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Although the cause of preeclampsia, a pregnancy complication with significant maternal and neonatal
morbidity, has not been fully characterized, placental ischemia attributable to impaired spiral artery
remodeling and abnormal secretion of antiangiogenic factors are thought to be important in the
pathogenesis of the disease. Placental ischemia could impair trophoblast mitochondrial function and
energy production, leading to the release of reactive oxygen species (ROS). ROS have been shown to
stabilize hypoxia-inducible factor (HIF)-1c, which, in turn, may induce transcription of antiangiogenic
factors, soluble fms-like tyrosine kinase 1 (sFLT1), and soluble endoglin in trophoblasts. Herein, we
tested whether the angiogenic imbalance and oxidative stress in the preeclamptic placenta may be
prevented by improving mitochondrial function. First, to evaluate the cause—effect relationship be-
tween mitochondrial function and sFLT1 production, a human trophoblast primary cell culture model
was established in which hypoxia induced mitochondrial ROS production and concurrent sFLT1 increase.
Second, treatment with AP39, a novel mitochondria-targeted hydrogen sulfide donor, prevented ROS
production, reduced HIF-1a protein levels, and diminished sFLT1 production. Finally, AP39, a modulator
of mitochondrial bioenergetics enhanced cytochrome ¢ oxidase activity, reversed oxidative stress and
antiangiogenic response in hypoxic trophoblasts. These results suggest that placental hypoxia induces
ROS production, HIF-1a stabilization, and sFLT1 up-regulation; these pathophysiological alterations
can be attenuated by mitochondrial-targeted antioxidants. (Am J Pathol 2019, 189: 104—114; https://
doi.org/10.1016/j.ajpath.2018.09.007)

Preeclampsia (PE) is a relatively common pregnancy compli-
cation, characterized by hypertension and proteinuria occurring
after 20 weeks of gestation.' It is associated with significant
maternal and neonatal morbidity and mortality.” Although the
cause and pathogenesis of PE have not been fully defined,
placental ischemia attributable to impaired spiral artery
remodeling and subsequent release of antiangiogenic factors are
thought to be important in disease pathogenesis.” Many groups
have described the presence of reactive oxygen species (ROS)

production, oxidative stress, and concurrent mitochondrial al-
terations in PE, likely a consequence of the abnormal
placentation.* " The activity of the mitochondrial electron
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transport chain enzyme cytochrome c oxidase (COX) is reduced
in the syncytiotrophoblast layer of the villi in preeclamptic
placentas, implicating mitochondrial dysfunction in disease
pathogenesis.'® Furthermore, an inverse correlation was found
between mitochondrial function and soluble fms-like tyrosine
kinase 1 (SFLT1), a key circulating antiangiogenic factor that
contributes to the maternal syndrome of PE.

Oxidative stress can activate hypoxia-inducible
transcription factors [eg, hypoxia-inducible factor (HIF)-1a,
a heterodimeric transcription factor] that regulate expression
of multiple genes within cells,'”** including genes involved
in angiogenesis.”'”” These genes include sFLT1, a circu-
lating vascular endothelial growth factor signaling inhibitor;
and soluble endoglin, a circulating transforming growth fac-
tor-B inhibitor.”*** sFLT1 inhibits the normal function of
pregnancy-related angiogenic factors, including vascular
endothelial growth factor and placental growth factor” ",
when released into the maternal circulation, it disrupts the
maternal endothelium, leading to hypertension, proteinuria,
and other systemic manifestations of PE.*”

Although a role for oxidative stress in PE has been well
established, clinical trials have shown that therapies with
maternal vitamin C and vitamin E do not prevent PE.**”
Therefore, there is interest in developing alternate strate-
gies to reverse oxidative stress in the placenta.
Mitochondrial-targeted antioxidants have been used in
many models of ischemia-reperfusion injury’® ~* and are an
attractive alternative treatment because preeclamptic tissue
is characterized by profound mitochondrial oxidative stress.
The goal of the current study was to further characterize the
role of mitochondrial oxidative stress in PE"**~** and to
evaluate the therapeutic effect of a new mitochondrial-
targeted hydrogen sulfide donor, AP39, that has been
shown to reverse mitochondrial oxidative stress.””*” AP39
is composed of a mitochondria-targeting motif, triphenyl
phosphonium, coupled to a hydrogen sulfide—donating
moiety (dithiolethione) by an aliphatic linker, which
allows for direct hydrogen sulfide delivery to the mito-
chondria. The rationale of targeting the hydrogen sulfide
directly into the mitochondria follows recent observations
that mitochondrial hydrogen sulfide, at low concentrations,
exerts antioxidant, cytoprotective, and stimulatory bio-
energetic effects.”***” We hypothesized that treatment
with mitochondrial-targeted hydrogen sulfide using AP39
could ameliorate the oxidative mitochondrial damage
observed in PE, leading to therapeutic effects. Herein, we
demonstrate that AP39 exerts mitochondrial protective
effects, leading to the prevention of an antiangiogenic
response in hypoxia-exposed human primary trophoblasts.

Materials and Methods

Materials

AP39 (10-ox0-10-[4-(3-thioxo-3H-1,2-dithiol-5yl)phenoxy]
decyl triphenyl-phosphonium bromide) was obtained from
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Cayman Chemical (Ann Arbor, MI). 7-Azido-4-
methylcoumarin was obtained from Sigma-Aldrich (St.
Louis, MO). MitoTracker Green FM and MitoSOX Red
were from Thermo Fisher Scientific (Waltham, MA).

Cytotrophoblast Isolation and Cell Culture Studies

The Institutional Review Board at Beth Israel Deaconess
Medical Center (Boston, MA) approved the collection and
use of discarded human placentas. Third-trimester placentas
were obtained immediately after planned cesarean section
from mothers with uncomplicated pregnancies. Human
primary cytotrophoblasts were isolated by a previously
described protocol.””7* Cytotrophoblasts were diluted to a
final density of 1 x 10° cells per mL of Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine
serum, 100 IU/mL penicillin, 100 pg/mL streptomycin, and
2 mmol/L GlutaMax (Thermo Fisher Scientific, Asheville,
NC). Cells were plated in 6-well tissue culture plates and
incubated at 37°C in 95% air and a 5% CO, humidified
atmosphere. After 2 hours, the medium was removed and
the cells were gently washed with 1x phosphate-buffered
saline (PBS) to remove excess cells. Fresh medium was
then added, and the cells were incubated overnight.

After 24 hours, the cultured cytotrophoblasts were
washed with PBS and pretreated with AP39 (50, 25, or 10
pmol/L) for 30 minutes before hypoxia exposure. The cells
were prepared in two sets of culture dishes, one for cell
culture in ambient oxygen conditions and the other for cell
culture in reduced oxygen conditions (5% O,) at 37°C. The
oxygen concentration was regulated in a BioLabo Multigas
Incubator (Juji Field Inc., Tokyo, Japan) for 18 hours. At the
end of the experiments, the culture supernatants were
collected and stored at —20°C until assayed.

Cell Viahility/Cytotoxicity Measurements

Cell Counting Kit-8 is a sensitive colorimetric assay for the
detection of cell viability in cell proliferation and cytotox-
icity assays. Dojindo’s highly water-soluble tetrazolium salt,
WST-8, is reduced by dehydrogenase activities in cells to
give a yellow color formazan dye, which is soluble in the
tissue culture medium. The amount of the formazan dye
generated by the activity of dehydrogenases in cells is
directly proportional to the number of living cells.

Biochemical Measurements

Freshly isolated human primary trophoblasts were seeded in
12-well plates (Nalge Nunc International, Penfield, NY) and
incubated at 37°C in a 10% CO, humidified incubator
overnight. The next day, cells were subjected to hypoxia or
normoxia for 18 hours, along with various concentrations
of AP39. After 18 hours, the cells were loaded with
MitoTracker Green FM (number M7514; Thermo Fisher
Scientific, Asheville, NC) and MitoSOX Red (number
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M36008; Thermo Fisher Scientific, Waltham, MA) fluoro-
genic dyes at 25 and 5 nmol/L final concentrations,
respectively, for 15 minutes. In another set of experiments,
hydrogen sulfide—sensitive fluorescent dye, 7-azido-4-
methylcoumarin, was incorporated in a cell-based assay to
detect hydrogen sulfide production.*”*’ Cells were pre-
treated with 7-azido-4-methylcoumarin at a 10 pmol/L final
concentration for 1 hour. Cells were washed three times
with PBS, and the specific fluorescence of the various dyes
was visualized and imaged using an inverted EVOS FL
Imaging System (Thermo Fisher Scientific).

Western Blot Analysis

Primary trophoblasts were incubated in 10% fetal bovine
serum/Dulbecco’s modified Eagle’s medium, and cells were
stimulated with increasing doses of AP39, 30 minutes
before hypoxia exposure. Cells were washed with cold PBS
and lysed with cold radioimmunoprecipitation buffer con-
taining protease inhibitors [4-(2-aminoethyl)benzene-
sulfonyl fluoride hydrochloride, aprotinin, bestatin, E-64,
leupeptin, and pepstatin; number 78430; Thermo Fisher
Scientific, Waltham, MA]. The lysates were centrifuged at
10,000 x g for 10 minutes at 4°C, and Western blot ana-
lyses were performed, as previously described,”” using
primary antibodies against HIF-loo (number 14179; Cell
Signaling Technology, Inc., Danvers, MA), actin (number
4970; Cell Signaling Technology, Inc.), and COX IV
(number 4844; Cell Signaling Technology, Inc.). Densi-
tometry was performed using ImageJ software version 1.52a
(NIH, Bethesda, MD; http://imagej.nih.gov/ij).

IHC and Morphometry

Human placental tissue for histology and immunohisto-
chemistry (IHC) was obtained from uncomplicated or
preeclamptic pregnancies (Table 1). To ensure that placenta
samples were representative of the whole tissue and to
assess intraplacental variability, the recommendation from
the Amsterdam Placental Workshop Group Consensus
Statement: Sampling and Definitions of Placental Lesions
was followed.” Standard histologic sections taken for this
study included two full-thickness sections of the placenta

Table 1  Summary of the Characteristics

disc from normal-appearing areas and additional sections
from grossly abnormal areas. Tissues were fixed in 10%
formalin for routine processing and staining. For nitro-
tyrosine and sFLT1 IHC of human placentas, paraffin
sections (5 pum thick) were cut and deparaffinized. Optimal
staining was achieved with the heat-induced antigen
retrieval method, using 10 mmol/L citric acid, pH 6.00.
Endogenous peroxidase was quenched with 3% H,0, in
double-distilled water for 15 minutes. To block non-specific
binding, slides were incubated at 37°C with 2.5% normal
horse serum in PBS for 30 minutes. Rabbit polyclonal
nitrotyrosine antibody (A-21285 IgG2b; Thermo Fisher
Scientific, Waltham, MA) was used at 1:500 overnight at
4°C. Slides were then rinsed in PBS and developed using
ImmPRESS HRP Anti-Rabbit IgG (Peroxidase) Polymer
Detection Kit, per manufacturer’s directions (Vector Labo-
ratories, Burlingame, CA). Serial sections of human
placenta were stained for human sFLT1 (1:200; AF231;
R&D Systems, Minneapolis, MN), as previously
described.'®  Sections  were  counterstained  with
hematoxylin, dehydrated, and mounted in Permount
(Thermo Fisher Scientific, Atlanta, GA). Sections with no
primary antibody were used as negative control slides. For
positive controls, tissues previously shown to express the
antigen of interest by IHC were used.'®” As negative
control for nitrotyrosine IHC, the FLEX Universal Negative
Control, Rabbit, Ready-to-Use (Link), Unconjugated Anti-
body (number IR600; Agilent, Santa Clara, CA) was used;
and for sFLT1 IHC, a Goat IgG Isotype Control (number
02-6202; Thermo Fisher Scientific, Waltham, MA) was
used (Supplemental Figure S1).

Alternatively, fresh placental tissues were embedded in
OCT compound (Thermo Fisher Scientific, Waltham, MA)
and snap frozen in liquid nitrogen for immunofluorescence.
Cryosections (5 um thick) of placental tissue were cut and
equilibrated in PBS for 10 minutes at 37°C, followed by
incubation with 5 nmol/L MitoSOX Red for 15 minutes at
37°C. Slides were then rinsed with PBS and mounted.

Morphometric measurements were generated from
fluorescence microscopy images for MitoSOX Red and
MitoTracker Green FM and from light microscopy images
for trophoblast COX EHC, as well as for placental tissue
nitrotyrosine and sFLT1 immunostaining, with an original

Control (n = 7),

Preeclampsia (n = 7),

Characteristic Mean 4+ SEM Range Mean + SEM Range
Maternal age, years 30.57 + 2.78 18—36 309 £ 2 26—40
Gestational age at delivery, weeks 36 + 1.5 31-40 30.4 + 0.9* 26—33
Gravity 1.57 £ 0.3 1-3 1.71 £+ 0.57 1-5
Parity 0.28 £ 0.18 0—1 0.43 £ .029 0—2
Birth weight, grams 2852 + 393 1585—3845 1375 + 181* 520—2020
Systolic blood pressure, mmHg 123.7 £+ 4.2 110—142 172 + 4* 159—-190
Diastolic blood pressure, mmHg 73.7 £ 1.6 67—80 105.3 + 2.5* 96—115
*P < 0.05.
106 ajp.amjpathol.org m The American Journal of Pathology
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magnification of x40. Representative digital images of
placental tissue or cell culture (n = 3 to 4 per group) were
acquired. Four images were obtained and quantified per
sample as replicates. Morphometric measurements were
performed wusing Image] software version 1.47. To
determine staining intensity, the threshold was set to
include the MitoSOX Red fluorescence product or
3,3’-diaminobenzidine staining, and the mean intensity
(OD) of reaction product was calculated per image. The
mean intensity was divided by tissue area to calculate pos-
itivity per area.

Enzyme-Linked Immunosorbent Assay

SFLTI in culture medium was measured by enzyme-linked
immunosorbent assay using the human vascular endothelial
growth factor receptor 1 Quantikine kit (R&D Systems),
following manufacturer’s instructions. This assay has an
intra-assay CV of 2.6% to 3.8% and an interassay CV of
5.5% to 9.8%.

COX in Situ Enzyme Chemistry and Functional Electron
Microscopy

Fresh-frozen placental tissues were cryosectioned and fixed
in 2.5% glutaraldehyde in 0.1 mol/L sodium cacodylate
buffer (Tousimis Research Corp., Rockville, MD) for 20
minutes. Sections were washed in several changes of 0.05
mol/L PBS (pH 7.4) for 1.5 hours. The sections were treated
for COX enzyme chemistry, as described previously,”®
then processed for EPON embedding (TED PELLA Inc.,
Redding, CA). Thin sections (0.5 pum thick) were cut, then
imaged with a JEOL 1011 Transmission Electron
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Figure 1 Increased levels of nitrotyrosine,
mitochondrial-derived superoxide generation, and
sFLT1 expression in placentas of human pre-
eclampsia cases. Immunohistochemical assay for
nitrotyrosine (immunoreactivity: brown precipi-
tate; A and D), immunofluorescence assay for
MitoSOX Red (superoxide production; red fluores-
cence; B and E), and sFLT1 immunohistochemistry
(C and F) were performed in placental tissues
(gestationally age matched, near term), from
normal pregnancies (NPs; A—C) and preeclampsia
(PE) pregnancies (D—F). Quantitation for nitro-
tyrosine immunoreactivity (G), MitoSOX Red
immunofluorescence (H), and sFLT1 immunoreac-
tivity (I) in placentas from normal and pre-
eclamptic pregnancy. OD per area (pixels?) of
tissue was calculated in four high-power fields per
sample. n = 7 (A=I). ***P < 0.001 by U-test.
Scale bar = 50 pm (A—F).

NP PE

Microscope (JEOL, Tokyo, Japan), a Hamamatsu Orca-HR
Digital Camera (Hamamatsu, Hamamatsu City, Japan), and
AMT6000 software (Advanced Microscopy Techniques,
Woburn, MA).

Statistical Analysis

All results were expressed as the means + SEM. Statistical
comparisons between groups were made with the nonpara-
metric U-test or Kruskal-Wallis test, followed by Dunn’s
post hoc comparison using Prism software version 7.0
(GraphPad Software, San Diego, CA). Comparisons were
considered significant at P < 0.05.

Results

Compared with gestationally matched nonhypertensive
control pregnancies (Figure 1, A—C, and Table 1), increased
levels of sFLT1 and oxidative stress were observed with
ROS and reactive nitrogen species (RNS) generation in
placentas obtained from human PE patients (Figure I,
D—F). Increased nitrotyrosine production (Figure 1, A, D,
and G), a footprint of peroxynitrite/RNS release in the
syncytiotrophoblast layer in preeclamptic placental tissue,
was first observed. Mitochondrial-derived superoxide pro-
duction was similarly increased in PE (Figure 1, B, E, and
H), as detected by MitoSOX Red, a fluorogenic dye for
highly selective detection of mitochondrial-derived super-
oxide. As reported previously, PE placentas were charac-
terized by an increased antiangiogenic response with
elevated sFLT1 protein expression in the syncytiotropho-
blast (Figure 1, C, F, and I). In addition, there was a strong
correlation between sFlt1 expression and oxidative/nitrative
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stress (> = 0.89, MitoSOX Red versus sFLT1; * = 0.92,
nitrotyrosine versus sFLT1).

To study the morphology and function of mitochondria in
the trophoblasts, COX enzyme histochemistry, imaged by
transmission electron microscopy (functional electron mi-
croscopy), was assessed to evaluate electron transport chain
enzyme deficiency, as described previously.'® To analyze
COX enzyme activity in syncytiotrophoblasts versus cyto-
trophoblasts, normal (Figure 2, A—C) and PE (Figure 2,
D—F) placentas were imaged by functional electron
microscopy. Figure 2, A—C, depict villous syncytio-
trophoblast and cytotrophoblast from a control human
placenta with preserved mitochondria and intense COX
activity. This preparation does not have any osmium or
uranyl-acetate treatment; thus, the only electron density re-
sults from COX enzymatic staining. Figure 2D shows low
magnification of villous tissue, including the syncytium and
cytotrophoblast, of a preeclamptic human placenta. COX
activity is mostly decreased in the mitochondria of syncy-
tiotrophoblasts  (Figure 2F). Figure 2E shows a
cytotrophoblast in which mitochondria have maintained
COX activity. These data suggest that the mitochondrial
dysfunction noted in PE occurs predominantly in the syn-
cytiotrophoblast layer of the placental tissue. Additional
images of COX electron microscopy (Supplemental
Figure S2) substantiate the finding that intact, functional
mitochondria can be seen in all the placental samples from
nonhypertensive controls (Supplemental Figure S2, A—J),
whereas significantly less intact mitochondria are noted in
placental syncytiotrophoblast from PE (Supplemental
Figure S2, K—T).

To determine the effects of hypoxia (low oxygen con-
centrations, mimicking the ischemic state in human PE) on
trophoblast mitochondrial health and the angiogenic profile,
primary trophoblast cell culture from normal placentas was
subjected to 18 hours of hypoxia (5% O,) (Figure 3). As
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Figure 2  Functional electron microscopy reveals that
COX activity is decreased in syncytiotrophoblasts, but
maintained in cytotrophoblasts, in preeclampsia (PE)
placentas. Functional electron microscopy imaging of
human nonhypertensive control (A—C) and PE placentas
(D—F). Blue arrows show mitochondria with decreased
COX activity. n = 4 (A—F). Scale bars: 1 pm (A and C);
500 nm (B, E, and F); 2 um (D). BM, basement membrane;
(T, cytotrophoblast; MV, microvilli; N, nucleus; SCT, syn-
cytiotrophoblast layer.

expected, SFLT1 production was increased in culture media
after hypoxia incubation, as assessed by enzyme-linked
immunosorbent assay (Figure 3A). Mitochondrial-derived
superoxide production (MitoSOX Red, red labeling) was
also increased in trophoblasts after hypoxia exposure (5%
0,) (Figure 3, D—F), compared with normoxia-exposed
cells (21% O,) (Figure 3, B, C, and F). These data imply
that PE-induced antiangiogenic response and ROS
production, both characteristics of human PE, can be reca-
pitulated in a cell culture system.

It was then evaluated whether treatment of primary
trophoblasts with the mitochondrial-targeted hydrogen sul-
fide donor, AP39, restored mitochondrial health in cells
exposed to hypoxic conditions (5% O,). Compared with
controls, AP39-treated cells exhibited increased active
mitochondrial content, assayed by MitoTracker Green FM,
green fluorescence (Figure 4, A—E). Similarly, AP39
treatment reversed the mitochondrial-derived superoxide
production, assessed by MitoSOX Red immunofluorescence
(Figure 4, F=J). To rule out the possibility that 21% may
represent hyperoxia, as suggested by Tuuli et al®' and Chen
et al,’” trophoblast culture studies were repeated under 8%
O, concentration. Although a modest increase was seen in
sFLT1 at 8% compared with 21%, the pattern of sFLT1
response to AP39 remained the same (Supplemental
Figure S3).

Primary trophoblasts were then incubated for 18 hours in
hypoxic conditions (5% O,), and HIF-1a transcription fac-
tor expression was assessed by Western blot analysis in the
presence or absence of AP39 (Figure 5, A and B). Under
hypoxic conditions, up-regulated HIF-lo. protein levels
were reduced in a concentration-dependent manner by AP39
pretreatment (Figure 5, A and B). In these studies, AP39
pretreatment also significantly reduced downstream anti-
angiogenic factor, sFLT1, expression, as assessed by
enzyme-linked immunosorbent assay (Figure 5C). At the

ajp.amjpathol.org m The American Journal of Pathology
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Figure 3  Hypoxia exposure induces production of sFLT1 and
mitochondrial-derived reactive oxygen species in human primary tropho-
blasts. sFLT1 enzyme-linked immunosorbent assay (A), immunofluores-
cence assay for MitoSOX Red (superoxide production, red fluorescence;
B—E), and densitometry (F) were performed in primary trophoblasts
exposed to 18 hours of 5% hypoxia. *P < 0.05 by U-test. Scale
bar = 50 pm (B—E).

doses used to evaluate HIF-1a and sFLT1, cell viability was
maintained in all study groups (Figure 5D).

Cytochrome ¢ oxidase enzyme activity was significantly
increased after 50 pmol/L. AP39 pretreatment in both nor-
moxic and hypoxic conditions in primary trophoblasts, as
assessed by enzyme histochemistry (Figure 6, A and B). In
addition, there was a trend for AP39 treatment to increase
COX protein expression in a concentration-dependent
manner (Figure 6, C and D), implicating that mitochon-
drial bioenergetics is preserved or even improved after
treatment.

Finally, increased levels of 7-azido-4-methylcoumarin
were seen in 50 pmol/LL AP39-treated human primary
trophoblast cells versus controls (Figure 7), indicating that,
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as expected, AP39 induced hydrogen sulfide release in
these cells.

Discussion

Enhanced placental oxidative stress in PE is increasingly
recognized to play a key pathophysiological role in PE. The
origin of ROS and RNS and their by-products may be from
mitochondria in preeclamptic placentas.”****%*~7* Along
these lines, in this study, it was demonstrated that placental
oxidative stress partially initiates from mitochondria in
human PE, and this state could be mimicked in vitro in a
human primary trophoblast culture model. To prevent
oxidative stress and the increased antiangiogenic response
attributable to hypoxia, mitochondria-targeted hydrogen
sulfide donor, AP39, was used, which released hydrogen
sulfide in the mitochondria of trophoblasts and improved
mitochondrial bioenergetics. The mitochondrial protective
effect also resulted in overall cytoprotection, reduction of
HIF-1a, and downstream sFLT1 release.

The beneficial properties of hydrogen sulfide in the
mitochondria include the following: antioxidant effects,
modulation of mitochondrial cell death pathways, and
regulation of cellular bioenergetics.”’*’® At lower con-
centrations, hydrogen sulfide serves as an alternative sup-
porter of mitochondrial electron transport and ATP
generation.”®”’~7 Mitochondrial electron transport chain
enzyme activity is decreased in syncytiotrophoblasts in
preeclamptic placentas, suggesting that a mitochondrial-
targeted antioxidant treatment could be beneficial for
improving mitochondrial function in PE.'® Herein, AP39
treatment improved COX IV protein expression during
exposure of trophoblasts to hypoxia. COX enzyme activity
was also improved with AP39 pretreatment, which suggests
that reduction of mitochondrial oxidative stress improved
both COX IV levels and function. The biodynamics and
biokinetics of AP39 have been previously published.””
AP39 contains three sulfur atoms and is, therefore,
capable of increased hydrogen sulfide release up to 10 days
after treatment. The high-potency and long-lasting effect
elicited by this hydrogen sulfide donor strongly suggests
that AP39 could be useful in many types of ischemic injury.
AP39 has not been reported to have any major toxicity in
various in vivo models tested; however, because AP39
would be expected to cross the placenta, further toxicologic
studies in pregnant animals should be performed.

Our working hypothesis is that, in PE placentas, altered
spiral artery remodeling generates a prolonged ischemic
state, leading to mitochondrial damage and production of
ROS and RNS in trophoblasts. This pro-oxidative state can
lead to HIF-1a transcription factor stabilization, which, in
turn, promotes an antiangiogenic response”’ and the sys-
temic effects of PE. Herein, it was demonstrated that AP39
treatment can reverse mitochondrial stress, down-regulate
HIF-10,, and decrease sFLT1 release. Kai et al®' also
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Figure 4  AP39 pretreatment reduces production of mitochondrial-derived reactive oxygen species and preserves active mitochondria in hypoxia-exposed
primary trophoblasts. Immunofluorescence analysis of MitoTracker Green (active mitochondria; A—D) and MitoSOX Red (superoxide production; F—I) in
primary trophoblasts treated with 50 umol/L AP39 for 30 minutes, then exposed to 18 hours of 5% hypoxia. Quantitation of MitoTracker Green (E) and MitoSOX
Red (3) immunofluorescence in trophoblasts: OD per area (pixels®) of cell surface area was calculated in four high-power fields per sample. n = 4 per group

(E and J). *P < 0.05 by Kruskal Wallis test. Scale bar = 50 um (A—D and F—I).

reported that hydrogen sulfide donors have an inhibitory
effect on HIF-1—dependent gene expression in cultured
mouse hepatocytes and in vivo. The direct relationship be-
tween oxygen sensing and ROS generation was shown by
Chandel et al,82 who demonstrated that COX exhibits
intrinsic sensitivity to oxygen, allowing it to serve as an

protein stabilization was detected within 30 minutes at 1.5%
O, in hepatocytes, linking the mitochondrial enzyme COX
to HIF-1a activation. In other diseases, such as pulmonary
arterial hypertension and cancer, mitochondrial abnormal-
ities that disturb the ROS-HIF-1a-Kv1.5 oxygen—sensing
pathway have been demonstrated to contribute to disease

oxygen sensor. This group also has shown that HIF-1a pathogenesis.® In this study, exposure of primary
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trophoblasts to hypoxia up-regulated HIF-la. HIF-1a
up-regulation was inhibited by AP39, likely because of
protection of the mitochondrial electron transport chain
from oxidative stress, allowing preservation of COX activity
and overall maintenance of mitochondrial bioenergetics.

No AP39 + AzMC

No AP39 + AzMC

AP39 + AzMC AP39 + AzMC

Figure 7 Hydrogen sulfide generation is detected in AP39-treated
human primary trophoblast cells. Representative immunofluorescence
assay for 7-azido-4-methylcoumarin (AzMC; green fluorescence; top and
bottom Lleft panels) and corresponding bright field images (top and
bottom right panels) were performed in 50 umol/L AP39-treated (bottom
left and right panels) or nontreated (top left and right panels) human
primary trophoblast cells. Scale bar = 25 pm.
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Dysregulation of the hydrogen sulfide—producing
enzyme, cystathionine <y-lyase, has been shown to
contribute to maternal hypertension and placental abnor-
malities in preeclampsia.®*** In addition, decreased levels of
endogenous hydrogen sulfide have been reported in PE,****
suggesting that treatment with hydrogen sulfide may be of
therapeutic utility. In support of this, in a hypertensive
pregnant rat model, sodium hydrosulfide treatment has been
shown to prevent hypertension and concomitantly reduce
circulating plasma sFLT1 and vascular endothelial growth
factor levels.® This correlated with improved litter size with
more viable fetuses.”’

Hydrogen sulfide, at different concentrations, can have
markedly different pharmacological effects (often described
as a bell-shaped dose-response). For example, at low con-
centrations, hydrogen sulfide (and its pharmacologic do-
nors) can increase mitochondrial electron transport by a
variety of mechanisms (including direct electron donation,
elevation of mitochondrial cAMP levels, direct activation of
ATP synthase, and mitochondrial antioxidant effects). At
higher concentrations, hydrogen sulfide starts to inhibit
mitochondrial function through direct inhibition of mito-
chondrial complex IV. This function has been often cited in
the context of on-demand metabolic inhibition (pharmaco-
logic hibernation). In addition, hydrogen sulfide has been
shown to alter (up-regulate or down-regulate) the expres-
sion of many different proteins in various cells and
tissues.*® In the current study, the concentrations of AP39
used may have exerted beneficial effects via direct
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antioxidant effects (mitochondrial protection), as well by
alterations in the activity and expression of complex IV,
thereby modulating mitochondrial ROS production and
downstream responses.

Conclusions

AP39 exerts its beneficial effects on trophoblast mitochon-
drial function by targeted delivery of hydrogen sulfide,
which, at the concentrations tested, improves mitochondrial
bioenergetics by acting as an alternative supporter of
mitochondrial electron transport and ATP generation. The
improved mitochondrial function prevents the release of
ROS/RNS, leading to decreased HIF-1la stabilization and
attenuated expression of sFLTI. However, whether
improvement of mitochondrial stress is sufficient to account
for the beneficial effects of AP39 requires further testing in
genetic models of mitochondrial disease. Additional studies
are needed to demonstrate the relative beneficial effects of
AP39 in trophoblasts versus endothelial cells and to deter-
mine whether targeting mitochondrial bioenergetics may
ameliorate PE signs and symptoms in animal models of the
disease.

Supplemental Data

Supplemental material for this article can be found at
https://doi.org/10.1016/j.ajpath.2018.09.007.
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