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Abstract

Traumatic brain injury (TBI) induces cerebrovascular oxidative stress, which is associated with neurovascular uncoupling,

autoregulatory dysfunction, and persisting cognitive decline in both pre-clinical models and patients. However, single mild

TBI (mTBI), the most frequent form of brain trauma, increases cerebral generation of reactive oxygen species (ROS) only

transiently. We hypothesized that comorbid conditions might exacerbate long-term ROS generation in cerebral arteries

after mTBI. Because hypertension is the most important cerebrovascular risk factor in populations prone to mild brain

trauma, we induced mTBI in normotensive and spontaneously hypertensive rats (SHR) and assessed changes in cyto-

plasmic and mitochondrial superoxide (O2-) production by confocal microscopy in isolated middle cerebral arteries

(MCA) 2 weeks after mTBI using dihydroethidine (DHE) and the mitochondria-targeted redox-sensitive fluorescent

indicator dye MitoSox. We found that mTBI induced a significant increase in long-term cytoplasmic and mitochondrial

O2- production in MCAs of SHRs and increased expression of the nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase subunit Nox4, which were reversed to the normal level by treating the animals with the cell-permeable,

mitochondria-targeted antioxidant peptide SS-31 (5.7 mg kg-1 day-1, i.p.). Persistent mTBI-induced oxidative stress in

MCAs of SHRs was significantly decreased by inhibiting vascular NADPH oxidase (apocyinin). We propose that hy-

pertension- and mTBI-induced cerebrovascular oxidative stress likely lead to persistent dysregulation of cerebral blood

flow (CBF) and cognitive dysfunction, which might be reversed by SS-31 treatment.
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Introduction

Traumatic brain injury (TBI) is a significant public health

issue that often leads to lifelong deficits in brain function and

disability. It has been suggested that pre-existing comorbid medical

conditions exacerbate the deleterious effects of TBI, resulting in

longer intensive care unit (ICU) stays and increased risk for com-

plications and re-hospitalization.1 The most frequently identified

comorbid condition in TBI is hypertension (in 55 and older indi-

viduals its prevalence is *38.8%).2,3 In experimental animals, it

has been shown that pre-existing hypertension increases mortality

post-TBI.4 These observations expand the conclusions in recent

studies that comorbid hypertension exacerbates neuronal damage

and worsens outcomes in ischemic stroke.5 Despite these advances,

the cellular mechanisms by which hypertension exacerbates TBI-

induced brain dysfunction remain elusive.

Cerebrovascular dysregulation plays a critical role in secondary

damage of brain tissue induced by TBI.6 The mechanism by which

TBI promotes cerebrovascular dysfunction includes an increased

oxidative stress.7 In particular, recent studies demonstrate that in
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the walls of cerebral arteries, mitochondria are an important source

for TBI-induced overproduction of reactive oxygen species

(ROS).8 Another possible source of ROS, which might be linked to

mitochondrial ROS generation,9 is nicotinamide adenine dinucle-

otide phosphate (NADPH) oxidase. TBI enhances the expression of

Nox4,10 and TBI-related N-methyl-d-aspartate (NMDA) receptor

activation can trigger NADPH-dependent ROS production.11 Cer-

ebrovascular oxidative stress importantly contributes to a decline in

cerebral blood flow (CBF), neurovascular uncoupling, and auto-

regulatory dysfunction associated with TBI, all of which likely play

a role in induction of neuronal damage.12 Importantly, hypertension

has been shown to synergize with other pathological conditions to

exacerbate oxidative stress in the cerebral vasculature.13 For ex-

ample, hypertension also exacerbates aging-induced mitochondrial

oxidative stress in mouse cerebral arteries.14 Yet, the synergistic

roles of pre-existing hypertension and TBI induction of cerebro-

vascular oxidative stress have not been explored. This especially

applies to mild TBI (mTBI), the most frequent form of brain

trauma, which has shown only a transient increase in cerebral ox-

idative stress.15

The present study was designed to test the hypothesis that

pre-existing arterial hypertension exacerbates mTBI-induced ce-

rebrovascular oxidative stress by upregulating TBI-induced mito-

chondrial ROS (mtROS) production in vascular cells, and to

explore the role of NADPH oxidase. To achieve this goal, mild TBI

was induced in normotensive Wistar and spontaneously hyperten-

sive rats (SHR). Cellular oxidative stress was compared in isolated

segments of the middle cerebral arteries (MCAs) using the fluo-

rescent indicator dye dihydroethidium (DHE). mtROS production

was assessed using the mitochondria-targeted redox-sensitive

fluorescent indicator dye MitoSox. The protective effects of in vivo

treatment with the potent mitochondrial-targeted antioxidative

Szeto-Schiller (SS) peptide SS–31 was assessed.16

Methods

mTBI in normotensive and hypertensive
rats and SS-31 treatment

All procedures were approved by the Institutional Animal Use
and Care Committee of the University of Pecs Medical School and
the National Scientific Ethical Committee on Animal Experi-
mentation, Hungary (BAI/35/51-107/2016) and in accordance
with the Animal Research: Reporting of in Vivo Experiments
(ARRIVE) guidelines. Male SHR (300–350 g, n = 25) and age-
matched normotensive male Wistar rats (300–350 g, n = 15) were
purchased from Janvier Labs (Le Genest-Saint-Isle, France) and
Toxi-Coop (Budapest, Hungary). Mild impact acceleration dif-
fuse brain injury was induced by Marmarou’s weight drop model.
In brief, with the rats under isoflurane (2%) anesthesia, the skull
was exposed by a midline incision between lambda and bregma,
and a steel disc was fixed with cement on the skull. A 450 g cy-
lindrical weight from 200 mm was dropped onto the disc causing
mild diffuse TBI to the animals. All animals survived the proce-
dure. SHRs with mTBI had been treated with either vehicle
(physiological saline, n = 5) or the antioxidative tetrapeptide
SS-31 (elamipretide; 5.7 mg/kg/day, i.p., dissolved in physio-
logical saline, n = 5) for 14 days after mTBI.16 The SS compound
SS-31 is a tetrapeptide with an alternating aromatic-cationic
amino acid motif (H-D-Arg-Dmt-Lys-Phe-NH2), which concen-
trates in the inner mitochondrial membrane >1000-fold com-
pared with the cytosolic concentration.17 Treatment of laboratory
rodents with SS-31 was shown to effectively decrease mito-
chondrial oxidative stress in the cerebral microvasculature.16

Blood pressure was measured at the end of the treatment period

before further experiments in all groups of animals using the tail
cuff method.

Measurement of ROS and mtROS production
in isolated MCAs

Two weeks after mTBI,18 rats were decapitated, the brains were
removed, and segments of the MCAs were isolated under an op-
erating microscope using microsurgical instruments for imaging
studies, as reported.8 To characterize cytosolic ROS production in
cells within the walls of cerebral arteries, we used the DHE fluo-
rescence method. To study mitochondrial oxidative stress, we ap-
plied MitoSOX Red, a mitochondrion-specific hydroethidine-
derivative fluorescent redox indicator dye, as previously reported.19

In brief, artery segments were immediately placed, upon dissection,
into physiological Kreb’s solutions containing fresh, non-oxidized
DHE (10 lM/L; Sigma Aldrich Hungary, Budapest, Hungary) or
MitoSOX (10 lM/L, Thermo Fisher Scientific, Life Technologies,
Budapest, Hungary). The vessel segments were incubated for
30 min (at 37�C, protected from light). In a different series of ex-
periments, arterial segments isolated from SHRs with and without
mTBI (n = 5 in each group) were pre-treated with the NADPH-
oxidase inhibitor apocynin (10 mM/L for 90 min; Sigma Aldrich
Hungary, Budapest, Hungary, n = 6 in each group). After incuba-
tion, the vessels were washed in Krebs’ buffer three times for
15 min. Then, MCAs were placed on slides, cover-slipped, and
imaged with a laser scanning confocal microscope (Olympus
Fluoview FV1000, excitation 488 nm, emission between 540 and
640 nm) using a · 40 objective. Average fluorescence intensities of
the arteries measured in the optical sections of the endothelial and
smooth muscle layers were quantified with ImageJ software, and
expressed as a fold change compared with vessels from Wistar rats
without mTBI (controls). The experimenter was blinded to the
treatment groups.

Quantitative reverse transcription polymerase
chain reaction (RT-PCR)

Total RNA from isolated MCAs was isolated using NucleoSpin
RNA (Macherey-Nagel GmbH) and purity and concentration were
analyzed by NanoDrop. RNA was reverse transcribed into cDNA
with the High Capacity cDNA RT Kit (Life Technologies). RT-
PCR was run on an ABI-PRISM 7500 device in duplicates using
SensiFast SYBR Green (BioLine). The following primers were
used: Nox4, forward: CTT TCC GTC CCA AGC ACC G, reverse:
GGG ACA GCC AAA CAA GCA GA; b-actin, forward: GTA
ACC CGT TGA ACC CCA TT, and reverse: CCA TCC AAT CGG
TAG TAG CG. Results are shown as a percentage of the house-
keeping gene. Quantification was performed using the DDCT
method.

Statistical analysis

Data were analyzed by analysis of variance (ANOVA). A p
value <0.05 was considered statistically significant. Data are ex-
pressed as mean – standard error of the mean (SEM).

Results

mTBI induces chronic mitochondrial oxidative stress
in cerebral arteries of hypertensive rats

SHRs had significantly higher blood pressure than normotensive

rats (Wistar: 109 – 3 mm Hg, SHR:183 – 3 mm Hg, p < 0.001).

Blood pressure was not influenced by mTBI in either normotensive

or hypertensive rats (Wistar + mTBI: 109 – 5 mm Hg, SHR +
mTBI: 174 – 5 mm Hg, p < 0.001). Treatment with SS-31 also did
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not elicit significant changes in systolic blood pressure (SHR +
mTBI + SS-31: 181 – 5 mm Hg).

We found that in MCAs of normotensive rats 2 weeks after

mTBI, both in the smooth muscle cells (Fig. 1A)and the endo-

thelial layer (Fig. 1B) DHE fluorescence (indicating cytoplasmic

superoxide production) had already returned to control levels. In

contrast, 2 weeks after mTBI smooth muscle (Fig. 1A) and en-

dothelial cells (Fig. 1B) in MCAs of SHRs exhibited significantly

increased oxidative stress as compared with vessels isolated from

non-TBI-challenged animals. In SHRs, SS-31 treatment initi-

ated after TBI significantly reduced cerebrovascular oxidative

stress both in the endothelial (Fig. 1B) and smooth muscle cells

(Fig. 1A).

To substantiate these findings, we assessed mitochondrial ROS

production by using the mitochondria-targeted redox-sensitive dye

MitoSox. We found that MitoSox fluorescence was also signifi-

cantly increased in both the endothelial (Fig. 2B)and smooth

muscle cells (Fig. 2A) in MCAs derived from SHRs 2 weeks after

mTBI, whereas it did not change significantly in MCAs of nor-

motensive rats (Fig. 2A,B). These findings suggest that pre-existing

hypertension exacerbates TBI-induced mitochondrial oxidative

stress in cerebral arteries. In SHRs, SS-31 treatment initiated after

TBI significantly decreased MitoSox fluorescence in both the en-

dothelial (Fig. 1B) and smooth muscle cells (Fig. 1A).

Role of NADPH oxidase in mTBI-induced persistent
mitochondrial oxidative stress in cerebral arteries
of hypertensive rats

We found that mTBI-induced cerebrovascular oxidative stress

indicated by DHE and MitoSox fluorescence in the smooth muscle

and endothelial layers of isolated MCAs of SHRs was significantly

FIG. 1. Mild traumatic brain injury (mTBI) induces persistent oxidative stress in the cerebral arteries of hypertensive rats, which is
reversed by treatment with SS-31.(A) Bar graphs depict summary data of dihydroethidine (DHE) fluorescence indicating production of
reactive oxygen species (ROS) in the smooth muscle layer of middle cerebral arteries (MCA) isolated from Wistar rats, Wistar rats 2
weeks after mTBI, spontaneously hypertensive rats (SHR), and SHRs after 2 weeks of mTBI treated with vehicle or the mitochondria-
targeted antioxidant peptide SS-31. The treatment started after TBI was applied and lasted for 2 weeks (5.7 mg/kg-1day-1 i.p.). Data are
means – standard error of the mean (SEM) (n = 5 in each group). *p < 0.05 versus Wistar, #p < 0.05 versus Wistar + mTBI, &p < 0.05
versus SHR, $p < 0.05 versus SHR + mTBI. Lower panel shows representative confocal images of red DHE fluorescence in the smooth
muscle layer (identified in the outer layer of arteries by the spindle-shaped nuclei that are perpendicular to the long axis of the artery) of
MCAs in each group. (B) Summary data of endothelial DHE fluorescence in MCAs from each group after the same treatment protocols.
Data are means – SEM (n = 5 in each group). *p < 0.05 versus Wistar, #p < 0.05 versus Wistar + mTBI, &p < 0.05 versus SHR, $p < 0.05
versus SHR + mTBI. Lower panel demonstrates confocal images of red DHE fluorescence indicating ROS production in the endo-
thelium (identified as the inner layer of arteries by elongated nuclei that are mostly parallel to the long axis of the artery) of MCAs in
each group. Scale bar is 50 lm. Color image is available online.
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reduced in the presence of the NADPH oxidase inhibitor apocynin

(Fig. 3). The role of NADPH oxidase in mTBI-induced persistent

mitochondrial oxidative stress in cerebral arteries of hypertensive

rats was further substantiated by our findings that expression of the

NADPH oxidase subunit Nox4 was significantly enhanced in MCAs

of SHRs after mTBI, which was reversed by the mitochondria-

targeted antioxidant peptide SS-31(Fig. 3).

Discussion

In the absence of comorbidities, single mild brain trauma,

unlike severe or repetitive mTBI, has been shown to induce only

transient increases in ROS production in the brain, which result

in transient dysfunction of cerebrovascular regulation and tran-

sient deficit in cognitive function.20,21 The salient finding of the

present study is that in the presence of pre-existing comorbid

hypertension, a single episode of mTBI is sufficient to induce

persisting oxidative stress in cerebral arteries (Figs 1 and 2). Our

findings have important translational relevance. Increased vas-

cular oxidative stress has been linked to exacerbation of neuronal

damage and poor outcome in TBI,22 suggesting that mTBI likely

has more deleterious consequences on brain function in hyper-

tensive subjects.

The functional consequences of mTBI-induced persisting cere-

brovascular mitochondrial oxidative stress are likely multifaceted.

Increased ROS production has been shown to impair regulation

of CBF. By altering nitric oxide (NO) and prostanoid production

and/or bioavailability, it impairs endothelial function,23 decreases

basal CBF,24 promotes neurovascular uncoupling,25 and contrib-

utes to autoregulatory dysfunction8; all of which are associated

FIG. 2. Mild traumatic brain injury (mTBI) induces persistent mitochondrial oxidative stress in cerebral arteries of hypertensive rats,
which is reversed by SS-31. (A) Bar graphs show summary data of MitoSox staining (representing mitochondrial production of reactive
oxygen species [ROS]) in the smooth muscle layer of middle cerebral arteries (MCA) isolated from Wistar rats, Wistar rats 2 weeks after
mTBI, spontaneously hypertensive rats (SHR), and SHRs after 2 weeks of mTBI treated with vehicle or the mitochondria-targeted
antioxidant peptide SS-31. The treatment started after TBI was applied and lasted for 2 weeks (5.7 mg/kg-1day-1 i.p.). Data are
means – standard error of the mean (SEM) (n = 5 in each group). *p < 0.05 versus Wistar, &p < 0.05 versus SHR, $p < 0.05 versus SHR +
mTBI. Lower panel shows representative confocal images of red MitoSox fluorescence in the smooth muscle layer (identified in the outer
layer of arteries by the spindle-shaped nuclei that are perpendicular to the long axis of the artery) of MCAs in each group. (B) Summary
data of endothelial MitoSox fluorescence in MCAs from each group after the same treatment protocols. Data are means – SEM (n = 5 in
each group). *p < 0.05 versus Wistar, &p < 0.05 versus SHR, $p < 0.05 versus SHR + mTBI. Lower panel demonstrates confocal images of
red MitoSox indicating mitochondrial ROS production in the endothelium (identified as the inner layer of arteries by elongated nuclei that
are mostly parallel to the long axis of the artery) of MCAs in each group. Scale bar is 50 lm. Color image is available online.
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with cognitive decline. Our findings warrant further investigations

to determine how comorbid hypertension and mTBI interact in

patients to promote dysregulation of CBF, contributing to cognitive

decline, and to elucidate the protective effects of treatments tar-

geting ROS-dependent pathways, especially in the elderly.

The cellular and molecular mechanisms responsible for exac-

erbation of TBI-induced mitochondrial oxidative stress in hyper-

tensive cerebral arteries are likely multifaceted. We show here that

activation of NADPH oxidase is involved in the persistent cere-

brovascular mitochondrial oxidative stress induced by single mTBI

in hypertensive rats (Fig. 3). Supporting our results, recent studies

suggest that a bidirectional link may exist between ROS generation

by NADPH oxidases (NOX) and mtROS production.26 Nox4 is

localized to the mitochondrial membrane, can be activated by

mechanical forces,27 and its activation is associated with mito-

chondrial oxidative stress.28 In addition to the direct production of

ROS by Nox4, activation of Nox4 may also promote ROS pro-

duction by the mitochondrial electron transports chain. Nox4 ex-

pression is also increased after TBI,10 TBI-related NMDA-receptor

activation can trigger NADPH-dependent ROS production,11 and

there are studies showing that deletion of Nox429 and administra-

tion the NADPH oxidase inhibitor apocyinin30,31 attenuates the

severity of secondary injury after TBI. The role of Nox4 is un-

derlined by our results that cerebrovascular expression of Nox4 is

persistently increased in SHRs after mTBI, which is reversed by

targeted attenuation of mitochondrial oxidative stress with SS-31.

Accordingly, there is growing evidence that mitochondria-derived

ROS regulate the expression and activity of plasma membrane-as-

sociated NADPH oxidases in vascular cells,32 and that mitochondria-

targeted antioxidants, by disrupting this regulatory cycle, can reduce

cellular NADPH oxidase activity.33

The interaction of mTBI and hypertension in promoting cere-

brovascular mitochondrial oxidative stress may include mechan-

osensitive pathways34 (e.g., integrin-mediated signal transduction,

Ca2+ signaling, activation of protein kinase [PK]C, Rho kinases,

and mitogen-activated protein [MAP] kinases). The sites of me-

chanosensitive mtROS production in the mitochondria that are

sensitive to both hypertension and TBI should be explored in future

studies. Potential sites include complex I, the entry point for elec-

trons from NADH into the respiratory chain, and complex III,

which funnels electrons from the coenzyme Q (CoQ) pool to cy-

tochrome c. Mitochondrial O2- may also be dismutated to H2O2,8

which penetrates the mitochondrial membrane, and may promote

further ROS production in the cytoplasm, for example by un-

coupling endothelial nitric oxide synthase (eNOS).35 These possi-

bilities should be studied in the future.

We provide proof of concept, that increased mTBI-induced ce-

rebrovascular oxidative stress can be potentially attenuated by

targeted pharmacological interventions in a high-risk population,

and have identified a novel treatment regimen (SS-31) that spe-

cifically targets mtROS production,16 which effectively attenuates

TBI-induced cerebrovascular oxidative stress in hypertensive rats.

Our previous results, that increased mtROS is causally linked to

impairment of endothelium-dependent vasodilation of cerebral

arterioles during functional hyperemia16 and cognitive dysfunction,

taken together with our findings that hypertension is associated

with increased pressure-induced vasoconstriction of cerebral ar-

teries,36 led to the formulation of the hypothesis that persisting

exacerbation of mitochondrial oxidative stress in the cerebral

vasculature leads to neurovascular dysfunction and dysregula-

tion of local CBF and thereby cognitive decline after mTBI in

hypertension. This should be tested by future studies. In addition,

FIG. 3. Role of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase in mild traumatic brain injury (mTBI)-induced
persistent mitochondrial oxidative stress in cerebral arteries of
hypertensive rats. (A) Bar graphs depict summary data of dihy-
droethidine (DHE) and (B) MitoSox fluorescence in the smooth
muscle and endothelial layers of middle cerebral arteries (MCA)
isolated from spontaneously hypertensive rats (SHR) 2 weeks
after mTBI in the absence and presence of the NADPH oxidase
inhibitor apocynin. Data are means – standard error of the mean
(SEM) (n = 5 in each group). *p < 0.05 versus SHR + mTBI.
(C) mRNA expression of the NADPH oxidase subunit Nox4 in
cerebral arteries isolated from Wistar rats, Wistar rats 2 weeks
after mTBI, SHR, and SHR after 2 weeks of mTBI treated with
vehicle or the mitochondria-targeted antioxidant peptide SS-31.
The treatment started after mTBI was applied and lasted for 2
weeks (5.7 mg/kg-1day-1 i.p.). Data are means – SEM (n = 5 in
each group). *p < 0.05 versus Wistar, &p < 0.05 versus Wistar +
mTBI, $p < 0.05 versus SHR, #p < 0.05 versus SHR + mTBI.
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SS-31 also readily penetrates the blood–brain barrier, and there are

important studies to suggest that in addition to its significant va-

soprotective effects, SS-31 treatment exerts important direct neu-

roprotective effects as well.

Our results provide the basis for further investigations studying

the interaction between hypertension and mTBI and characterizing

the efficacy of SS-31 treatment in various pre-clinical models of

TBI to prevent neurovascular dysregulation, attenuate secondary

neuronal damage, and facilitate post-TBI recovery of higher cor-

tical function.
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