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ABSTRACT
The role of mitochondrial dysfunction underlying increased susceptibility to cerebrovascular disease in hypertension, previously 
detected in stroke-prone spontaneously hypertensive rats (SHR-SP) fed with a high-salt stroke-permissive Japanese-style diet 
(JD), was studied for the first time at the molecular level. The Complex I (CI) (dis)assembly in the supramolecular organization 
of respiratory supercomplexes (SCs) has emerged as the main component impairing the kinetic activity and SCs organization 
of mitochondrial respiration in SHR-SP compared with the SHR-stroke resistant (SR) strain upon the same dietary condition. 
The leak of substrate channeling and SCs arrangement in CI-dependent NADH oxidation in JD-fed SHR-SP was not detected in 
SHR-SR upon the same dietary regimen. Our results highlight that SCs association linked to CI dynamic and stability protects 
from stroke manifestation.
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1   |   Introduction

Stroke is one of the leading causes of death worldwide, since 
it is responsible for the death of 6.50 million people per year, 
as reported by the World Stroke Organization [1]. The main 
types of stroke events are ischemic and hemorrhagic in na-
ture and are both characterized by a sudden disruption of 
the blood supply to a specific region of the brain [1]. Stroke 
survivors frequently experience cognitive impairment from 
significant neurological deficits and physical disability [2]. 
Thus, it is of primary importance to investigate the patho-
genic mechanisms underlying stroke occurrence. Genetic and 
environmental factors, such as diet and lifestyle, influence 
the susceptibility to stroke [3]. To study stroke etiopathogen-
esis, several animal models have been developed. One of the 
most used is the Stroke Prone (SP) spontaneously hypertensive 
rat (SHR), a sub-strain derived from the original SHR. The 
stroke-resistant (SR) rat serves as its closely related control, 
since hypertension remains a major risk factor for stroke. The 
SHR-SP and SHR-SR strains present different responses to 
different dietary styles [4]. SR rats never develop a stroke phe-
notype in any condition. Conversely, SP rats accelerate stroke 
susceptibility when fed a high-salt diet, that is, Japanese diet 
(JD) [4, 5]. Through a thorough genome analysis, it has been 
shown that SHR-SP presents stroke susceptibility genes, espe-
cially the STR1 quantitative trait locus on rat chromosome 1 
[5, 6]. Specifically, the gene, in which differential expression 
analysis was altered in a genetic comparison of the loci of JD-
fed SHR-SR and SHR-SP, has been identified as the NADH de-
hydrogenase [ubiquinone] 1, subcomplex unknown, 2 (Ndufc2) 
[5]. This gene encodes one of the Complex I (CI) subunits, 
which is involved in the mitochondrial respiratory electron 
transport chain (ETC), CI assembly, and activity. It is deleted 
under high salt concentrations, revealing a pivotal role of the 
mitochondrion in stroke pathogenesis [5]. The contribution of 
altered Ndufc2 expression to stroke has also been observed in 
humans, confirming both the translatability of the SHR-SP 
animal model to the human condition [5, 7] and the role of 
ETC dysfunction in cerebrovascular disease.

The discovery that mammalian respiratory CI, Complex III 
(CIII), and Complex IV (CIV) can form functional supercom-
plexes (SCs) sparked the theory that these structures enhance 
electron transfer rates [8–10], thereby improving oxidative 
phosphorylation efficiency through substrate channeling and 
reducing reactive oxygen species production [11–14]. Kinetic 
observation on substrate channeling in SCs performed with 
metabolic flux control analysis highlighted that an equal 
control of electron transport in ETC upon NADH oxidation 
happened through the presence of SCs [15, 16]. This view is 
fully compatible with the electron flow of ubiquinone pool 
sequestered within supercomplex CI-CIII2 or ubiquinone 
and/or cytochrome c pool sequestered within N-respirasome 
(CI-CIII2-CIVn) or Q-respirasome (CIII2-CIVn) [15, 17–20]. 
However, protection against abrupt ROS production arises 
from the evidence of association between CI and CIII [13]. 
SHR-SP showed a reduced Ndufc2 expression during JD feed-
ing, demonstrated increased ROS generation and dysregulated 
CI assembly in damaged mitochondria [21]. Considering dif-
ferent times of exposure to JD (4 or 10 weeks) of the SHR-SP and 
SHR-SR rodent strains, we correlated the patho(physio)logical 

phenotypes with the supramolecular organization and kinetic 
functionality of SCs. We studied the SCs assembly affected 
by the metabolic needs of the pathological state of mitochon-
dria, as imposed by the hypertensive conditions on the tissue 
specificity.

The present study, for the first time, aimed to perform a com-
parative analysis of the function of respiratory complexes and 
assembly in isolated mitochondria from the brain tissues of 
SHR-SP and SHR-SR rats fed with either a normosodic diet (ND) 
or JD, investigating the kinetic functionality of the ETC and its 
supramolecular assembly.

2   |   Methods

2.1   |   Animal Model

Sixteen 6-week-old SHR-SR and sixteen 6-week-old SHR-SP 
rats, housed in the animal facility at the Neuromed Institution 
(Pozzilli, Italy), were randomly assigned to receive either a reg-
ular (ND; n = 8) or Japanese-style diet (JD; n = 8) for 4 weeks 
and were then sacrificed following our standardized protocol 
[5]. The composition of both diets has been previously reported 
[22]. Both ND and JD were provided by Lab. Piccioni, Milan, 
Italy. To better compare the extreme phenotypes of stroke sus-
ceptibility (SHR-SP) and stroke resistance (SHR-SR), a group 
of 4 SHR-SP rats was maintained upon JD feeding until death 
by stroke (between 6 and 8 weeks of dietary treatment) and a 
group of 4 SHR-SR rats continued JD feeding until week 10 in 
the absence of any stroke event. In all rats, the brains were re-
moved following sacrifice, and they were immediately frozen 
in liquid nitrogen and stored at −80°C for the molecular analy-
ses. Throughout the experiment, rats were kept 2 or 3 per cage 
under controlled conditions of light, temperature, and humid-
ity. They were regularly monitored for body weight, systolic 
blood pressure levels (measured by tail-cuff sphygmomanom-
etry), proteinuria levels, and signs of stroke (paresis/hemi-
paresis of limbs, epileptic attacks, sudden death). All animal 
studies were performed in accordance with approved protocols 
by the IRCCS Neuromed Animal Care Review Board and the 
“Istituto Superiore di Sanità” (ISS permit number: 1086/2020) 
and were conducted according to EU Directive 2010/63/EU 
for animal experiments. The study is reported in accordance 
with the ARRIVE guidelines (https://​arriv​eguid​elines.​org). 
Brains were collected snap frozen in liquid nitrogen and stored 
at −80°C.

2.2   |   Extraction of the Rat Brain Mitochondria

Brain mitochondria were isolated as described by Falode and 
colleagues [23], with some modifications. Briefly, thawed 
brains were homogenized by Ultraturrax T25 in ice-cold Tris–
HCl buffer (medium A) consisting of 210 mM mannitol, 70 mM 
sucrose, 10 mM Tris(hydroxymethyl)aminomethane (Tris), 
1 mM EDTA (free acid), and 0.5% BSA, with a ratio of 1:50. 
The homogenate was centrifuged to remove nuclei and plasma 
membrane fragments (Sorvall RC2-B, rotor SS34) at 3000 rpm 
for 5 min at 4°C. The pellet was re-homogenized and centri-
fuged under the same conditions, and the whole supernatant 
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obtained first was filtered via four cotton gauze layers [24] and 
then centrifuged at 13,000 rpm for 10 min at 4°C. The pellet 
was resuspended with medium B (210 mM mannitol, 70 mM 
sucrose, 10 mM Tris) and re-centrifuged under the same con-
ditions. Finally, the latest pellet was resuspended with a low 
volume of medium B, and the mitochondrial protein determi-
nation was performed with the colorimetric method described 
by Bradford [25]. Then, the mitochondrial aliquots were stored 
in liquid nitrogen.

2.3   |   Metabolic Flux Control Analysis

Metabolic flux control analysis is a known approach to obtaining 
qualitative kinetic information about the supramolecular structure 
of the ETC [16]. Enzymatic kinetic studies to evaluate the kinetic 
metabolic control analysis for each group and condition were car-
ried out polarographically using the Oxytherm System (Hansatech 
Instruments) in 1 mL final volume with 120 mM KCl, 10 mM Tris–
HCl buffer pH 7.2, similarly to what was previously described [15]. 
Specifically, both the respiratory chain activity (global activity), 
starting from either CI or CII, and the specific activity of Complex 
IV (individual steps) have been studied in rat brain mitochondria 
by titration with potassium cyanide (KCN), a known specific com-
plex IV inhibitor. Evaluation of NADH-O2 oxidoreductase activity 
was performed in the presence of different concentrations of KCN 
using the 75 μM NADH substrate. Similarly, succinate-O2 oxidore-
ductase activity was evaluated also in the presence of 10 mM succi-
nate and 1 μg/mL rotenone to inhibit the reverse electron transport 
(RET) to CI, and N,N,N′,N′-tetramethyl-p-phenylenediamine 
dihydrochloride (TMPD)/Ascorbate-O2 activity with 0.5 mM 
TMPD/2 mM sodium ascorbate and 1 μM CIII inhibitor antimy-
cin A. KCN concentrations for the titration curves range from 0 to 
2 mM, depending on the reactivity of the sample group. SHR-SR 
groups were evaluated with a mitochondrial protein concentra-
tion of 0.25 mg/mL in the polarographic chamber, while SHR-SP 
groups with 0.50 mg/mL since their whole activity was lower and 
difficult to observe otherwise. Data on enzyme activity were nor-
malized to mg mitochondrial protein. The threshold plots derive 
from the titration curves by drawing the per cent rate of the global 
activity (NADH-O2 or succinate-O2 oxidoreductase) as a function 
of the inhibition percentage of the single-step activity of complex 
IV (TMPD/ascorbate-O2 oxidoreductase) for the same inhibitor 
concentration [15].

The inhibition curves were obtained with a non-linear regres-
sion fitting procedure performed on all the raw titration val-
ues of every set of experimental data using the GraFit Data 
Analysis software. The control coefficients (Ci) were calcu-
lated from the ratio of the slope of the inhibition curve of the 
global flux (J) to the slope of the inhibition curve of complex 
IV (vi) [15].

2.4   |   Proteomic Analysis

The bidimensional proteomic analysis was performed using 
the isolated mitochondrial fraction. The thawed aliquot was 

centrifuged by the TJ-25 Beckman Coulter (rotor A_15) at 
11,000g for 15 min at 4°C. The pellet was resuspended using 
the resuspension buffer (50 mM NaCl, 50 mM imidazole, 5 mM 
6-aminohexanoic acid, pH 7) to obtain the protein concen-
tration of 3.35 mg/mL. Exactly 10 μg of protein was added to 
several volumes of the digitonin to perform a titration of the de-
tergent: the ratios used were 10 g detergent/g protein, 8 g/g pro-
tein, 6 g/g protein, 4 g/g protein. The samples were incubated 
on ice for 20 min and then centrifuged at 20,000g for 20 min at 
4°C. Exactly 5 μL of supernatant was used to assess the protein 
concentration by Bradford method [25], while the other was 
added to 11% glycerol, 5% Coomassie G-250 (mg Coomassie/
mg detergent = 1/10) and water prior to loading into the wells 
of pre-casted 10-well NativePAGE 3%–12%, Bis-Tris, 1.0 mm, 
Mini Protein Gels (Thermo Fisher). Exactly 7 μL of NativeMark 
Unstained Protein Standard (Thermo Fisher) was placed in 
the gel. The first electrophoresis run was performed in native 
conditions on a 3%–12% first-dimension gradient BNGE gel as 
described elsewhere [26, 27]. Briefly, the first third of the run 
was conducted at 70 V constant using a dark blue cathode buf-
fer, which was then switched to a light blue cathode buffer and 
run at 150 V constant until the end. Thus, the gel was washed 
with MilliQ water, fixed as per the guidelines and read at the 
ChemiDoc to select the best digitonin/mitochondrial protein 
ratio, which was 8 g/g protein. The selected strip, from an un-
fixed gel, was then treated with three solutions to obtain dena-
turing conditions. Firstly, the gel strip was incubated with the 
reducing buffer (containing 4× NuPage LDS Buffer, water and 
50 mM 2-mercaptoethanol) for 30 min at 37°C under a chemical 
hood [28]. This buffer was replaced with an alkylation buffer 
(4× NuPAGE LDS Buffer, 54.32 mM N,N-dimethylacrylamide 
and water) for 30 min and then with a quenching buffer (4× 
NuPAGE LDS Buffer, NuPAGE sample reducing agent 10×, 
19.2% ethanol and water) for 30 min. Then, the gel was washed 
with MilliQ water prior to being set on top of a NuPAGE 4%–
12%, Bis-Tris, 1.0–1.5 mm, Mini Protein Gels. Exactly 5 μL of 
Biotinylated Protein Ladder (81851, Cell Signalling Technology) 
was placed in the control well. The SDS-PAGE gel was run at 
100 V constant for 15 min, then 150 V constant until the end of 
the run. The gel was incubated for 30 min with 1× Tris-glycine 
to be transferred to a 0.2 μm nitrocellulose membrane (Trans-
Blot Turbo Mini 0.2 μm Nitrocellulose Transfer Packs, Bio-
RAD) using the mixed molecular weight 1.3°-25V-7′ protocol 
of a Trans-Blot Turbo Transfer System (Bio-RAD). The mem-
brane was blocked for 1 h with 5% milk in 1× PBS added with 
0.1% Tween 20 [11, 29].

CI, CII, CIII, and CIV were detected using the following primary 
antibodies: for CI, 1:1000 diluted mouse anti-NDUFA9 mono-
clonal antibody (clone: 20C11B11B11, 459100, Thermofisher); 
for CII, 1:1000 diluted mouse anti-SDHB monoclonal antibody 
(clone: 21A11AE7, 459230, Thermofisher); for CIII, 1:1000 
diluted mouse anti-UQCRFS1 monoclonal antibody (clone: 
OTI4H8, MA5-27471, Thermofisher); for CIV, 1:1000 diluted 
mouse anti-MTCO1 monoclonal antibody (clone: E7A11, bsm-
60242M, CliniSciences). All the antibodies were diluted in TBS-
Tween20, consisting of 150 mM NaCl, 50 mM Tris–HCl, and 
1% Tween20, and were incubated overnight at 4°C. Following 
incubation with goat anti-mouse IgG (H + L) cross-adsorbed 
secondary antibody diluted 1:10,000 (G-21040, Thermofisher) 
together with anti-biotin, HRP-linked antibody (7075, Cell 

Ci =
(ⅆJ∕ⅆI)I=0
(

ⅆvi∕ⅆI
)

I=0
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Signalling Technology) diluted 1:1000, visualization at the 
ChemiDoc was performed following 5 min incubation with ECL 
(Clarity Western ECL substrate, BioRad). The spots of the 2D 
gel obtained after Western blotting analysis on subunits of re-
spiratory complexes have been detected and quantified by using 
ImageLab software.

2.5   |   Analysis of Data

Data are expressed as means ± standard deviation (SD) of 
measurements performed on samples for each studied group. 
Comparisons between the experimental groups were performed 
by one-way ANOVA followed by Bonferroni test. A p value 

FIGURE 1    |    Mitochondrial brain respiration in SHR-SR. (A) Schematic diagram of experimental protocols with measurements of clinical param-
eters (proteinuria, systolic blood pressure, and body weight) and flux control coefficient of aerobic NADH oxidation controlled by CIV in SHR-SR 
brain mitochondria. Inhibitory KCN titrations analysis of the respiratory activities in SHR-SR ND (B–D), JD 4 week (G–I), and JD 10 week (L–N). 
Profile of global flux with the stepwise inhibition with KCN of NADH-O2 oxidoreductase activity (B, G, L) and individual flux with the stepwise 
inhibition with KCN of TMPD/ASC-O2 oxidoreductase activity (C, H, M). Threshold plots of NADH oxidase activity (D, I, N) where each point rep-
resents the % activity of aerobic NADH oxidation with CI as a function of % inhibition TMPD/ASC-O2 with CIV for the same KCN concentration. The 
respiratory substrates sustaining the mitochondrial respiration were 75 μM NADH, 0.5 mM TMPD/2 mM ASC. All points represent the mean ± SD 
(vertical bars in B, C, G, H, L, M) and (vertical and horizontal bars in D, I, N) from three independent experiments carried out on different mitochon-
drial preparations. Supramolecular organization of respiratory complexes in SHR-SR ND (E), JD 4 week (J), and JD 10 week (O) brain mitochondria 
detected by 2D BN/SDS-PAGE. The arrows on 2D SDS-PAGEs show the position of N-respirasome (N) (CI-CIII2-CIVn) and Q-respirasome (Q) (CIII2-
CIVn). The antibodies are against NDUFA9 (36 kDa) subunit of CI, SDHB (30 kDa) subunit of CII, UQCRFS1 (25 kDa) subunit of CIII, and MTCO1 
(35 kDa) subunit of CIV. Quantification and ratio of respiratory CI, CIII2, CIV of SHR-SR ND (F), JD 4 week (K), and JD 10 week (P) in N and Q su-
perassembly and in free (f) form not involved in supercomplexes. Vertical bars represent the mean ± SD from three independent experiments carried 
out on different mitochondrial preparations. Different letters indicate significantly different (p < 0.05).

 18728081, 2025, 6, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.70055 by A
rea Sistem

i D
ipart &

 D
oc, W

iley O
nline L

ibrary on [22/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 8BioFactors, 2025

< 0.05 was considered significant. GraphPad Prism (Ver 5.01 
GraphPad Software Inc., La Jolla, CA) statistical software was 
used for the statistical analysis.

3   |   Results and Discussion

SHR-SR rats did not exhibit any stroke phenotype during up to 
10 weeks of JD feeding. Levels of proteinuria, systolic blood pres-
sure, and body weight at 4 and 10 weeks under ND or JD were not 
altered (Figure 1A). Kinetic testing using metabolic flux control 
analysis has been used to investigate the flux control coefficient 
(Ci) of the complexes involved in aerobic NADH oxidation under 
control exerted by CIV. The results related to a Ci were obtained 
from the ratio of the initial rate of NADH-O2 oxidoreductase 
(reflecting ETC activity from CI to CIV) to the initial rate of 
TMPD/ASC-O2 oxidoreductase (reflecting ETC activity only in 
CIV) following the addition of different concentrations of the 
CIV-specific respiratory inhibitor KCN. Ci values in all ana-
lyzed conditions showed that CIV had a strong influence on the 
overall NADH-driven mitochondrial respiratory rate (Ci ≥ 0.78) 
(Table 1). CIV, the terminal respiratory complex of ETC, exerted 
complete control on the metabolic flux of NADH-dependent CI. 
The effect was independent of time and dietary conditions. In 
detail, metabolic flux control analysis of ETC of SHR-SR ND at 
4 weeks showed an exponentially decreasing titration curve by 
KCN of NADH or TMPD/ASC oxidation by CI or CIV, respec-
tively in the presence of KCN (Figure 1B,C). The data exhibited 
a linear function in the threshold plot (Figure 1D). This obser-
vation corroborated the Ci values for electron transfer in single 
enzymes as supercomplexes (SCs) supported by channeling on 
NADH-O2 oxidoreductase activity. However, SCs kinetic activ-
ity was supported by supramolecular assembly of respiratory 
complexes in N-respirasome (CI-CIII2-CIVn) and Q-respirasome 
(CIII2-CIVn) revealed by 2D BN/SDS-PAGE analysis (Figure 1E). 
Quantification of mitochondrial respiratory complexes bound 
to form supramolecular organization of N- and -respirasome or 
in free form (not assembled in SCs) highlighted a higher quan-
tity of free CIV in monomeric and dimeric form (Figure  1F). 
However, even under JD treatment, SHR-SR continued to show 
metabolic flux control of aerobic NADH oxidation. The flux 
control exerted by CIV over NADH-O2 oxidoreductase activity 
was detected by both evaluating the Ci calculation at 4 weeks 
(Figure 1G,H) or 10 weeks (Figure 1L,M) of JD by titration plots, 
but also by the graphical method using threshold plots as shown 
in Figure  1I or Figure 1N, respectively. Structural analysis by 
2D-electrophoresis on SCs assembly in 4 weeks (Figure  1J) or 
10 weeks (Figure 1O) JD-fed SHR-SR supported the kinetic ev-
idence of channeled NADH flux. Evaluation of free and bound 

respiratory complexes highlighted a high quantity of CIV in free 
form for 4 weeks (Figure 1K), an increase in Q-respirasome, and 
a decrease of free CIV in 10 weeks (Figure 1P) JD-fed SHR-SR.

On the other hand, moving onto SHR-SP, the time effect of 
saline-diet worsened clinical parameters (increasing protein-
uria and decreasing body weight) (Figure 2A). A decrease in the 
control of metabolic flux was observed, demonstrating that the 
contribution of CIV to flux control became low (JD-fed SHR-SP 
at 4 weeks and 6–8 weeks had a Ci of 0.69 and 0.38, respectively) 
if compared with SHR-SP ND, Ci = 0.83 (Table  2). The results 
provided evidence for a gradual manifestation of mitochondrial 
dysfunction that characterizes the stroke phenotype in these an-
imals [30, 31]. In ND-fed SHR-SP, the kinetic evidence of control 
of electron flux through the NADH-O2 oxidoreductase activity 
(Ci = 0.83) and a straight line in the threshold plot controlled by 
CIV (Figure 2B–D) was supported by the presence of N- and Q-
respirasome SCs (Figure 2E). The distribution of bound and free 
respiratory complexes supported the respiratory activity driven 
mainly by SCs organization and abundant CIV in the free form 
(Figure 2F). Treatment of SHR-SP with JD for 4 weeks decreased 
the Ci, as determined from the rate constants derived from the 
slope of the curves using NADH or TMPD/ASC as substrates 
(Figure  2G,H), and as well as from the breakage line in the 
threshold plot (Figure  2I). These findings indicated that CIV 
exhibited a markedly reduced control over the global activity 
identified as NADH-O2 oxidoreductase activity. However, 2D 
BN/SDS-PAGE analysis depicted the absence of CI-CIII2-CIVn, 
confirming that the electron flow was not occurring by channel-
ing in N-respirasome (NADH oxidation), and it was supported 
only by CIII2-CIVn Q-respirasome (Figure 2J). The absence of 
channeling for aerobic NADH oxidation can be supported by the 
presence of free CI and CIV in these mitochondria (Figure 2K). 
At the appearance of the stroke phenotype (a period that ranges 
between 6 and 8 weeks of JD treatment), we registered a further 
lowering of the Ci, reaching a Ci = 0.38. The effect of KCN in-
hibition on the global flux (i.e., aerobic NADH oxidation) was 
weaker than that on Complex IV activity alone at the same con-
centrations of the inhibitor (Figure 2L,M). The titration profile 
by KCN was highlighted by evident breakage of the threshold 
plot (Figure  2N) due to CI deficiency in N-respirasome im-
paired in this SHR strain and the presence of Q-respirasome 
(Figure 2O). Quantification analysis supported the distribution 
of supramolecular organization of respiratory complexes and el-
evated quantity of free CIV (Figure 2P).

In SCs, the dysfunction of CI might lead to inefficiency of elec-
tron flux, probably caused by Ndufc2 decreased expression de-
pendent on the saline diet [5, 21], which modulates the NADH 
oxidase activity (Table 3). This result could be reflected in an im-
pairment of mitochondrial respiration and an increase in oxida-
tive stress [21, 32]. To confirm that the ubiquinone pool in SCs is 
channeled exclusively through CI-dependent NADH oxidation, 
we investigated the metabolic flux control of CII and CIV in the 
ETC by measuring succinate-O2 oxidoreductase activity (used 
as global flux) and TMPD/ASC-O2 oxidoreductase activity (used 
as individual flux) in mitochondria under KCN inhibition. The 
non-superimposable inhibition curves of global (succinate-O2 
oxidoreductase) versus CIV-specific activity confirmed that CIV 
exhibits a very low control over aerobic succinate oxidation inde-
pendently of the condition of time (4- or 10-week) and diet (ND 

TABLE 1    |    Metabolic flux control of NADH-driven respiration 
exerted by CIV in SHR-SR.

Conditions Ci

ND (4 week) 0.85

JD (4 week) 0.78

JD (10 week) 1.00

Abbreviations: Ci, flux control coefficient; JD, Japanese style Diet; ND, 
normosodic diet.
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or JD) in SHR-SR (Figure S1) and SHR-SP (Figure S2). However, 
the presence of Q-respirasome could perform an efficient use of 
the cytochrome c pool [33] linked to SC in succinate oxidation. 
Noteworthy, the free CIV excess in different SHR strains, inde-
pendently of diet, could be a solution to counteract hypertensive 

conditions affecting mitochondrial biology. The elevated quan-
tity of free (i.e., as a monomer or dimer form) and bound CIV in 
SCs (N- or Q-respirasome) may catalyze the redox status of cyto-
chrome c, which directly receives electrons from electron transfer 
pathways. These pathways could be supported by succinate-O2 

FIGURE 2    |    Mitochondrial brain respiration in SHR-SP. (A) Schematic diagram of experimental protocols with measurements of clinical parame-
ters (proteinuria, systolic blood pressure, and body weight) and flux control coefficient of aerobic NADH oxidation controlled by CIV in SHR-SP brain 
mitochondria. Inhibitory KCN titrations analysis of the respiratory activities in SHR-SP ND (B–D), JD 4 week (G–I), and JD 6–8 week (L–N). Profile 
of global flux with the stepwise inhibition with KCN of NADH-O2 oxidoreductase activity (B, G, L) and individual flux with the stepwise inhibition 
with KCN of TMPD/ASC-O2 oxidoreductase activity (C, H, M). Threshold plots of NADH oxidase activity (D, I, N) where each point represents the % 
activity of aerobic NADH oxidation with CI as a function of % inhibition TMPD/ASC-O2 with CIV for the same KCN concentration. The respiratory 
substrates sustaining the mitochondrial respiration were 75 μM NADH, 0.5 mM TMPD/2 mM ASC. All points represent the mean ± SD (vertical bars 
in B, C, G, H, L, M) and (vertical and horizontal bars in D, I, N) from three independent experiments carried out on different mitochondrial prepa-
rations. Supramolecular organization of respiratory complexes in SHR-SP ND (E), JD 4 week (J), and JD 6–8 week (O) brain mitochondria detected 
by 2D BN/SDS-PAGE. The arrows on 2D SDS-PAGEs show the position of N-respirasome (N) (CI-CIII2-CIVn) and Q-respirasome (Q) (CIII2-CIVn). 
The antibodies are against NDUFA9 (36 kDa) subunit of CI, SDHB (30 kDa) subunit of CII, UQCRFS1 (25 kDa) subunit of CIII, and MTCO1 (35 kDa) 
subunit of CIV. Quantification and ratio of respiratory CI, CIII2, CIV of SHR-SR ND (F), JD 4 week (K), and JD 10 week (P) in N and Q superassem-
bly and in free (f) form not involved in supercomplexes. Vertical bars represent the mean ± SD from three independent experiments carried out on 
different mitochondrial preparations. Different letters indicate significantly different (p < 0.05).
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oxidoreductase or the Q-respirasome when N-respirosome is 
disassembled or impaired [34]. Given the general consensus that 
SCAF1 is essential for the superassembly of the Q-respirasome 
and contributes to the stability of the N-respirasome, SCAF1 
plays a central role in facilitating the interaction between CIII 
and CIV, thereby influencing both the structural integrity and 
kinetic properties of the respirasome [35].

On balance, by using the suitable animal models of SHR-SP and 
SHR-SR to investigate and compare the mechanism underlying 
stroke susceptibility linked to mitochondrial dysfunction, we 
revealed the main role of CI disassembly from the supramolec-
ular organization of respiratory complexes. Brain inflammation 
and oxidative stress observed after 4 weeks of JD feeding [6] are 
known to be related to mitochondrial dysfunction in SHR-SP, 
as opposed to SHR-SR [31]. Therefore, we can assert that this 
pathological relationship is attributed to the supramolecular 
distinct stages of assembly or disassembly of respiratory com-
ponents played by CI. Based on the known translatability of the 
SHR-SP animal model, our novel findings may have relevance 
for human hypertension-related stroke diseases.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Mitochondrial brain res-
piration in SHR-SR. Inhibitory KCN titrations analysis of the respira-
tory activities in SHR-SR ND (A–C), JD 4 week (E–G), and JD 10 week 
(I–K). Profile of global flux with the stepwise inhibition of succinate-O2 
oxidoreductase activity (A, E, I) and individual flux with the stepwise 
inhibition of TMPD/ASC-O2 oxidoreductase activity (B, F, J). Threshold 
plots of succinate oxidase activity (C, G, K) where each point represents 
the % activity of aerobic succinate oxidation with CII as a function of 
% inhibition of CIV for the same KCN concentration. The respiratory 
substrates sustaining the mitochondrial respiration were 10 mM suc-
cinate, 0.5 mM TMPD/2 mM ASC. Quantification of the presence of 
N-respirasome (N) and Q-respirasome (Q) in brain mitochondria of 
SHR-SR ND (D), JD 4 week (H), and JD 10 week (L). All points represent 
the mean ± SD (vertical bars in A, B, D, E, F, H, I, J, L) and (vertical and 
horizontal bars in C, G, K) from three independent experiments carried 
out on different mitochondrial preparations. Figure S2: Mitochondrial 
brain respiration in SHR-SP. Inhibitory KCN titrations analysis of the 
respiratory activities in SHR-SP ND (A–C), JD 4 week (E–G), and JD 
6–8 week (I–K). Profile of global flux with the stepwise inhibition of 
succinate-O2 oxidoreductase activity (A, E, I) and individual flux with 
the stepwise inhibition of TMPD/ASC-O2 oxidoreductase activity 
(B, F, J). Threshold plots of succinate oxidase activity (C, G, K) where 
each point represents the % activity of aerobic succinate oxidation with 
CII as a function of % inhibition of CIV for the same KCN concentra-
tion. The respiratory substrates sustaining the mitochondrial respira-
tion were 10 mM succinate, 0.5 mM TMPD/2 mM ASC. Quantification 
of the presence of N-respirasome (N) and Q-respirasome (Q) in brain 
mitochondria of SHR-SP ND (D), JD 4 week (H), and JD 10 week (L). 
All points represent the mean ± SD (vertical bars in A, B, D, E, F, H, I, J, 
L) and (vertical and horizontal bars in C, G, K) from three independent 
experiments carried out on different mitochondrial preparations. 
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