + PAPS
sample 4

1.23 37.72 3.23

average-end incubation group 1.05 34.51 3.04 0.26
Chol-SO4 spike sample 1 4.95 33.62 14.72
Chol-SO4 spike sample 2 5.25 25.11 20.92
Chol-SO4 spike sample 3 4.44 36.51 12.15
Chol-SO4 spike sample 4 5.16 35.77 14.46
average Chol-SO4 spike 4.95 32.73 15.56 0.003
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surface.29,30 This likely alters mitochondrial protein complex
mobility in the membrane and may account for the increase in
state-III respiration.
Our data points to a counterintuitive set of findings,

sulfotransferase gene transfer and IPC both increase observed
mitochondrial membrane potential, yet the amount of
maximum state-III-dependent oxygen consumption is elevated

in mitochondria obtained from ischemic preconditioned
kidney tissue or in mitochondria directly treated with
SULT1C2 and PAPS. Increased rates of state-III respiration
should bleed off excess membrane potential in the absence of
other changes in other pathways that utilize the potential. We
performed studies on ROS production and observed no
changes in ROS levels in ischemia preconditioned kidneys. In
immune blot studies of mitochondria complex expression, we
found no changes in levels of uncoupling proteins or
mitochondrial complexes. We therefore studied the rate of
cytochrome C reduction and found a significant decrease in
the rate of this reaction. Cytochrome C reduction is the rate-
limiting step in the oxidative phosphorylation pathway;
therefore, slowing this step in the oxidative phosphorylation
pathway should decrease the utilization rate of membrane
potential. Conversely, under conditions of substrate excess,
maximal respiratory capacity is augmented.
SULT1C2 expression is regulated at the transcriptional level

by vitamin D3 response element in LS180 human adenocarci-
noma colonic epithelial cells. 1α,25-Dihydroxyvitamin D3
significantly increases gene expression from the SULT1C2
PXP transcription factor binding site.40,41 In this letter, our
data shows that amplifying SULT1C2 expression either by
gene transfer or by IPC confers protection against subsequent
ischemic injury. By extension, we predict that vitamin D3 may
be a useful pharmacologic preconditioning agent acting to
enhance mitochondrial resistance to ischemic insults. How-
ever, more work will be needed to understand the kinetics of
SULT1C2 expression in response to vitamin D in vivo. In
summary, our observations add a new and novel mechanism of
mitochondrial respiratory control.

■ CONCLUSIONS
In summary, in vivo observations of mitochondrial membrane
potential in response to an IPC maneuver and our subsequent
experimental work revealed a novel role for SULT1C2.
Mitochondrion-enriched fractions from ischemia precondi-
tioned kidneys have elevated state-III oxygen consumption
compared to that of mitochondria isolated from sham control
kidneys. Proteomic analysis of these mitochondrial fractions
shows that SULT1C2 and 1C2A are the predominant
sulfotransferase isoforms in the fractions. In studies, examining
mitochondrial physiology, SULT1C2 added in combination
with the high-energy sulfate donor (PAPS), increases
mitochondrial state-III maximal oxygen consumption. The
activation of oxygen utilization was recapitulated by the
addition of cholesterol sulfate to mitochondria in physiologic
studies. The evidence that SULT1C2 is converting cholesterol
to cholesterol sulfate is based on lipid extraction studies using
either thin-layer chromatography or a lipidomic approach. This
work identifies a heretofore unknown function for SULT1C2
in cellular control of mitochondrial activity.

Figure 5. Fluorescence lifetime analysis of SULT1C2 and PAPS
activity on mitochondrial membrane fluidity. Mitochondria were
analyzed by FLIM following the addition of Laurdan, MitoTracker
Red, SULT1C2, and PAPS. (A) Phasor plot of control mitochondria.
(B) Phasor plot of mitochondria treated with SULT1C2 and PAPS.
Phasor plots show that the addition of SULT1C2 and PAPS decreases
Laurdan fluorescent lifetime, indicating potential changes in
mitochondrial membrane organization. Control lifetime τb = 4.12
ns, τg = 4.55 ns vs SULT1C2-treated lifetime τb = 3.66 ns, τg = 4.48 ns
(p < 0.05). Red circles identify the population of maximum signals
collected from 10 images to determine fluorescence lifetimes (τ). (C)
Image capture of MitoTracker Red stain of mitochondria analyzed by
fluorescence lifetime measurements. The image is from the confocal
image taken with a 580 nm excitation and emission at 644 nm. In the
experiment, Laurdan fluorescence was achieved by two-photon
excitation at 860 nm with emissions captured at 430−450 nm
(blue) and 480−500 nm (green). Bar = 100 μm.

Table 3. Kinetics of Cytochrome c Reduction

sample Vmax (ΔOD565 nm/s) × 100 standard deviation × 100 p value compared to control

control mitochondria 1.38 0.63 N/A
mitochondria + PAPS 1.495 0.23 0.011
mitochondria + SULT1C2 + PAPS 1.58 0.45 0.012
mitochondria + cholesterol sulfate 1.58 0.21 0.007
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