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The mitochondrial thioredoxin/peroxiredoxin system encompasses
NADPH, thioredoxin reductase 2 (TrxR2), thioredoxin 2, and
peroxiredoxins 3 and 5 (Prx3 and Prx5) and is crucial to regulate
cell redox homeostasis via the efficient catabolism of peroxides
(TrxR2 and Trxrd2 refer to the mitochondrial thioredoxin reductase
protein and gene, respectively). Here, we report that endothelial
TrxR2 controls both the steady-state concentration of peroxyni-
trite, the product of the reaction of superoxide radical and nitric
oxide, and the integrity of the vascular system. Mice with endo-
thelial deletion of the Trxrd2 gene develop increased vascular stiff-
ness and hypertrophy of the vascular wall. Furthermore, they
suffer from renal abnormalities, including thickening of the Bow-
man’s capsule, glomerulosclerosis, and functional alterations.
Mechanistically, we show that loss of Trxrd2 results in enhanced
peroxynitrite steady-state levels in both vascular endothelial cells
and vessels by using a highly sensitive redox probe, fluorescein-
boronate. High steady-state peroxynitrite levels were further
found to coincide with elevated protein tyrosine nitration in renal
tissue and a substantial change of the redox state of Prx3 toward
the oxidized protein, even though glutaredoxin 2 (Grx2) expression
increased in parallel. Additional studies using a mitochondria-
specific fluorescence probe (MitoPY1) in vessels revealed that en-
hanced peroxynitrite levels are indeed generated in mitochondria.
Treatment with Mn(lll)tetrakis(1-methyl-4-pyridyl)porphyrin [Mn(lll)
TMPyP], a peroxynitrite-decomposition catalyst, blunted intravascu-
lar formation of peroxynitrite. Our data provide compelling evi-
dence for a yet-unrecognized role of TrxR2 in balancing the nitric
oxide/peroxynitrite ratio in endothelial cells in vivo and thus estab-
lish a link between enhanced mitochondrial peroxynitrite and dis-
ruption of vascular integrity.
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Selenocysteine-containing mitochondrial thioredoxin reduc-
tase (TrxR2) is the key regulator of the thioredoxin system
and essential for mitochondrial redox homeostasis (1-3). This
system constitutes a primary defense against peroxides produced
in mitochondria, such as hydrogen peroxide and peroxynitrite
(4). TrxR2 is necessary for maintaining thioredoxin 2 (Trx2) in its
reduced state by using electrons from NADPH. In turn, Trx2 is a
cofactor of mitochondrially localized peroxiredoxin 3 (Prx3) and
peroxiredoxin 5 (Prx5) that reduce H,O, and peroxynitrite*
generated by mitochondrial metabolism (1, 2, 4-7). The reaction
rate constants of HO, and peroxynitrite with the fast reacting
thiols of both Prx3 and Prx5 have been compiled recently (4).
Notably, Prx3, the only peroxiredoxin which is exclusively
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localized in mitochondria (8, 9)°, was reported to accept elec-
trons also from glutaredoxin 2 (Grx2) (10). Among the biologi-
cally recognized functions, TrxR2 plays essential roles in
hematopoiesis, heart development, and heart function (11, 12).
In a previous study, we could show that loss of TrxR2 in endo-
thelial cells (ECs) attenuated vascular remodeling processes
following ischemic events and led to a prothrombotic and
proinflammatory endothelium (13). While these studies pointed
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Vascular oxidative stress and endothelial cell dysfunction con-
tribute to various human pathologies. Here, we show that, in
vascular endothelial cells, a key mitochondrial antioxidant en-
zyme, namely thioredoxin reductase 2 (TrxR2), plays a central
role in the control of vascular integrity. Its targeted loss is as-
sociated with disruption of both nitric oxide (‘-NO) and redox
homeostasis in vivo. Impaired TrxR2 activity leads to elevated
steady-state levels of peroxynitrite, reflecting the decreased
bioavailability of -NO by its O, ~ mediated oxidative inactivation.
Thus, TrxR2 represents a central control point of peroxynitrite
levels by providing reducing equivalents to mitochondrial
peroxiredoxins that, in turn, catalytically reduce peroxynitrite
to nitrite. The data additionally support pharmacological ap-
proaches for mitochondrial peroxynitrite detoxification under
conditions of vascular oxidative stress.
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TIn human cells, Prx5 is located in mitochondria, peroxisomes, the cytosol, and
the nucleus.
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toward an important role of TrxR2 in the cardiovascular system,
the underlying biochemical mechanisms, particularly in vivo,
have remained largely unclear. Unlike many other cell types in
the body, ECs are unique as they are constantly exposed to
changing biochemical and mechanical stimuli. Furthermore, they
do not just separate the circulating blood and the vascular
smooth muscle cells but also have to fulfill a wide range of
physiological tasks, including regulation of vascular tone, cellular
adhesion, thromboresistance, smooth muscle cell proliferation,
and inflammoresistance (14, 15). One of the most significant
biomolecules that is involved in vascular endothelial function is
the free radical nitric oxide (:NO) (16, 17). -NO is not only an
important vasodilator but also has antiinflammatory properties
by inhibiting the synthesis and expression of cytokines and ad-
hesion molecules that attract inflammatory cells and facilitate
their entrance into the vessel wall (18, 19). Furthermore, -NO
suppresses platelet aggregation (20), vascular smooth muscle cell
migration, and proliferation (21). Consequentially, a decreased
synthesis of -NO, as well as an enhanced inactivation, can result
in endothelial dysfunction (22-24). Oxidative stress contributes
to this phenomenon, starting with the diffusion-controlled re-
action of -NO with superoxide radical (O, ™), which shortens the
biological half-life and compromises the signaling actions of -NO
(25-28). In addition, the oxidative inactivation of -NO by O~
yields a powerful oxidizing and nitrating species, peroxynitrite
anion (28, 29). Moreover, peroxynitrite itself leads to uncoupling
of endothelial nitric oxide synthase to become a dysfunctional
O, and peroxynitrite-producing enzyme that additionally con-
tributes to cellular oxidative stress (30, 31). A sustained overload
of O, and, peroxynitrite combined with insufficient levels of
-NO may contribute to a switch of the endothelium from the
quiescent stage toward an activated one, setting up a vicious
cycle, causing endothelial dysfunction and inflammation. ECs
are equipped with a number of antioxidant systems known to be
potentially protective against vascular oxidative stress that,
however, under persistent pathological stimuli, may become
overwhelmed.

In this context, it is increasingly recognized that mitochondrial-
derived O, and the disruption of mitochondrial redox homeo-
stasis contribute to alter the signaling actions of -NO in vascular
biology (32-34). Besides the mitochondrial thioredoxin system, a
number of professional redox systems, including mitochondrial
superoxide dismutase (MnSOD/SOD?2), glutathione peroxidase, and
glutathione reductase, are involved in maintaining mitochondrial
redox homeostasis.

However, the specific roles of these enzymes in the context of
endothelial dysfunction are far from being understood. The fact
that genetically modified mouse models revealed that many of
the different antioxidant enzymes are indispensable for murine
development (35-38) impedes further insights into their role for
vascular homeostasis, and, to our knowledge, only a limited
number of EC-specific transgenic mice have yet been described
in this context (39-42). Interestingly, Trx2 transgenic mice that
overexpress Trx2 specifically in the endothelium demonstrated
an increased -NO bioavailability and EC function, decreased
oxidative stress, and reduced propensity to atheroma formation
(3, 43).

The aim of this study was to analyze the impact of endothelial
TrxR2 on vascular homeostasis (in vitro, ex vivo, and in vivo),
focusing on its role on mitochondrial peroxynitrite catabolism.
The data support that enhanced mitochondrial steady-state levels
of peroxynitrite in vascular ECs are connected with disruption of
redox homeostasis and vascular structural and functional integrity.

Results

Phenotypic Characterization of Trxrd2®*® Mice. Although, after
knockout induction, the general appearance of tamoxifen-
inducible endothelial cell-specific knockout mice (Trrd2=KC)
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mice (KO) was inconspicuous compared to control animals
(Trrd2°°™™!, WT), histological analysis revealed vascular alter-
ations in many organs. Because the phenotypic changes were most
pronounced in the kidney, we focused on this organ but also an-
alyzed vessels in other tissues: e.g., skeletal muscle (Fig. 1 4 and
B), cremaster muscle (S Appendix, Fig. S2 A and B), mesentery
(Figs. 1 C and D and 5A4), and aorta (SI Appendix, Fig. S3).

Arterial Wall Hypertrophy in Trxrd2®*® Mice. Analysis of the wall
thickness and wall area of skeletal muscle arterioles, as well as of
small renal arteries, revealed a statistically significant increase of
both parameters in Trrd2=*° mice (Fig. 1 4 and B). The vessel
luminal diameters (skeletal muscle arterioles, Trrd2"™": 18.7 +
0.8 vs. Trrd2ECKO; 19.1 + 0.8 pm; small renal arteries, Trard2°0moL:
78.2 + 6.2 vs. Trrd2™¥C: 92.1 + 6.69 pm; n = 5 animals per group)
were not different among the groups.

Blood Pressure Measurements and Increased Vascular Stiffness in
Trxrd2®%® Mice. Arterial blood pressure was measured inva-
sively in 10 control mice and 8 Trwrd2'=“*° mice. In both gen-
otypes, arterial pressure and heart rate were higher during
nighttime than daytime, indicating a circadian rhythm with
higher locomotor activity during the nighttime period. During
daytime, as well as during nighttime, systolic, mean, and diastolic
pressure, as well as heart rate, were not different between
Trxrd2°°™™" and Trrd2™KC mice (averaged [day 4, 6, 8, and 10]
blood pressure values for Trrd2°°™™! mice [systolic/diastolic in
mmHg]: 127.2 + 3.1/96.4 + 2.3 [daytime]; 138.7 + 3.2/105 + 2
[nighttime]; averaged heart rate per minute [day 4, 6, 8, and 10]
555 + 13 [daytime], 588 + 9 [nighttime]. Trxrd2"=“° mice [sys-
tolic/diastolic in mmHg] daytime: 128.4 + 5.6/95.4 + 3.7; night-
time: 141.7 + 6.6/106 + 4.1; heart rate per minute daytime: 543 +
10; nighttime: 600 + 7) (SI Appendix, Fig. S1). Because analysis
of data from the Framingham heart study revealed that arterial
stiffness actually precedes the development of arterial hyper-
tension (44), we cannulated freshly isolated mesenteric arteries
from mice of both genotypes and determined stress—strain
curves. Mesenteric arteries from Trord2'EKC mice displayed a
decreased passive distensibility, as indicated by a left-shift of the
stress—strain curve when compared to Trwrd2°°™™' mice
(Fig. 10). Conseque_ntlz, the stiffness coefficient was significantly
increased in Trrd2™KO arteries (Fig. 1D). Decreased arterial
compliance suggests structural remodeling of the arterial wall in
Trxrd2™=KO mice.

Intravital Microscopy Demonstrates an Impaired Response of
Arterioles toward Vasodilatory Compounds in Trxrd2¥® Mice. To
further analyze the impact of a deletion of TrxR2 on endothelial
function, we studied arterioles in the cremaster muscle of six
Trxrd2™=KC (64 arterioles) and of six Trrd2°°™™ mice (58 ar-
terioles). The arterioles exhibited maximal diameters ranging
from 22 to 54 pm and were not different between genotypes
(mean 37 + 1 pm in both genotypes). The arterioles exhibited a
spontaneous tone at rest amounting to 46 + 2% of their maximal
diameter in controls, and tone was similar in Trrd2EKO mice
(49 + 2%). The endothelium dependent dilator acetylcholine
(Ach) (0.1 to 10 uM) induced concentration-dependent dilations
in both genotypes, but these dilations were significantly reduced
in Trrd2™KO at higher concentrations (SI Appendix, Fig. S24).
Likewise, the -NO donor sodium nitroprusside (SNP) (0.1 to
10 pM) dilated arterioles in a concentration-dependent manner
in both é(enotypes, but again with significantly less efficacy in
Trxrd2™=KC mice (SI Appendix, Fig. S2B).

Renal Capillary Density and Renal EC Morphology Are Impaired in
Trxrd2=° Mice. Since small renal arteries displayed an increase
in vessel wall thickness, we tested whether EC loss of Trxrd2
would affect kidney morphology and renal function. First, we
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Fig. 1. Arterial wall hypertrophy and increased vascular stiffness in Trxrd2

iECKO

mice. (A) The wall thickness of skeletal muscle arterioles (exemplified on the

Left), as well as of small renal arteries, is significantly enhanced in Trxrd2'5<€© mice. (B) The wall area (um?) of skeletal muscle arterioles, as well as of small
renal arteries, is significantly increased in Trxrd2'K° mice. (A and B) n = 5 animals per group, Mann-Whitney rank-sum test for skeletal muscle arterioles,

t test for small renal arteries. A, arteriole. (Scale bar: 25 um.) (C) Mesenteric arteries derived from Trxrd2

iECKO mice display a decreased passive distensibility, as

indicated by a left-shift of the stress-strain curve when compared to wild-type animals. (D) The stiffness coefficient is significantly increased in Trxrd2'5<°
mice arteries (C and D: n = 14 vessels derived from four wild-type mice, and n = 14 vessels derived from five knockout mice, t test). *P < 0.05.

analyzed vascular density by measuring the CD-31-positive areas
in glomeruli-containing tissue, as well as tubulointerstitial tissue.
Interestingly, capillary density was significantly reduced in
Trxrd2™=XC mice within the glomeruli-containing area (Fig. 24),
but not within the tubulointerstitium (Zrxrd2°°"™": 2.7% + 0.2 vs.
Trrd2™K0: 2.2% + 0.2; n = 7 animals per group). By periodic
acid Schiff (PAS) staining, we could frequently observe en-
largements of the capillary space of glomeruli (exemplified by
Fig. 2B). Ultrastructural analysis further substantiated patho-
logical endothelial changes by illustrating detachment of ECs
from the glomerular basement membrane (Fig. 2C). Although
the vascular alterations were most pronounced in the renal
compartment, the phenotypic changes were not limited to the
kidneys but were also detectable in other organs of Trxrd2EKO
mice (the detachment of aortic ECs from the basal membrane is
exemplified by SI Appendix, Fig. S3).

Thickening of the Bowman's Capsule, Glomerulosclerosis, and
Increased Fibrosis in Trxrd2=° Mice. Further histopathological
examination of hematoxylin/eosin (H&E)-stained tissue sections
revealed a significant thickening of the Bowman’s capsule in
Trrd2™%C mice compared to Trrd2°™™° animals (Fi%. 34).
Furthermore, a large number of glomeruli of Trrd2E%C mice
were completely (Fig. 3B, marked by a dashed line) or partially
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(Inset in Fig. 3B) sclerotized. Transmission electron microscopy
also uncovered alterations of the glomerular basement mem-
brane: e.g., hump-like structures as indicated in Fig. 3C. Fur-
thermore, Trrd2=“%C mice showed an enhanced accumulation
of collagen in the glomeruli-containing renal cortex, but not in
the tubulointerstitial compartment of the kidney, as visualized by
Sirius red staining (SI Appendix, Fig. S4).

EC Loss of Trxrd2 Results in Renal Inmune Cell Infiltrations. Analysis
of PAS-stained kidney sections revealed infiltration of immune
cells into the renal tissue of Trwrd2"“X© mice (marked by a
dashed line, Fig. 4 4, Right). Immunohistochemistry character-
ized these accumulated cells mainly as CD45-positive leukocytes
(Fig. 4B). Immunohistochemistry using the macrophage marker
MAC-2 with subsequent cell counting revealed significantly
more MAC-2-positive cells within the tubulointerstitial as well
as within the glomerular tissue of Trrd2=%° mice compared to
Trxrd2°°™™°" animals (Fig. 4C). No difference in the number of
CD3-positive lymphocytes could be determined (WT: 123.2 + 8.3
vs. KO: 109.8 + 8.3 cells within 12 regions of interest [ROIs], n =
5 animals per group).

Analysis of Renal Function in Trxrd2*° Mice. The observed histo-
pathological findings in kidneys derived from Trrd2F¥° mice
prompted us to analyze renal function by measuring the serum

PNAS | 3of 12
https://doi.org/10.1073/pnas.1921828118

MEDICAL SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921828118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921828118/-/DCSupplemental
https://doi.org/10.1073/pnas.1921828118

Downloaded at Helmholtz Zentrum Muenchen - Zentralbibliothek on April 15, 2021

25

20 1

15 T

10 _L

% of cD31-positive area/total area >

Fig. 2. Decreased glomerular capillary density and vascular alterations in
Trxrd2'®K© mice. (A) The capillary density of the glomeruli-containing area is
significantly decreased in Trxrd2'E<“© mice. This is exemplified in the pictures
on the Right by use of an antibody against CD31. n = 7 animals per group,
t test. (Scale bar: 20 pm.) (B) PAS staining of the glomeruli reveals an en-
largement of the capillary space in Trxrd2° mice (indicated by arrows).
(Scale bar: 20 pm.) (C) Transmission electron microscopy confirms the vas-
cular alterations by showing damage of the fenestrated ECs of the glo-
merular capillaries (white arrows). BM, basement membrane; CL, capillary
lumen; E, erythrocyte. *P < 0.05. (Scale bar: 2,500 nm.)

creatinine and serum urea nitrogen concentrations. Both pa-
rameters were elevated in Trrd2™%° mice (SI Appendix, Fig.
S5). However, analysis of the urinary albumin-to-creatinine ratio
(UACR) revealed no difference among the groups (Trrd2°°™™":
31.2 + 9.0 pg/mg vs. Trxrd2 KO mice: 46.9 + 19.4 pg/mg, n = 6
animals per group, Mann-Whitney rank-sum test).

Peroxynitrite Levels Are Elevated in Vessels Derived from Trxrd2<°
Mice as Well as in Trxrd2~'~ Cells. To gain further mechanistic in-
sight into the role of TrxR2 in the endothelial compartment and
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to test whether the observed phenotype might be associated with
elevated peroxynitrite levels, we analyzed freshly isolated mes-
enteric vessel segments (cut open to stain ECs) using the redox
fluorescent probe fluorescein-boronate (FI-B) that readily reacts
with peroxynitrite (45, 46). Indeed, even under baseline condi-
tions, vessels derived from Trrd2X° mice displayed a signif-
icantly higher fluorescence than those derived from Trxrd2°°™"!
mice (Fig. 54). To assess whether the fluorescent signal was
dependent on -NO-derived peroxynitrite, cells were incubated
with the endothelial nitric oxide synthase (eNOS) inhibitor
N-nitro-L-arginine (LNA). Indeed, the fluorescence intensity
decreased in Trrd2E®C mice, but not in Trord2%°™®! animals
(Fig. 54). On the contrary, incubation with LNA followed by
the treatment with the -NO-donor spermine NONOate (100 pM,

A -

thickness of BC (um)

Fig. 3. Endothelial deletion of Trxrd2 results in a number of renal pathol-
ogies. (A) Trxrd2'E“° mice display significant thickening of the Bowman’s
capsule (BC) compared to Trxrd2®°™"! mice, as also exemplified by the pic-
tures on the Right. n = 5 animals per group (t test). (Scale bar: 20 pm.) (B)
Trxrd2®K° mice (Right) show a large number of completely (large figure) or
partly (Inset) sclerotized glomeruli. Dashed lines mark sclerotized parts.
(Scale bar: 20 pm.) (C) The glomerular basement membrane of Trxrd2/8<°
mice demonstrates in some cases hump-like swellings, as marked by arrows
and visualized by transmission electron microscopy. E, erythrocyte; BM,
basement membrane. *P < 0.05. (Scale bars: 2,500 nm.)
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Fig. 4. Glomerular as well as tubulointerstitial immune cell infiltrations in
Trxrd2E“C mice. (A) PAS-staining reveals infiltration of immune cells
(marked by a dashed line) into the kidney of Trxrd2'#%“® mice. (Scale bar: 50
um.) (B) Immunohistochemistry demonstrates that these infiltrated cells ex-
press the common leukocyte antigen CD45 (brown color). (Scale bar: 50 pm.)
(C) Immunohistochemistry using the macrophage marker MAC-2 with sub-
sequent cell counting shows a significantly enhanced number of macro-
phages within the tubulointerstitial as well as within the glomerular tissue
of Trxrd2'5¥° mice, compared to control animals. The microphotographs on
the Right show MAC-2-positive macrophages (brown color) within a glo-
merulus. n = 5 animals per group, t test. *P < 0.05. (Scale bar: 20 pm.)

t12 = 230 min at 25 °C and pH 7.4 -NO flux ~ 0.4 uM/min) (47)
resulted in a significant increase of the fluorescent signal in
Trrd2°°™™' mice compared to control conditions (Fig. 54). In
Trord2™%° mice, the combinatory incubation of LNA and
NONOate elevated the signal again back to the level of control
conditions (Fig. 54). In addition, we analyzed the level of per-
oxynitrite in ECs isolated from the lung tissue of Trrd2=KC
and Trwrd2°™™' mice as well as in Trwrd2™'* and Trrd27/~
embryonic endothelial progenitor cells (eEPCs) (13) using the
FI-B probe. Statistically significant higher steady-state levels of
peroxynitrite were detected in ECs isolated from Trxrd2B<KO
mice compared to ECs isolated from Trxrd2°°™"™! mice (SI Ap-
pendix, Fig. S6A4). In accordance, Trxrd2~'~ eEPCs also displayed
significantly higher levels of peroxynitrite than Trrd2*'* cells
(SI Appendix, Fig. S6B).

Enhanced Protein Tyrosine Nitration in Renal Tissue of Trxrd2'E*°
Mice. Since peroxynitrite is a powerful oxidant and nitrating
agent with the capacity to oxidatively modify tyrosine (Tyr) to
3-nitrotyrosine (3-NO,Tyr) (29), elevated peroxynitrite levels in
vascular endothelium would consequently result in enhanced
protein tyrosine nitration. Therefore, we examined renal tissue
with an anti-nitrotyrosine antibody. Indeed, immunohistochem-
istry revealed a strong staining intensity in renal tissue derived
from Trrd2™XC mice. High immunopositive areas were evi-
dent, particularly in glomeruli as well as in renal parts with im-
mune cell infiltrations (Fig. 5B). Immunoblotting using an
antibody against nitrotyrosine confirmed enhanced protein ni-
tration in renal tissue of Trwrd2™%° mice (Fig. 5C). Densito-
metric analysis of immunoblots revealed a 4.15 + 0.8 times
higher expression level in kidney tissue derived from Trrd2=KC
mice (n = 6 animals per group).
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Expression Levels of Trx2, Grx2, Prx3, and Prx5 in Trxrd2 Knockout
Cells. The mitochondria-localized Prx3 was recently shown to
rapidly reduce peroxynitrite (7). Interestingly, TrxR2 is necessary
for maintaining Trx2 in its reduced state and, in turn, Prx3 uses
both, Trx2 and Grx2 as electron donors (10). Therefore, we
analyzed whether Trx2, Grx2, Prx3, and Prx5 expression levels
were changed in Tixrd2™~ cells as compared to control cells. Im-
munoblotting under reducing conditions revealed that Trud2™/~
eEPCs expressed higher levels of Grx2 (Fig. 64) than Trord2*/*
eEPCs (densitometric analysis revealed a 6.9 + 2.3 higher expres-
sion level in Trrd2”~ eEPCs, n = 4 immunoblots) whereas the
levels of Trx2, Prx3, and Prx5 were not different between Trrd2
wild-type and knockout cells (Fig. 64).

Deletion of Trxrd2 Affects the Redox State of Prx3 and Enhances Prx3
Hyperoxidation. Since Grx2 can also reduce mitochondrial Prx3,
we assessed whether the peroxiredoxin system is impaired in the
Trxrd2™'~ cells by analyzing the redox state of Prx3. Monitoring
the ratio of Prx3 monomer and dimer revealed that, in Trxrd2 ™~
cells, Prx3 almost exclusively appears in its oxidized form (dimer)
whereas Trard2*'* cells do contain both the reduced (monomer)
as well as the oxidized (dimer) form (Fig. 6B). Analysis of Prx
hyperoxidation by use of an antibody against peroxiredoxin-SO;
(Prx-SO3) showed an increased signal in Trxrd2™~ cells (Fig. 6C).
However, the antibody against Prx-SO; cannot determine which
of the peroxiredoxins is hyperoxidized. Therefore, we measured
Prx3 hyperoxidation according to the method described by Cox
et al. (48). This method takes advantage of the fact that, in the
absence of alkylation, reduced Prxs immediately dimerize fol-
lowing cell lysis. However, hyperoxidized Prxs are unable to dimerize
and remain as monomers. An immunoblot under nonreducing
conditions shows that Trrd27'~ cells display a higher level of
monomers, hence more hyperoxidized Prx3 than Trrd*'* cells
(Fig. 6D). Thus, the near sevenfold compensatory increase of Grx2
was not sufficient to impede Prx3 oxidation and, in general, per-
oxiredoxin hyperoxidation. Analysis of the ratio of Grx2 monomer
and dimer revealed that, in Trrd2™~ cells, both forms, but espe-
cially the active monomer, show increased expression levels
compared to control cells (Fig. 6E).

Kinetic Determination of the Reaction of Mitochondria Peroxy Yellow
1 with Peroxynitrite. Since TrxR2 is mainly located in the mito-
chondria, we explored whether the enhanced peroxynitrite levels
might be preferentially generated in this organelle. Therefore,
we initially characterized mitochondria peroxy yellow 1 (MitoPY1),
a mitochondrial-targeted boronate-based compound initially
reported as a hydrogen peroxide probe (49) [with a very small
second order rate constant (~0.2 M~'s™") (49)], and evaluated if
it could be used for mitochondrial-peroxynitrite detection. Indeed,
as it has been well established that boronate-derived probes react
very fast with peroxynitrite (45, 50, 51), we likewise determined
the kinetics of the reaction of MitoPY1 with peroxynitrite. Indeed,
direct kinetic analysis (Fig. 7 A and B) and competition kinetics
(Table 1) showed that MitoPY1 readily reacts (k ~10° M~'s™)
with peroxynitrite anion (ONOO™).

The direct measurement gFig. 7) provided a second order rate
constant value of 0.7 x 10° M~'s™! at 25 °C and pH 7.4. Al-
ternatively, simple competition kinetic analysis for the oxidation
of MitoPY1 by peroxynitrite in the presence of phenylalanine
boronic acid (FBA) was performed and confirmed the rate
constant value at 25 °C in the order of 10° M~".s™! (Table 1).

We additionally tried to determine the rate constant of the
reaction at 37 °C and pH of 7.8. Although the fittings were not as
good as 25 °C, an estimated second order rate constant ~0.8 X
10° M~'.s7" was obtained (Table 1). An important consideration
is that it was found that the probe spontaneously emits fluores-
cence with time at 37 °C. Therefore, appropriate controls and
careful data interpretation are essential.
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Fig.5. Exvivo detection of peroxynitrite in the endothelium and enhanced protein nitration in renal tissue of Trxrd2

L3 ap — ™
30
WT KO WT KO

iECKO mice. (A) Peroxynitrite detection by

use of FI-B probe reveals significantly higher peroxynitrite levels (indicated by a higher mean gray value [= higher fluorescence intensity]) in the vascular
endothelium of vessels isolated from Trxrd2X® mice compared to ECs of vessels isolated from Trxrd2°"' mice (n = 8 animals per group). Treatment of
isolated vessels from Trxrd2"K° mice with the eNOS inhibitor LNA (N-nitro-L-arginine) resulted in a significantly lowered fluorescence signal in Trxrd2®<<°,
but not in Trxrd2°™™°' mice (n = 6 animals). The combinatory application of LNA and the -NO-donor spermine NONOate significantly enhanced the fluo-
rescence intensity in Trxrd2<°™' mice. In Trxrd2'¥“® mice, the combinatory incubation of LNA and NONOate elevated the signal to the level of control
conditions (A) (n = 3 animals). ANOVA on ranks followed by all pairwise multiple comparison procedure. Pictures on the Right illustrate the observed
fluorescence signal in the endothelium under the different conditions. au, arbitrary units. (Scale bar: 20 um.) (B) Analysis of protein tyrosine nitration by use of
an anti-nitrotyrosine antibody demonstrates basal staining in Trxrd2<°"' mice. Trxrd2'®%° mice show an enhanced signal, especially in the glomeruli, but

also in inflamed parts of the renal tissue derived from Trxrd2'¥“© mice, compared to renal tissue isolated from Trxrd2°°™' mice. (Scale bar: 50 pm.) (C)

Immunoblotting using an antibody against nitrotyrosine demonstrates a stronger signal in renal tissue derived from Trxrd2

iECKO mice, indicating enhanced

protein nitration in these animals. Actin served as a loading control. *P < 0.05. n.s., not significant.

Mitochondrial Localization of the Peroxynitrite Signal. Next, the
mitochondrial-targeted probe MitoPY1 was tested on freshly
isolated mesenteric vessel se;]%ments. Under baseline conditions,
vessels derived from Trrd2™=“*° mice displayed a significantly
higher fluorescent intensity than those derived from Trxrd2°°"™!
mice (Fig. 7C). Adding LNA in order to block eNOS activity
resulted in a significant decrease of the fluorescent signal in
Trxrd2™KC mice (Fig. 7C). As a positive control, we added
spermine NONOate to vessels derived from Trrd2°°™™ mice.
This treatment resulted in a significant increase in the fluores-
cence intensity (Fig. 7C). The mitochondrial localization of the
MitoPy1 signal was verified by use of a mitochondrial marker (S
Appendix, Fig. S7A4).

The Peroxynitrite Decomposition Catalyst Mn(ll)tetrakis(1-methyl-4-pyridyl)
porphyrin Pentachloride Decreases Peroxynitrite Steady-State Levels.
As a potential therapeutic strategy to decrease the peroxynitrite
levels in ECs of Trwrd2E%© mice, we incubated freshly isolated
mesenteric vessel segments with Mn(III)tetrakis(1-methyl-4-
pyridyl)porphyrin pentachloride [Mn(III)TMPyP], a manganese-
porphyrin which acts as a superoxide dismutase (SOD) mimetic
(52) and mostly peroxynitrite decomposition catalyst (53-55). A
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protective role of manganese porphyrins against nitro-oxidative stress
induced by the peroxynitrite donor 3-morpholinosydnonimine (SIN-1)
has recently been demonstrated in ECs (56). Indeed, incubation with
25 pM Mn(II)TMPyP (55) for 2 h significantly decreased the fluo-
rescent signal of the FI-B probe in the vascular endothelium compared
to saline-treated vessel segments (Fig. 8). Because the mean gray
value in vessels derived from Tixrd2°°™™! mice is low under baseline
conditions, it is difficult to detect further lowering of the signal.
Therefore, we used our cell culture system to test whether Mn(III)
TMPyP has also an impact on control cells. Using the mitochondrial-
targeted probe MitoPY1, we first verified its mitochondrial locali-
zation in eEPCs by use of a mitotracker (SI Appendix, Fig. S7B).
Incubation with Mn(II)TMPyP (5SuM) significantly lowered the
fluorescence signal, both in wild-type as well as in Trrd2~~ eEPCs
(SI Appendix, Fig. STC). Addition of NONOate significantly in-
creased the signal in both cell types. When Mn(III)TMPyP was given
in parallel, the signal could be significantly lowered but was not
different from baseline levels (SI Appendix, Fig. ST7C).

Trxrd2~'~ Cells Are More Susceptible to Glutathione Depletion. To

test whether the enhanced Grx2 expression serves as a back-up sys-
tem for the loss of Tmrd2, we examined the effects of experimental
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Fig. 6. Immunoblotting (IB) under reducing and nonreducing conditions. (A) Under reducing conditions immunoblotting demonstrates high levels of Grx2 in
Trxrd2~~ eEPCs compared to wild-type cells. No difference was observed for the expression levels of Trx2, Prx3, and Prx5. (B) We monitored the redox state of
Prx3 by alkylating the cells and analyzing them under nonreducing conditions. Whereas, in Trxrd2™~ cells, Prx3 almost exclusively appears in its oxidized form
(dimer), Trxrd2*"* cells do contain both the reduced (monomer) as well as the oxidized form. (C) Analysis of Prx hyperoxidation by use of an antibody against
Prx-SOs3 showed an increased signal in Trxrd2~'~ cells. (D) In the absence of alkylation, we could demonstrate a higher level of monomers in Trxrd2™~ cells
under nonreducing conditions, indicating that the amount of hyperoxidized Prx3 is higher in the Trxrd2™"~ cells. (E) Analysis of the redox state of Grx2
revealed that Trxrd2~~ cells do have increased expression levels of both forms, the monomer as well as the dimer, but especially of the active monomer

compared to control cells. Actin served as a loading control (A-E).

glutathione (GSH) depletion by applying buthionine sulphoximine
(BSO) (400 nM), a highly specific and irreversible inhibitor of
y-glutamyl-cysteinyl-synthetase (y-GCS), to the cell culture medium.
Indeed, Trrd2™'~ ¢EPCs are much more susceptible to GSH de-
pletion than wild-type cells as the number of viable cells [measured by
use of a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay| was significantly lowered following 24 h treatment with BSO
(SI Appendix, Fig. S8). The baseline level (no treatment) at 24 h was
arbitrarily set to 100%. Addition of Mn(III)TMPyP (5 uM) to the
BSO-treated cells increased the number of viable cells to the level of
untreated cells. Treatment with Mn(III)TMPyP alone had no sig-
nificant influence on cell viability (SI Appendix, Fig. S8). As an ad-
ditional read-out for potential beneficial effects of Mn(III)TMPyP,
we studied the mitochondrial membrane potential by using the dye
JC-10. As shown previously (13), Trrd2 ™~ cells have a significantly
lower mitochondrial membrane potential than wild-type cells. We
tested whether addition of Mn(III)TMPyP (5 pM, 24 h) could elevate
the ratio of red-fluorescent JC-10 aggregates to monomeric, green
fluorescent forms. However, addition of Mn(III)TMPyP alone had
no impact on the JC-10 fluorescence ratio, neither in wild-type nor in
Trad27'~ cells (SI Appendix, Fig. 89). Addition of BSO (400 nM, 24
h) significantly decreased the JC-10 ratio in knockout cells, but not in
wild-type cells. Finally, a combination of both BSO and Mn(III)
TMPyP was able to elevate the fluorescence ratio in Trrd2 ™~ cells
back to the control level (SI Appendix, Fig. S9). The mitochondrial
oxidative phosphorylation uncoupler carbonyl cyanide-4-(tri-
fluoromethoxy)phenylhydrazone served as a control substance and
significantly lowered the JC-10 fluorescence ratio (WT: 0.37 + 0.05;
KO: 0.31 + 0.05, n = 6 independent experiments).

Kameritsch et al.

The mitochondrial thioredoxin reductase system (TrxR2) in vascular endothelium controls

peroxynitrite levels and tissue integrity

Discussion

Endothelial cell dysfunction (ECD) was initially described as a
defective endothelium-dependent vasorelaxation in patients at
risk for the development of atherosclerosis (57-59). Today ECD
sums up a broad number of vascular alterations: e.g., impaired
antithrombogenic properties, increased expression of adhesion
molecules and inflammatory genes, inappropriate regulation of
vascular smooth muscle cell tone, or migratory properties
(reviewed in refs. 60-63). However, the hallmark of ECD is still
an impairment of -NO-mediated endothelium-dependent vaso-
dilation (23). TrxR2 deficiency in the endothelium results in
impaired mitochondrial redox homeostasis and causes ECD
(13). Interestingly, the observed vascular alterations are most
pronounced in the kidney. Kidney eNOS is localized in the ECs
of arteries and glomeruli and plays a series of functions, in-
cluding regulation of vascular tone, sodium reabsorption, and
renin release (64). Structural changes of the renal system (e.g.,
thickening of the glomerular basement membrane, glomerulo-
sclerosis) are characteristics of an early stage of diabetic ne-
phropathy (65-67), in which disruption of redox and -NO
metabolism and consequent nitroxidative stress have been ob-
served (68-71). Moreover, some of the herein described glo-
merular alterations have also been detected in different forms of
glomerulonephritis (72, 73).

In the present work, we aimed to analyze how the EC-specific
deletion of Tmrd2 affects vascular redox homeostasis and tissue
integrity in different organs, thereby focusing on mitochondrial
peroxynitrite formation and catabolism as a potential cause of
the observed phenotype.
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Fig. 7. MitoPY1 and mitochondrial peroxynitrite detection. (A) Time course of the fluorescence emission change upon oxidation of MitoPY1 (10 pM) by
peroxynitrite (0.5 uM), as studied by stopped-flow techniques. RFU, relative fluorescence units. (B) Effect of increasing MitoPY1 concentrations on the ob-
served rate constants (kops). All determinations were carried out in phosphate buffer (100 mM, pH 7.8, 0.1 mM diethylenetriaminepentaacetic acid) at 25 °C,
and excitation was set at A., = 503 nm and total emission recorded. (C) Use of MitoPY1 in ex vivo isolated vessels reveals significantly higher peroxynitrite
levels in mitochondria of ECs derived from Trxrd2'E<X° mice compared to those isolated from Trxrd2<°™"°! mice (n = 3 animals per group). Treatment of vessels
isolated from Trxrd2'5%© mice with the eNOS inhibitor LNA significantly decreased the peroxynitrite detection in the mitochondria of ECs. On the opposite,
addition of the -NO-donor spermine NONOate significantly increased the peroxynitrite levels in the mitochondria of ECs isolated from Trxrd2<°™°' mice. n =3
animals per group. au, arbitrary units. ANOVA on ranks followed by all pairwise multiple comparison procedures. Pictures on the Right illustrate the observed

fluorescence signal in the endothelium under the different conditions. *P < 0.05. (Scale bar: 10 um.)

By using a highly sensitive redox probe, FI-B (45, 74), we
measured peroxynitrite ex vivo in the endothelial layer of isolated
mesenteric arteries, showing significantly enhanced peroxynitrite
levels compared to the endothelium of Tird2°°™™! mice (Fig. 54).
While boronate-based fluorescent probes have been previously
successfully used in cells (45, 46, 51) and model organisms, such as
Caenorhabditis elegans (75) and zebrafish (76), herein, we report
its application for redox imaging in mammalian tissues.

Although physiological levels of -NO are essential for many
aspects of vascular homeostasis (18-21), its interactions with
vessel-derived O, can exert cytotoxic, proinflammatory and
tissue disruptive effects by its oxidation product peroxynitrite
(27-29). We hypothesized that, secondary to the perturbation of

Table 1. Rate constants for the reaction of peroxynitrite with
MitoPY1 determined at 25 °C or 37 °C and pH 7.4 or pH 7.8,
determined by direct measurement or competition approach

Conditions, k (M~"s™")

Methodology 25 °Cand pH 7.4 25°Cand pH 7.8 37 °Cand pH 7.8

(0.70 + 0.04) x 10° (0.43 + 0.01) x 10° (0.80 + 0.10) x 10°
(1.0 £ 0.3) x 10° ND ND

Direct
Competition

ND, not determined.
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mitochondrial redox control due to the lack of TrxR2 activity,
mitochondrial O, fluxes increase and most of the eNOS-derived
-NO is consumed to yield peroxynitrite, a process that parallels a
decrease in -NO bioavailability. This is supported by a less efficient
response of arterioles in Trrd2“%° mice to the vasodilators Ach
and SNP. Such an impaired response was also described for heart
vessels when perfused with peroxynitrite (77). In addition, oxida-
tive stress can decrease the expression and activity of soluble
guanylyl cyclase (sGC) in vascular smooth muscle cells (78). Per-
oxynitrite may act in a paracrine manner on surrounding vascular
smooth muscle cells. This in turn could account for a diminished
vascular response toward SNP in Trrd2=“%° mice.

The observation of arterial hypertrophy and enhanced vascu-
lar stiffness in Trrd2™X° mice (Fig. 1) is similar to changes in
the arterial wall that have been observed, either following ge-
netic deletion of eNOS in mice (79, 80) or following chronic
inhibition of -NO synthesis (81). Moreover, the impaired flow-
dependent vasodilation in Trrd2™=“%° mice (13) likely depends
on an elevated -NO consumption. Interestingly, whereas addition
of eNOS inhibitors did not further decrease this imEaired vas-
odilatory response of vessels derived from Trrd2™“° mice
supporting that most if not all of the -NO was already being
compromised (13), such ex vivo inhibition of -NO production
consequently led to significantly decreased peroxynitrite levels in
the EC layer of vessels derived from Trrd2=“*C mice (Fig. 54).
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Fig. 8. Mn(II)TMPyP, a peroxynitrite decomposition catalyst, decreases
peroxynitrite levels in vessels lacking endothelial TrxR2. Treatment of mes-
enteric vessel segments isolated from Trxrd2'€<° mice with 25 pM Mn(lll)
TMPyP for 2 h significantly decreases peroxynitrite levels in the vascular
endothelium, as detected by FI-B. au, arbitrary units; n = 3 animals per
group; Mann-Whitney rank-sum test. *P < 0.05. (Scale bar: 20 pm.)

Peroxynitrite-derived radicals can lead to the nitration of
protein tyrosine residues to 3-nitrotyrosine (27, 29, 82). An en-
hanced protein nitration in renal tissue of Trrd2=“%© mice further
substantiated that ex vivo measured elevated steady-state levels of
peroxynitrite correlated with their generation in vivo (Fig. 5B). One
of the known targets for nitrating species in the vasculature (83) is
prostacyclin synthase, which becomes inactivated by a site-specific
nitration at Tyr-430 (29, 84). In this sense, peroxynitrite has the
ability to block vasodilatory pathways mediated by prostacyclin.

In addition, several other candidate tyrosine nitrated proteins
could account for part of the phenotypic changes encountered in
the kidney including MnSOD (85, 86), pl90RhoGAP-A (87),
PKG (88), and eNOS itself (89) and should be explored in future
proteomics-based analysis (90).

TrxR2 itself exists in three isoforms which differ in their N termini
(91), with the predominant form containing an N-terminal signal
peptide necessary for mitochondrial targeting (92-94), supporting
the idea that defective mitochondrial peroxide catabolism by TrxR2
secondarily compromises mitochondrial function. Therefore, we
analyzed whether mitochondrial levels of peroxynitrite were en-
hanced under conditions of TrxR2 deficiency. For this purpose, we
used MitoPY1, a mitochondrial-targeted boronate-based compound
initially reported as an H,O, probe (49). Since boronate-derived
probes react fast with peroxynitrite (45, 50, 51), we performed di-
rect kinetic analysis, as well as competition kinetics, to prove that
MitoPY1 readily reacts with the peroxynitrite anion (Fig. 74 and B
and Table 1). Subsequent ex vivo analysis verified that mitochondria
of Txnrd2-deficient ECs were an important source of peroxynitrite
(Fig. 7C). As the fluorescence arising from the boronate-based
probe could be modulated by the use of NOS inhibitors and by
the addition of -NO donors, respectively, these experiments largely
support that these responses were mediated by peroxynitrite
(Fig. 7C).* Hence, this is a demonstration linking peroxynitrite
catabolism with TrxR2-dependent pathways in vivo.

*The residual fluorescence in the presence of the NOS inhibitors may be attributed to
mitochondrial H,0,.
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A significant elevation of the steady-state levels of peroxyni-
trite is the result of two aberrant processes, which ultimately
trigger a vicious cycle. First, the lack of TrxR2 compromises
H,0, detoxification through the Prx3/Trx2/TrxR2 axis (95, 96),
and elevated H,O, levels increase the calcium concentration in
ECs, thereby stimulating excessive -NO production through
eNOS (97) and mitochondria-derived O, (98, 99). This initial
event triggers mitochondrial peroxynitrite formation via the
diffusion-controlled reaction of -NO with O, ™. Second, once
peroxynitrite is generated, the lack of TrxR2 results in a failure
of peroxynitrite elimination by either Prx3 or Prx5 (4, 5, 7),
overall causing an elevation of steady-state levels and subsequent
oxidation and nitration reactions, which further alter mitochon-
drial redox homeostasis (28) and EC function. For instance,
peroxynitrite disrupts mitochondrial redox homeostasis and
bioenergetics by mechanisms that include aconitase inactivation,
inhibition of complex I and II-dependent electron transport, and
MnSOD inactivation (28). Future work using mitochondrial
probes for -NO (100) and superoxide radicals (101) and the
analysis of MnSOD nitration and inactivation will help to further
assess the dynamics of the peroxynitrite formation in these
model systems.

Since the observed phenotype is moderate, and not life
threatening for the mice, it is possible that other systems partly
compensate for the endothelial loss of TrxR2. Indeed, the
mitochondrial-located Prx3 is not only a substrate for Trx2, but
can also be reduced by Grx2, which is unique because it can
receive electrons from both TrxR2 and GSH (102). Interestingly,
our analysis revealed that Trrd2™~ cells express significantly
higher levels of Grx2 (Fig. 64). Even though immunoblots under
nonreducing conditions confirmed high levels of the active Grx2
monomer in Trrd2~'~ cells (Fig. 6E), analysis of the redox state
of Prx3 showed a strong accumulation of the oxidized protein. In
contrast, Trard2™'* cells do contain both, the reduced as well as
the oxidized form (Fig. 6B). This is striking because silencing the
expression of either Trx2 or Grx2 in HeLa cells using specific
small interfering RNA (siRNA) did not change the monomer:-
dimer ratio of Prx3 (10). In parallel, we observed an enhanced
accumulation of hyperoxidized Prx3, further indicating sustained
oxidative conditions in Trwrd2™~ cells (Fig. 6D). The second
mitochondria-located peroxiredoxin, Prx5, is a member of the
atypical 2-Cys Prxs (103) and fully relies on the Trx system for
the reduction of the disulfide formed during its reaction cycle
(10). Its expression level was not altered in the knockout context
(Fig. 64). To analyze whether Prx3 partially copes with mito-
chondrial peroxides via the glutaredoxin-dependent redox
pathway® in TrxR2-deficient cells, we deprived cells of GSH
using BSO, a highly specific and irreversible inhibitor of y-GCS.
The observed significant decrease of cell viability (SI Appendix,
Fig. S8) supported our hypothesis.

As a final proof that vascular peroxynitrite was enhanced in
TrxR2-deficient ECs, we pretreated vessels with a cell-permeable
Mn-porphyrin to pharmacologically eliminate peroxynitrite. Indeed,
Mn-porphyrins including Mn(III)TMPyP are known to catalyti-
cally reduce peroxynitrite to nitrite at the expense of reducing
equivalents arising from various sources, including the mitochon-
drial electron transport chain and low molecular weight com-
pounds (28, 104, 105). In particular, cationic Mn-porphyrins can
permeate mitochondria (55) in the oxidized state (Mn>*) which,
upon reduction in mitochondria (Mn*"), is the actual reactant
with peroxynitrite; Mn-porphyrins can easily reach micromolar
levels in mitochondria and exert strong cytoprotective actions
against peroxynitrite (56). In our work, Mn(III)TMIZ}]I(P signifi-
cantly decreased peroxynitrite detection in the Trrd2=“¥© vessels

SGlutaredoxin reduction depends, in turn, on glutathione and glutathione reductase.
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Fig. 9. TrxR2-mediated detoxification of peroxynitrite in mitochondria and
manganese porphyrin-based pharmacology. The left-hand part of the
scheme shows how TrxR2 fuels electrons from NADPH to Trx2, which, in turn,
reduces mitochondrial Prx3 and Prx5 (Prxs). Interestingly, TrxR2 can also re-
duce the mitochondrial glutaredoxin (Grx2) that can also serve as the
proximal electron donor to Prx3 (10). The mitochondrial peroxiredoxins
readily reduce peroxynitrous acid to nitrite via their fast reacting peroxidatic
thiols, with second order rate constants of 1 x 107 and 1.2 x 108 M~"s7",
respectively (4). The right-hand part of the scheme shows that MnP in the 2+
redox state catalytically reduces the peroxynitrite anion to nitrite at the
expense of reducing equivalents of endogenous reductants, such as gluta-
thione and the electron transport chain (104, 105). The pK, of peroxynitrite
is 6.8; thus, both peroxynitrous acid and the peroxynitrite anion are present
and in rapid acid-base equilibrium in mitochondria. AH, reductant; ETC,
electron transport chain; ox, oxidized; red, reduced.

(Fig. 8), but also in Tird2™~ and control cells (SI Appendix, Fig.
S7), in full agreement with its role as a peroxynitrite decomposition
catalyst. It is likely that long-term Mn-porphyrin ther}a{lgy may serve
to attenuate the vascular phenotype in the Trrd2=KY animals.

Conclusions

In sum, our work shows that endothelial TrxR2 controls vascular
integrity and that its targeted loss is associated with a disruption
of both -NO and redox homeostasis, leading to elevated steady-state
levels of peroxynitrite. The enhanced formation of peroxynitrite
reflects the compromised bioavailability of -NO by its O, ™ mediated
oxidative inactivation under conditions of TrxR2 deficiency (106)
and, at the same time, represents a feasible pathogenic mechanism
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accounting for the loss of tissue integrity. Thus, TrxR2 represents a
central control point of intramitochondrial and intracellular per-
oxynitrite levels, and Mn-porphyrins pharmacologically assist to
detoxify mitochondrial peroxynitrite under conditions of vascular
nitroxidative stress (Fig. 9).

Materials and Methods

Generation of Trxrd2*° Mice. To analyze the biological significance of TrxR2
expression and activity in vascular ECs in vivo, we interbred Trxrd2'*"°* mice
(11) with transgenic mice expressing the tamoxifen-inducible recombinase
CreERT2 under control of the endothelial Cdh5 promoter (a kind gift from
Ralf Adams, Max Planck Institute for Molecular Biomedicine, Munster, Ger-
many) (107). These mice were further crossed with Trxrd2'o/°% Trxrd2'oxt,
and Trxrd2"""* mice to generate litters containing Trxrd2/*"*Cdh5(PAC)-
CreERT2 (referred to as Trxrd2'5°<® [KO]) and control littermates (referred to
as Trxrd2°™' [WT]). All animal experiments were approved by the local
animal ethics committees (Regierung von Oberbayern, Munich, Germany;
Ministerium fur Energiewende, Landwirtschaft, Umwelt, Natur und Digi-
talisierung, Kiel, Germany).

Statistical Analysis. Statistical analysis was performed using SigmaPlot 13.0
software (Jandel GmbH, Erkrath, Germany). In the bar diagrams, experi-
mental values are expressed as mean + SEM unless otherwise stated (all box
and whisker plots show the median). The statistical tests, as well as the
number of independent experiments, are indicated in the corresponding
part of the results section or in the figure legend. A nonparametric test was
applied when data did not pass a normality test. A P < 0.05 was considered
significant and denoted in the figures by an asterisk (*).
Further materials and methods can be found in S/ Appendix.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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