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ARTICLE INFO ABSTRACT

Keywords: Endothelial dysfunction is a critical, initiating step in the development of hypertension (HTN) and mitochondrial

NNT reactive oxygen species (ROS) are important contributors to endothelial dysfunction. Genome-wide association

Mitochondria ) studies (GWAS) have identified single nucleotide polymorphisms (SNPs) in the nicotinamide nucleotide trans-

iiz‘i::t‘:;;};yﬁen species hydrogenase (Nnt) gene that are associated with endothelial dysfunction and increased risk for HTN. NNT is
emerging as an important enzyme that regulates mitochondrial NADPH levels and mitochondrial redox balance
by supporting the thiol dependent peroxidase systems in the mitochondria. We have previously shown that the
absence of NNT in C57Bl/6J animals promotes a more severe hypertensive phenotype through reductions in *NO
and endothelial dependent vessel dilation. However, the impact of NNT on human endothelial cell function
remains unclear. We utilized NNT directed shRNA in human aortic endothelial cells to test the hypothesis that
NNT critically regulates mitochondrial redox balance and endothelial function in response to angiotensin II (Ang
II). We demonstrate that NNT expression and activity are elevated in response to the mitochondrial dysfunction
and oxidative stress associated with Ang II treatment. Knockdown of NNT led to a significant elevation of
mitochondrial ROS production and impaired glutathione peroxidase and glutathione reductase activities asso-
ciated with a reduction in the NADPH/NADP™" ratio. Loss of NNT also promoted mitochondrial dysfunction,
disruption of the mitochondrial membrane potential, and impaired ATP production in response to Ang II. Finally,
we observed that, while the loss of NNT augmented eNOS phosphorylation at Ser''””, neither eNOS activity nor
nitric oxide production were similarly increased. The results from these studies clearly demonstrate that NNT is
critical for the maintenance of mitochondrial redox balance and mitochondrial function. Loss of NNT and
disruption of redox balance leads to oxidative stress that compromises eNOS activity that could have a profound
effect on the endothelium dependent regulation of vascular tone.

1. Introduction

Hypertension (HTN) remains a significant health concern in the
United States with approximately 30% of all individuals over the age of
20 diagnosed with HTN with an annual health care cost of $42.9 billion
[1]. Despite multiple therapeutic options, only half of these patients
have their blood pressure under control and the prevalence of treatment
resistant HTN has increased from 8.9% in 2008 to 19.7% (10.3 million
adults) in 2018 [2]. Reactive oxygen species (ROS) plays a critical role in
the pathogenesis of HTN by contributing to changes in vascular tone and
structure that lead to increased peripheral resistance and pressure [3].
While the NADPH oxidase family of enzymes are a critical source of ROS

[3], mounting evidence indicates that mitochondrial-derived ROS may
play an equally important role in HTN [4]. Mitochondrial ROS genera-
tion occurs during oxidative phosphorylation, where ~4-5% of total
oxygen consumption during this process leads to the formation of su-
peroxide (03) [5,6] and hydrogen peroxide (HpO2) via a direct
two-electron reduction of molecular oxygen. Elevated levels of ROS can
negatively impact the regulation of blood pressure by contributing to
endothelial dysfunction [7] and through the removal of bioavailable
nitric oxide [8] (*NO). Furthermore, chronic elevations in ROS can
stimulate vascular remodeling leading to reduced lumen diameter and
increased intimal thickening that impair vessel plasticity. Ultimately,
these structural and functional changes in the vasculature lead to

* Corresponding author. Department of Cellular Biology and Anatomy, Louisiana State University Health Sciences Center — Shreveport, Medical School Building, 8-

213, 1501, Kings Highway, Shreveport, LA 71103, United States.
E-mail address: dkrzyw@lsuhsc.edu (D.M. Krzywanski).

https://doi.org/10.1016/j.redox.2020.101650

Received 11 May 2020; Received in revised form 16 July 2020; Accepted 18 July 2020

Available online 23 July 2020
2213-2317/© 2020 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license


mailto:dkrzyw@lsuhsc.edu
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2020.101650
https://doi.org/10.1016/j.redox.2020.101650
https://doi.org/10.1016/j.redox.2020.101650
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2020.101650&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

K.N.S. Rao et al.

increased vascular pressure and risk for a cardiovascular event [9].

Mitochondrial O3, and the product of its dismutation, HyO5, play
critical roles in the development of HTN [10]. Furthermore, increased
levels of O3 and Hp0, have been observed in plasma and tissues from
hypertensive patients [11,12]. Mitochondrial ROS mediate changes in
pressure in a number of ways, the most evident being the disruption of
*NO dependent vessel dilation. The loss of bioavailable *NO is associated
with endothelial dysfunction in a number of cardiovascular diseases
[13], including HTN [14-17]. These data are consistent with the ability
of *NO to be rapidly consumed by reaction with O3 leading to the
formation peroxynitrite (ONOO™) that can contribute to mitochondrial
and endothelial dysfunction via eNOS uncoupling and further genera-
tion of O3 [18]. Mitochondria possess multiple antioxidant systems that
function to maintain the balance between ROS production and con-
sumption. In the mitochondrial matrix, O3 is efficiently converted to
H02 by the activity of manganese superoxide dismutase (MnSOD)
[19-21]. Ho04 is further detoxified to water by multiple thiol-dependent
reductive pathways in the mitochondria that include the peoxiredoxin,
thioredoxin, thioredoxin reductase system and the glutathione peroxi-
dase, glutathione, glutathione reductase system. Interestingly, all of the
antioxidant systems downstream of MnSOD in the mitochondria are
either directly or indirectly dependent on NADPH to provide the
reducing equivalents to maintain mitochondrial redox balance.

Mitochondria possess several enzymatic sources of NADPH including
nicotinamide nucleotide transhydrogenase (NNT), NADP-dependent
isocitrate dehydrogenase, NADPH-dependent malic enzyme, and gluta-
mate dehydrogenase [22-27]. NNT is a ubiquitous mitochondrial inner
membrane protein that couples proton translocation across the mito-
chondrial inner membrane to a redox reaction that reduces mitochon-
drial NADP™ while oxidizing NADH [28-30]. Genome-wide association
studies (GWAS) have identified several single nucleotide polymorphisms
(SNPs) in the nicotinamide nucleotide transhydrogenase (Nnt) gene that
are associated with endothelial dysfunction and increased risk for HTN
[31,32]. In HTN, substitution of an A allele for a G allele at base pair
43824677 on chromosome 5 was associated with decreased NNT
expression and increased blood pressure [31]. The contribution of NNT
to cardiometabolic disease has primarily been studied in the C57Bl/6N
and C57Bl/6J mice where a deletion mutation leads to the loss of NNT
expression and activity in 6J mice [33,34]. In 6J mice, the loss of NNT
leads increased mitochondrial H3O, production and a reduced
GSH/GSSG ratio compared to the 6N animals [35]. Although some
studies have observed that the absence of NNT in 6J mice had no impact
on glucose tolerance [36,37] or protected against heart failure [38], the
prevailing literature implicates the loss of NNT in increased cardiovas-
cular disease susceptibility. 6J mice display symptoms of glucose
intolerance [39] and are highly susceptible to the development of
obesity, insulin resistance, and type-2 diabetes when placed on high fat
diet [40,41]. Furthermore, we have demonstrated that 6J mice develop
a more severe hypertensive phenotype compared to 6N when treated
with Ang II [42]. However, NNT’s impact on mitochondrial and endo-
thelial function in human vascular cell function remains completely
undefined. We utilized NNT directed shRNA in human aortic endothelial
cells to test the hypothesis that NNT critically regulates mitochondrial
redox balance and endothelial function in response to Ang II. We
demonstrate that the loss of NNT results in increased production of
mitochondrial ROS, promotes mitochondrial dysfunction, and disrupts
eNOS activity that is consistent with endothelial dysfunction that is a
hallmark of HTN.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals were at least analytical grade and purchased from
Sigma Chemical Co., St. Louis, MO unless otherwise noted.
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2.2. Cell culture and shRNA knockdown of NNT in human aortic
endothelial cells

Immortalized human aortic endothelial cells (HAECs) were devel-
oped by transfection with a transgene containing the doxycycline-
sensitive SV-40 large T-antigen. Immunoblotting of the resultant cell
line indicated that large T-antigen was only expressed in the presence of
doxycycline. Cells were maintained in MCDB 131 medium supple-
mented with 10% FBS, 2 mmol/L glutamax, 10 U/mL penicillin (GIBCO/
Life technologies, Carlsbad, CA), 100 pg/mL streptomycin (GIBCO/Life
technologies, Carlsbad, CA), 30 pg/mL heparin sodium, bovine brain
extract (25 pg/mL), and doxycycline (40 pg/ml). Small hairpin RNA
knockdown of NNT was accomplished by infecting immortalized HAECs
at 30-50% confluency with 1.5 x 10° lentiviral particles containing
either EGFP-scrambled (non-targeted) shRNA or EGFP-shNNT targeted
SshRNA (5'- CGAGAAGCTAATAGCATTATT-3') (Vector Labs) according
to the manufacturer’s instructions. Virally transduced cells were sorted
by fluorescence-activated cell sorting, resulting in paired cell lines of
HAECs either possessing (Scr) or lacking (shNNT) Nnt. Expression of
NNT was verified by Western blot. Doxycycline is removed from the
media one passage prior to experimentation to turn off the expression of
large T-antigen.

2.3. Isolation of endothelial mitochondria

Endothelial mitochondria were isolated for the NNT activity assay
and other measurements according to the following protocol. HAECs
were grown in 10 cm dishes and until they reached 80-90% confluency.
Growth media was replaced with reduced-serum (0.5% serum) culture
media for 16 h. The following day, HAEC, Scr, or shNNT cells were
treated with vehicle or angiotensin II (500 nM) in serum-free medium
for the times indicated. All the following steps were performed at 4 °C
unless otherwise noted. Following treatment, cells were collected in ice-
cold PBS and centrifuged for 5 min at 1600 rpm. The supernatant was
discarded, and the cell pellets were flash frozen with liquid nitrogen. The
cells were resuspended in 2 ml of 2.5x RSB hypotonic buffer (10 mM
NacCl, 1.5 mM MgCl,, 10 mM Tris-HCI, pH 7.5) and incubated for 5 min
on ice. Cells were homogenized with 50 strokes of Dounce homogenizer
on ice. 1.35 ml of 2.5x MS buffer (525 mM mannitol, 175 mM sucrose,
12.5 mM Tris-HCl, 2.5 mM EDTA, pH 7.5) was added to the samples and
they were centrifuged at 1000xg for 5 min. The supernatant was
transferred to clean tube and spun at 12000xg for 5 min and the su-
pernatant was discarded. The mitochondrial pellet was washed in 1x
RSB hypotonic buffer (210 mM mannitol, 70 mM sucrose, 5 mM Tris-
HCl, 1 mM EDTA, pH 7.5) and spun at 12000xg for 5 min. The super-
natant was discarded, and the clean mitochondrial pellet was used for
further measurements.

2.4. Measurement of NNT activity

The activity of NNT was measured as previously described [43,44],
with minor modifications. Briefly, the changes in differential absorbance
(375-425 nm) due to the reduction of 3-acetylpyridine adenine dinu-
cleotide (APAD), which is a NAD™ analogue, were monitored for 5 min
at 37 °C in a dual wavelength spectrophotometer. The assay medium
contained 50 mM Tris (pH 8.0), 0.5% Brij-35, 1 mg/ml lysolecithin, 300
pM APAD, and 10 mg of mitochondrial protein; the reaction was initi-
ated with 300 pM NADPH after 5 min preincubation. The slopes of
absorbance over time were converted to nmol APAD reduced/min using
the molar extinction coefficient of 5.1 mM ! x cm ™! for reduced APAD
[43]. Data are expressed as percent control (untreated cells).

2.5. Determination of mitochondrial bioenergetic profile

A Seahorse Bioscience XF24 extracellular flux analyzer was used to
measure mitochondrial function in HAECs. The XF24 creates a transient,
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7-pL chamber in specialized microplates that allows for the determination
of oxygen and proton concentrations in real time [45,46]. Thus, the rates
of oxygen consumption and proton production can be measured across
several samples at a time. Measurements of extracellular flux were made
in unbuffered media. For these experiments, cells were seeded at 40,000
cells per well onto Seahorse Bioscience (North Billerica, MA) V7 tissue
culture plates in reduced-serum (0.5% serum) culture media and allowed
to adhere and grow for 16 h. The following day, Scr and shNNT cells were
treated with vehicle or angiotensin II (500 nM) using serum-free medium
for 2 h. One hour before the start of the extracellular flux assay the media
was changed to serum-free DMEM supplemented with 25 mmol/L
p-glucose, 2 mmol/L L-glutamine, and 1 mmol/L pyruvate. The pH of the
medium was adjusted to 7.4 with NaOH. To allow comparison between
experiments, data are expressed as the rate of oxygen consumption in
pmol/min/pg protein. To assay mitochondrial function, oligomycin,
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone, and a combina-
tion of antimycin A/rotenone were injected through ports in the Seahorse
Flux Pak cartridges to final concentrations of 1 pg/mL, 1 pmol/L, and 10
pmol/L/1 pmol/L, respectively. Baseline oxygen consumption rate (OCR)
is represented by the total OCR of the cells before addition of mitochon-
drial inhibitors. Because oligomycin inhibits mitochondrial ATP synthase
(complex V), non-ATP-linked OCR is equal to the rate observed in the
presence of oligomycin (OCRgligo). Consequently, ATP-linked OCR
(OCRatp) is determined by subtracting the non-ATP OCR from the base-
line OCR (OCRATP=OCRpaseline—OCRgligo). Maximal OCR (OCRyax) is
determined in the presence of carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone, an ionophore that uncouples the mitochondrion,
leading to maximal oxygen consumption in an attempt to re-establish a
membrane potential. Finally, addition of antimycin A and rotenone blocks
electron entry into the electron transport chain, inhibiting mitochondrial
oxygen consumption, which allows estimation of nonmitochondrial OCR.

2.6. Measurement of reactive oxygen species

Cells were plated in 6-well dishes and allowed to reach confluence.
The cells were then placed in a reduced-serum environment (0.5%
serum) for 16 h and experiments were conducted using serum and
phenol red-free medium. Endothelial superoxide production was
measured using the hydroethidine (HE) reverse-phase high-performance
liquid chromatography (HPLC) method, as previously reported [47].
Briefly, Scr and shNNT cells were treated with vehicle or angiotensin II
(500 nM) for various times and then incubated with cell culture medium
containing 10 pM HE for 30 min. Cells were then washed with PBS,
pelleted, and lysed with a Triton X-100 solution. Proteins in the solution
were precipitated using acidified methanol and 2-OH-ethidium
(2-OH-E") enriched using a microcolumn preparation of Dowex
50WX-8 cation exchange resin and eluted with 10 N HClL. 2-OH-E"
product was measured using fluorescence detection (excitation 490 nm;
emission 567 nm) with a Shimadzu HPLC system (Shimadzu Corpora-
tion). 2-OH-E"concentration was normalized to total protein. Peaks for
both the parent HE and (2-OH-E™) were detected in all HPLC runs
ensuring that the HE was not exhausted during superoxide detection.
Hydrogen peroxide was measured using the ROS-Glo HyO, assay
(Promega) according to the manufacturer’s instructions. Briefly, Scr and
ShNNT cells (1 x 10% cells/100 pL) were seeded into each well of a
96-well plate. Cells were incubated with or without angiotensin II (500
nM) and Hy0, substrate solution for the times indicated, followed by the
addition of the ROS-Glo detection solution. Luminescence was measured
using the CLARIOstar Plus plate reader (BMG Labtech). All the values
were normalized to protein concentrations.

2.7. Determination of NADPH/NADP" and NADH/NAD" levels
NADPH/NADP" and NADH/NAD™ ratios were determined using the

NADP/NADPH-Glo and NAD/NADH-Glo assay kits (Promega) according
to the manufacturer’s instructions. Scr and shNNT cells were (1 x 10*
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cells/100 pL) were seeded into each well of a 96-well plate. The cells
were then placed in a reduced-serum environment (0.5% serum) for 16 h
and experiments were conducted using serum and phenol red-free me-
dium. Cells were then treated with angiotensin II (500 nM) for the times
indicated. NADPH/NADP" and NADH/NAD" were determined in in-
dependent experiments. Cells were lysed in 0.2 m NaOH, 1% (w/v)
dodecyltrimethylammonium bromide followed by treatment with 0.4 m
HCI at 60 °C for 15 min. After neutralization with 0.5 m Tris base,
samples were then mixed with an equal volume of NADP/NADPH-Glo or
NAD/NADH-Glo detection reagent (Promega) prepared immediately
before use. Luciferin luminescence was measured continuously for 2 h
using the CLARIOstar Plus plate reader (BMG Labtech). The slope of the
luciferin signal from the linear range of the assay was used to determine
relative NADPH/NADP" and NADH/NAD™ concentration compared
with a Scr control.

2.8. Mitochondrial glutathione peroxidase and glutathione reductase
activity

Glutathione peroxidase activity was assayed using Cayman’s Gluta-
thione peroxidase Assay Kit (Cat. No. 706002) and glutathione reduc-
tase activity was determined using Cayman’s glutathione reductase
Assay Kit (Cat. No. 703202). Isolated mitochondria were prepared as
described above and enzyme activities were determined in mitochon-
drial lysates according to the manufacturer’s instructions. Activity was
measured using the CLARIOstar Plus plate reader (BMG Labtech). All the
values were normalized to protein concentrations.

2.9. Mitochondrial ATP levels

Mitochondrial ATP levels were assayed using Cayman’s ATP Detec-
tion Assay Kit (Cat. No. 700410). Isolated mitochondria were prepared
as described above and ATP levels were determined in mitochondrial
lysates according to the manufacturer’s instructions. Luminescence was
measured using the CLARIOstar Plus plate reader (BMG Labtech).
Micromolar concentrations were determined by comparison to an ATP
standard curve.

2.10. Western blot analysis

Scr and shNNT endothelial cells were lysed in Pierce® MPER lysis
buffer containing 1x protease inhibitor cocktail (Thermo Scientific)and
1x phosphatase inhibitor cocktail (Sigma Aldrich). Protein concentra-
tion of endothelial cells was determined by BioRad Protein Assay Kit. 20
pg of total protein for each sample was loaded onto a 10% SDS poly-
acrylamide gel. Proteins were separated at 120V for 120 min and protein
transfer was performed for 120 min at 75 V onto a polyvinylidene
difluoride (Immobilon-FL) membrane (EMD Millipore). The membranes
were blocked for 1 h at room temperature in 5% non-fat dry milk
(NFDM) in 1 x phosphate buffered saline (PBS). Primary antibodies were
diluted 1:1,000 in 5% NFDM in PBS, excluding p-actin which was diluted
1:5,000, and were incubated on the membranes overnight at 4 °C on a
rocker.

Secondary antibodies were diluted 1:2,000 in 5% milk with Tris-
buffered saline with 0.1% Tween 20 (TBST), excluding the p-actin sec-
ondary antibody which was diluted 1:10,000, and incubated with
membranes for 2 h at room temperature. The membranes were washed
three 3 times, for 15 min each, with TBST while rocking after incubation
with both primary and secondary antibodies. BioRad Clarity Western
blotting reagent (BioRad, 705060) was mixed and added to blots for 5
min. Images were acquired with the BioRad ChemiDoc Imaging System.
Densitometry was performed using Image J analysis software. Bands of
interest were normalized to B-actin or total eNOS for statistical analysis.
Primary antibodies were as follows: NNT (sc-390236) (purchased from
Santa Cruz), P-eNOS Ser''”” (C9C3 #9570), total eNOS (D9ASL
#32027), and f-actin (8H10D10 #3700) (all purchased from Cell
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Signaling), Secondary antibodies were as follows: anti-rabbit IgG-HRP
(#7074) and anti-mouse IgG-HRP (#7076) (purchased from Cell
Signaling).

2.11. Mitochondrial membrane potential

Scr and shNNT cells were grown to confluence in 4-well chambered
slides. The cells were then placed in a reduced-serum environment
(0.5% serum) for 16 h and experiments were conducted using serum and
phenol red-free medium. Cells were treated with vehicle control or
angiotensin II (500 nM) for the times indicated. Membrane potential was
assessed using the potentiometric dye tetramethyl rhodamine methyl
ester (TMRM; Sigma Aldrich) at a final concentration of 50 nM for 30
min at 37 °C. Four randomly selected images were acquired for each
experimental replicate and digitized using a Hamamatsu Orca digital
camera interfaced with an Olympus IX-70 microscope equipped for
epifluorescent illumination. The camera signal was ported to an Apple
Macintosh computer hosting the imaging software I Vision-MAC (Bio-
vision, Exton, PA). Image analysis was performed using Image J analysis
software.

2.12. Endothelial nitric oxide synthase (eNOS) activity

Endothelial nitric oxide synthase (eNOS) activity was assayed using
Cayman’s NOS Activity Assay Kit (Cat. No. 781001) according to the
manufacturer’s instructions. Activity was measured using the CLAR-
IOstar Plus plate reader (BMG Labtech). All the values were normalized
to protein concentrations.

2.13. NO measurements

Nitric oxide ("NO) metabolites (NOx) were measured using Sievers
Nitric Oxide Analyzer 280i as previously described [48]. Following
treatment cells were collected in *NO preservation solution (800
mmol/L potassium ferricyanide, 17.6 mmol/L N-ethylmaleimide, 6%
Nonidet P-40 in PBS) for tri-iodide *NO chemiluminescent analysis.
Nitrite is reduced using the tri-iodide method. *°NO is measured using an
ozone-based chemiluminescent assay (Sievers Nitric Oxide Analyzer
280i, Weddington, NC). Aliquots of samples were tested for sulfanil-
amide resistance following addition of an acidic sulfanilamide solution
to a final concentration of 0.5% v/v and sitting in the dark for 15 min
prior to injection into the analyzer.

2.14. Statistical analysis

All of the studies have been repeated at least 3 times. Student’s t-test
was used for two-group comparison, and one-way ANOVA followed by
the Newman-Keuls posttest was used for multigroup comparisons. Data
were reported as mean + SEM. P < 0.05 was considered significant.

3. Results
3.1. Angiotensin II induces mitochondrial dysfunction and NNT activity

Previous studies performed by our group and others has demon-
strated that the absence of nicotinamide nucleotide transhydrogenase
(NNT) exacerbates cardiovascular disease development in C57Bl/6J
(6J) mice when compared to C57Bl/6N (6N) by contributing to mito-
chondrial dysfunction and increased ROS production [33,34,39-42,49].
However, the vast majority of these studies have been conducted in the
6N and 6J mice or cells derived from them. As such, very little is known
regarding the regulation of NNT and its contribution to redox balance
and mitochondrial function in human vascular cells. Consistent with
previous reports, we observe a significant impairment of mitochondrial
function in response to angiotensin II (Ang II) in human aortic endo-
thelial cells (HAEC) highlighted by decreases in basal, oligomycin
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(ATP-linked), and FCCP (maximal oxygen consumption) treated condi-
tions (Fig. 1A). The mitochondrial dysfunction incited by Ang II treat-
ment led to significant oxidative stress exemplified by corresponding
increases in both superoxide (Fig. 1B) and hydrogen peroxide (Fig. 1C)
production in response to treatment. NNT is located in the mitochon-
drial inner membrane and utilizes the mitochondrial membrane poten-
tial to convert NADH to NADPH [28-30]. As such, it plays a pivotal role
in supplying the NADPH that is utilized by the antioxidant systems in the
mitochondria including glutathione peroxidase (Gpx), and glutathione
reductase (GR) which have critical roles in the removal of hydrogen
peroxide and the maintenance of reduced GSH respectively. In response
to Ang II treatment we observe a time dependent increase in both the
expression and activity of NNT (Fig. 1D) consistent with a role in pre-
venting ROS-induced damage and dysfunction.

3.2. NNT supports mitochondrial antioxidant activity

To determine if NNT plays a significant role in the ability of mito-
chondria to cope with Ang II-induced oxidative stress, we utilized a
small hairpin RNA (shRNA) strategy to knockdown NNT expression in
HAECs. Fig. 2A demonstrates that shRNA treatment led to an almost
complete inhibition of NNT expression and activity in these cells. NNT’s
role in supplying the mitochondrial antioxidant systems with reducing
equivalents in the form of NADPH would suggest that the loss of NNT
could contribute to a pro-oxidative redox environment in the mito-
chondria. Supporting this concept, we observe that the loss of NNT leads
to an increase in both superoxide (Fig. 2B) and hydrogen peroxide
(Fig. 2C) that is exacerbated by Ang II treatment. This shift in redox tone
is likely driven by a disruption of NADH and NADPH balance in the
mitochondria due to the loss of NNT in these cells. Consistent with this
hypothesis, we observe that even in untreated conditions the loss of NNT
led a significant decrease in NADPH levels (Fig. 2D) and a significant
increase in NAD " (F ig. 2E). Treatment with Ang II exacerbated the loss
of NADPH in these cells but did not further increase NAD™. The loss of
NADPH is likely due directly to the loss of NNT activity and augmented
by consumption of NADPH via mitochondrial antioxidant enzyme ac-
tivity. This concept is supported by data demonstrating that the loss of
NNT in these cells has a significant impact on both glutathione peroxi-
dase (Gpx) and glutathione reductase (GR) activities. The absence of
NNT significantly increased both GR and Gpx activities in untreated
HAEC (Fig. 2F and G), consistent with an increased steady-state HyOo
levels driven by the loss of NNT. However, treatment with Ang Il and a
further increase in HyO» production (Fig. 2C) quickly overwhelms the
diminished antioxidant capacity of the cells lacking NNT ultimately
leading to a significant impairment of both enzyme activities. In
contrast, cells that maintain normal NNT activity respond to Ang II and
the increased HyO5 production with significant elevations of both Gpx
and GR activities.

3.3. The loss of NNT contributes to mitochondrial dysfunction

Ang II treatment contributes to mitochondrial dysfunction in normal
HAEC (Fig. 1A), however it is unclear what role NNT may play in this
process. Interestingly, simply removing NNT from the cell results in an
impairment of mitochondrial oxygen consumption under both basal and
FCCP stimulated (maximal oxygen consumption) conditions (Fig. 3A)
that is similar to the mitochondrial dysfunction we observe in HAEC
treated with scrambled shRNA and Ang II (Fig. 3B). Treating cells that
lack NNT with Ang IT leads to further impairment of both basal and FCCP
stimulated oxygen consumption in these cells that is more severe than
both untreated shNNT cells (Fig. 3C) and cells treated with scrambled
shRNA and Ang II (Fig. 3D). Summary data in Fig. 3E highlights that the
loss NNT from these cells leads to a mitochondrial dysfunction similar to
that observed with Ang II treatment alone and that Ang II treatment in
the absence of NNT leads to a profound impairment of mitochondrial
function. The mitochondrial dysfunction incited by the loss of NNT may
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Fig. 1. Ang II promotes mitochondrial dysfunction, ROS production, and NNT expression. Human aortic endothelial cells were treated with Ang II (500 nM)
for the times indicated. Mitochondrial function (A), superoxide production (B), hydrogen peroxide production (C), and NNT expression and activity (D) was
determined. Data presented are means + SEM of >4 independent experiments. *p < 0.05 vs untreated control.

have a significant impact on cellular function as well, since the loss of
NNT leads to a marked reduction in ATP levels in these cells (Fig. 3F).
These data clearly demonstrate that, in addition to supporting the
mitochondrial antioxidant systems, NNT expression and activity is
critical to maintaining normal mitochondrial function.

3.4. NNT is required for mitochondrial hyperpolarization in response to
Ang II

The ability of the mitochondria to perform its most critical function,
the generation of ATP, is dependent on the maintenance of the mito-
chondrial membrane potential and the proton motive force. NNT also
utilizes the mitochondrial membrane potential to convert NADH to
NADPH and, as such, the loss of NNT may result in changes to mito-
chondrial membrane potential. Interestingly, the loss of NNT in HAEC
had no impact on mitochondrial membrane potential under unstimu-
lated conditions. However, in cells that contain NNT, Ang II treatment
led to time dependent increase in mitochondrial membrane potential
that peaked at 30 min of exposure and remained elevated for the
duration of the experiment (Fig. 4A and B). Conversely, cells that lack
NNT were unable to increase mitochondrial membrane potential in

response to Ang II. The proton motive force generated during oxidative
phosphorylation is a critical determinant for the mitochondrial mem-
brane potential and ultimately drives the generation of ATP. Consistent
with our observed changes in mitochondrial membrane potential, the
loss of NNT had no impact on cellular ATP levels in unstimulated cells
(Fig. 3F). However, treatment with Ang II led to a time-dependent in-
crease in ATP levels in Scr cells that was not observed in the absence of
NNT (shNNT). These changes in cellular ATP mirror our observations
with mitochondrial membrane potential and illustrate the coupling be-
tween the mitochondrial membrane potential and ATP production.
Furthermore, these data highlight a pivotal role for NNT in regulating
mitochondrial function by supporting both stress induced energy pro-
duction (Fig. 3) and the mitochondrial antioxidant systems (Fig. 2).

3.5. Loss of NNT disrupts Ang Il-induced eNOS activity

Previous studies from our laboratory have indicated that the absence
of NNT expression led to a more severe hypertensive phenotype in Ang I
treated mice [42]. Hypertension was associated with mitochondrial
dysfunction, increased vascular ROS production and decreased *NO
bioavailability. Our data reveal a similar pattern in NNT knockdown
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HAEC treated with Ang II. To determine if the loss of NNT contributes to
a disruption in *NO bioavailability, we assayed eNOS phosphorylation at
Ser''”” in both Scr and shNNT cells treated with Ang II. As expected,
treatment led to a time dependent increase in eNOS phosphorylation in
cells with normal NNT expression (Fig. 5A and B). Interestingly, the loss
of NNT led to an increase of eNOS phosphorylation at baseline and Ang
II treatment exacerbated this effect (Fig. 5A and B). Maximal levels of
eNOS phosphorylation was observed at 2 h of Ang II treatment in both
groups, with shNNT cells displaying a roughly 2.5 fold increase in
phosphorylation compared to Scr. However, increased eNOS phos-
phorylation in shNNT cells was not associated with an increase in eNOS
activity (Fig. 5C). In cells with normal NNT expression, Ang II treatment
led to a time-dependent increase in eNOS activity that corresponded
with increased eNOS phosphorylation at Ser'!””. Conversely, in ShNNT
cells elevated levels of eNOS phosphorylation at both baseline and
following Ang II treatment did not lead to an increase in eNOS activity.

In fact, with 2 and 4 h of Ang II treatment we observed a significant
decrease in eNOS activity. Consistent with these observations, cells that
contain NNT display a time-dependent increase in *NO production that
corresponds with both eNOS phosphorylation and eNOS activity
(Fig. 5D). The loss of NNT disrupts this relationship, demonstrating that
*NO production parallels the reduction in eNOS activity and not the
increased levels of eNOS phosphorylation observed at Ser!'77. These
data clearly demonstrate that NNT is necessary for the phosphorylation
dependent regulation of eNOS activity at Ser''”” and the corresponding
increase in *NO production. In the absence of NNT, the inability of
Ser!'”7 phosphorylation to increase eNOS activity provides valuable
mechanistic insight into the decreased *NO bioavailability and exacer-
bated hypertensive phenotype we have previously observed in C57Bl/6J
mice that do not express NNT [42].
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response to Ang II. Data presented are means = SEM of >4 independent ex-
periments. *p < 0.05 vs Scr and #p < 0.05 vs untreated control.

4. Discussion

Reactive oxygen species (ROS) contribute to changes in vascular tone
and the structure of microvasculature contributing to the pathogenesis
of HTN [3]. While the NADPH oxidase family of enzymes are a critical
source of ROS [3], mounting evidence indicates that
mitochondrial-derived ROS may play an equally important role in HTN
[4]. Mitochondrial ROS production is counterbalanced by the mito-
chondrial antioxidant system and NNT is an important source of NADPH
in the mitochondria that drives the enzymatic degradation of hydrogen
peroxide via peroxidase and reductase systems involving glutathione or
thioredoxin as substrates. We have previously shown that C57Bl/6J
mice that lack NNT expression have increased levels of vascular ROS
production and display a more severe hypertensive phenotype in
response to Ang II when compared to C57Bl/6N mice that express NNT
[42]. Supporting a role for the endothelium in this process, primary
endothelial cells isolated from 6J mice also display mitochondrial
dysfunction and increased ROS production [42]. Taken together these
observations suggest that NNT expression impacts mitochondrial func-
tion and ROS production in response to Ang II that contributes to
elevated blood pressure. However, very little is known regarding how
NNT expression and activity may impact mitochondrial and endothelial
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function in human cells. The current study utilizes normal and shRNA
driven NNT knockdown human aortic endothelial cells to determine
how NNT expression and activity impacts mitochondrial and endothelial
cell function in response to Ang IIL.

Recent studies indicate that isolated mitochondria from C57Bl/6N
mice that contain NNT are reliant on the glutathione and thioredoxin
systems to clear exogenously added Hy02[50]. However, it is unclear if
pathophysiological production of mitochondrial ROS has any impact on
the regulation of NNT. In an effort to determine if NNT is regulated by
Ang II, we treated human aortic endothelial cells with Ang II and
assessed mitochondrial function, ROS production, and NNT expression
and activity. Treatment with Ang II led to a time dependent impairment
of mitochondrial function (Fig. 1A) characterized by reductions in basal,
ATP-linked (oligomycin inhibited), and maximal (FCCP driven) oxygen
consumption rates. Consistent with our previous studies, Ang II induced
mitochondrial dysfunction was associated with a time dependent in-
crease superoxide and hydrogen peroxide production (Fig. 2B and C).
Interestingly, Ang II also let to a time dependent increase in both NNT
expression and activity (Fig. 2D). These data are in agreement with
previous studies that have shown increased mitochondrial ROS pro-
duction in endothelial cells treated with Ang II [51-53]. However, this
study has, for the first time, demonstrated that Ang II treatment and the
associated production of mitochondrial ROS can impact the expression
and activity of NNT in human cells. These data are consistent with NNT’s
role in supporting the mitochondrial antioxidant system and indicate
that elevated levels of ROS lead to a compensatory increase in NNT
expression and activity to deal with this stress.

While the elevated expression and activity of NNT are consistent
with its role in supporting the mitochondrial antioxidant system, we
wanted to determine if the targeted removal of this enzyme would have
any impact on endothelial redox balance in response to Ang II
Numerous studies, including our own, have utilized the C57Bl/6N and
C57Bl/6J mice or cells isolated from them to implicate NNT in regu-
lating mitochondrial redox balance across a wide variety of disease
models [33,34,39-42,49]. However, there are strain associated differ-
ences in addition to NNT that cannot be adequately accounted for
[54-57] and very few studies have specifically looked at NNT in human
cells. To investigate how NNT may impact mitochondrial redox balance
in human aortic endothelial cells, we generated a stable NNT knock-
down cell line using shRNA and compared its responses to a scrambled
shRNA line. The shNNT cell line demonstrated a near complete abol-
ishment of both NNT expression and activity (Fig. 2A). Interestingly,
simply removing NNT from the mitochondria led to a significant in-
crease in both superoxide and hydrogen peroxide production (Fig. 2B
and C). As before, treatment with Ang II incited ROS production, how-
ever this response was exacerbated in cells that lack NNT. The observed
increases in superoxide and hydrogen peroxide could be due to both
increased production and decreased scavenging. We observed no
changes in SOD2 expression (data not shown) supporting increased su-
peroxide production during oxidative phosphorylation. Furthermore,
elevated superoxide production should drive increases in hydrogen
peroxide, as it is the product of superoxide dismutation. These results
suggested that an impairment of the mitochondrial antioxidant system
supported by NNT’s production of NADPH could impact cellular redox
balance.

Assessment of the NADPH/NADP™* and NADH/NAD" ratios demon-
strated that the loss of NNT led to a significant decrease in the NADPH/
NADP™ ratio and a corresponding increase in the NADH/NAD™ (Fig. 2D
&E). We observed no changes in the expression of mitochondrial iso-
citrate dehydrogenase, malic enzyme or glutamate dehydrogenase (data
not shown) as alternative enzymatic sources of NADPH, indicating that
there was no compensation for the loss of NNT. The lack of compensa-
tion suggests that the reduction of NADPH related to the loss of NNT did
not significantly disrupt normal cellular function. The shift in the
NADH/NAD™ ratio is consistent with less NADH being consumed by
NNT for the production of NADPH. Ang II treatment led to a progressive
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decrease in the NADPH/NADP" ratio consistent with NADPH con-
sumption by the mitochondrial antioxidant system. The ability for the
loss of NNT to impact cellular NADPH levels is notable. Previous studies
have indicated that, under conditions of oxidative stress, that the
pentose phosphate pathway can compensate for decreases in NADPH by
shifting substrates from glucose metabolism to the pentose phosphate
pathway [58]. While analysis of this pathway is beyond the scope of the
current study, is possible that activation of this pathway may not be able
to entirely compensate for the loss of NADPH resulting from the
impaired NNT activity. Examination of glutathione reductase (GR) and
glutathione peroxidase (Gpx), components of the mitochondrial anti-
oxidant system that rely on NADPH for their reducing power, indicated
that the loss of NNT led to a significant increase in both activities in
untreated cells (Fig. 2F &G). While these data initially seemed coun-
terintuitive, they suggest that the loss of NNT and the increased

steady-state levels of ROS present in the mitochondria lead to an in-
crease in GR and Gpx activity to compensate for this stress. While Ang II
stimulated GR and Gpx activity in cells that contain NNT, those without
had a marked decrease in GR and Gpx activity in response to Ang II.
Under these conditions, the elevated levels of ROS production coupled
with decreased NADPH production appears to overwhelm the mito-
chondrial antioxidant system, with GR and Gpx activity dropping as the
NADPH is consumed. Taken together, these data demonstrate that the
loss of NNT shifts the cellular redox balance, culminating in increased
ROS production and impaired thiol-dependent peroxidase and reductase
activity.

Mitochondrial dysfunction is a key initiating event that contributes
to the endothelial and vascular dysfunction in hypertension. The
observed increase in ROS production in untreated cells that lack NNT led
to investigations into the relationship between NNT expression and Ang
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II-induced mitochondrial dysfunction. Consistent with our parental
HAEC line, the Scr cell line that maintains NNT expression displayed
significant mitochondrial dysfunction in response to Ang II (Fig. 3A).
When comparing untreated Scr and shNNT cells, we observe a similar
level of mitochondrial dysfunction through the targeted removal of NNT
from these cells (Fig. 3B). Since mitochondrial ROS generation is
byproduct of normal energy metabolism, it stands to reason that the loss
of NNT and an inhibition of the NADPH dependent antioxidant system in
the mitochondria will lead to increased steady state levels of mito-
chondrial ROS (Fig. 2B and C) contributing to mitochondrial dysfunc-
tion. When comparing mitochondrial function in Scr and shNNT cells
treated with Ang II, we found that Ang II led to severe mitochondrial
dysfunction in cells that lack NNT (Fig. 3D). The results from these ex-
periments suggest that the loss of NNT promotes mitochondrial
dysfunction and further sensitizes the mitochondria to Ang II treatment.
Furthermore, they provide mechanistic insight into why animals that
lack NNT expression often present with a more severe disease phenotype
then those that maintain NNT expression [40-42,49,59]. Our data
support the concept that the loss of NNT places cells under a mild
oxidative stress, or a first hit, that primes them for a severe pathological
response when hit with a second pathological stimulus like Ang II
Interestingly, the changes that we observe in the functional properties of
the mitochondria did not directly translate to an impairment of energy
metabolism. In Scr cells, Ang II treatment led to an early enhancement of
mitochondrial ATP production that then diminished over the course of
the treatment but did remain significantly elevated when compared to
untreated controls (Fig. 3F). This ability to increase ATP production in
response to Ang II was lost in shNNT cells, where their mitochondrial
ATP progressively decreased in response to treatment. The disconnect
between impairment of oxygen consumption rate as an index of oxida-
tive phosphorylation and the production of ATP suggests that NNT may
impact other pathways related to energy metabolism. For example, the
increased ATP observed in Scr cells treated with Ang Il may be related to
an impact on the Krebs cycle associated with NNT activity. The pro-
duction of NADPH by NNT occurs at the expense of NADH and this
consumption of NADH may stimulate Krebs cycle activity, and further
glycolysis, to replenish NADH stores. As a result, ATP production may
occur via other pathways and could explain the elevations in ATP levels
we observe despite impairment of oxidative phosphorylation.

The measurement of oxygen consumption provides substantial
insight into mitochondrial substrate utilization and electron transfer.
However, it is the generation of the mitochondrial membrane potential
(AW) or the proton motive force that provides the energy for ATP syn-
thesis and has been tightly associated with ATP production [60]. In an
effort to determine if NNT impacts mitochondrial membrane potential in
response to Ang II, we loaded the mitochondria with TMRM and then
treated Scr and shNNT cells with Ang II to track changes in membrane
potential. Despite reductions in mitochondrial function and ATP pro-
duction with the loss of NNT, mitochondrial membrane potential was
unaffected in untreated shNNT cells (Fig. 4A and B). However, treatment
with Ang II led to markedly different changes in mitochondrial mem-
brane potential in these cells. Consistent with the ATP data, treatment
with Ang II let to a significant increase in mitochondrial membrane
potential at 30 min that was trending towards baseline by 2 h in the cells
that contain NNT. Conversely, shNNT cells displayed little to no change
in mitochondrial membrane potential in response to Ang II across any of
the treatment time points. The parallels that we observe between
mitochondrial membrane potential and ATP production in this system
indicates that mitochondrial membrane potential and the proton motive
force drive ATP production in these cells. Furthermore, the loss of NNT
impairs the ability of these cells to dynamically regulate mitochondrial
membrane potential and ATP production in response to Ang II. The
ability of NNT to impact the mitochondrial membrane potential is not
entirely unexpected since it also uses energy from the mitochondrial
membrane potential to perform its transhydrogenase activity [61].
However, we would have predicted that under conditions of oxidative

10

Redox Biology 36 (2020) 101650

stress that NNT would deplete some of the membrane potential. Our
data demonstrates exactly the opposite. While the mechanisms by which
the loss of NNT has such a dramatic impact on membrane potential
require further investigation, the inability of FCCP to increase oxygen
consumption shNNT cells treated with Ang II (Fig. 3E) suggests that the
loss of NNT impairs electron transport chain (ETC) function. As a result,
electron flow through the chain would slow, promoting electron leak
and the partial reduction of oxygen to generate superoxide. This reduced
flow would also impair maintenance of the mitochondrial membrane
potential and ATP production. These data demonstrate the close rela-
tionship between mitochondrial membrane potential and ATP produc-
tion and highlight NNT as a critical enzyme required to preserve the
metabolic plasticity to prevent mitochondrial dysfunction in response to
Ang II.

The contribution of mitochondrial ROS production to endothelial
dysfunction in hypertension is predominantly centered on the regulation
of *°NO bioavailability. Mitochondrial ROS can impact blood pressure
through disruption of *NO dependent vessel dilation [62-64], through
consumption reactions [65], and by promoting eNOS uncoupling lead-
ing to further ROS generation [66]. To determine if the loss of NNT
contributes to a disruption of *NO biology in response to Ang II, we
assessed eNOS phosphorylation at Ser!'””, eNOS activity, and the pro-
duction of *NO metabolites (NOx) in Scr and shNNT cells. As expected,
Ang 1I led to a time dependent increase in eNOS phosphorylation at
Ser''”7 that reached statistical significance at 2 h of treatment in cells
that contain NNT. In cells that lack NNT, eNOS phosphorylation was
significantly elevated at baseline and Ang II exacerbated this effect at all
time points (Fig. 5A and B). However, when eNOS activity was assessed
in response to Ang II, we observed a disconnect between eNOS phos-
phorylation and eNOS activity in the shNNT cells (Fig. 5C). While Scr
cells displayed a time dependent increase in eNOS activity that paral-
leled changes in eNOS phosphorylation, shNNT cells displayed no
change in eNOS activity at early time points and a reduction in eNOS
activity at later time points despite significant increases in phosphory-
lation. This same pattern was observed when we measured *NO me-
tabolites as an index of *NO production (Fig. 5D). NNT containing cells
were able to elevate *NO production in response to Ang II consistent
with eNOS phosphorylation and activity while cells that lack NNT dis-
played impaired °NO production. Typically, reductions in °*NO
bioavailability in the context of increased ROS production are thought to
be mediated by consumption reactions between superoxide and *NO
[67]. However, if this were true in our study we would have expected to
see reductions in NOx in the absence of NNT, but not reductions in eNOS
activity. Our observed impairment of both eNOS activity and NOx,
despite increased eNOS phosphorylation support the conclusion that the
increased oxidative stress associated with the loss of NNT may
contribute to eNOS uncoupling. While further studies are required
confirm eNOS uncoupling in this system, it is consistent with our ob-
servations and, since eNOS uncoupling can lead to superoxide produc-
tion, could contribute to both the elevated production of ROS and
decreased NOx we observe in shNNT cells treated with Ang II.

Mounting evidence has implicated mitochondrial ROS as a critical
mediator in the development of hypertension. The impact of mito-
chondrial ROS in this process is exemplified by animal studies where
treatment with mitochondria-targeted antioxidants can lead to reduced
blood pressure when given systemically [52]. However, clinical trials
designed to directly scavenge ROS in hypertension have met with little
success [18]. The data presented here support the hypothesis that NNT
regulates mitochondrial redox balance and protects against endothelial
dysfunction in response to Ang II. This study highlights NNT as an
enzyme whose activity impacts the glutathione peroxidase system in the
mitochondria supporting antioxidant activity at one of the critical sites
of ROS generation in the cell. The potential of NNT to impact multiple
antioxidant pathways and promote redox balance in the mitochondria
provides support for a shift from simple scavenging to targeted thera-
peutic strategies for reducing oxidant stress in cardiovascular diseases.
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These data support the concept that targeting upstream regulators of
existing antioxidant systems may prove to be more effective than
treatment with ROS scavengers that display a general lack specificity
related to the sites of ROS production.
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