GeroScience (2023) 45:2951-2965
https://doi.org/10.1007/s11357-023-00845-y

ORIGINAL ARTICLE

®

Check for
updates

Targeting mitochondria in the aged cerebral vasculature
with SS-31, a proteomic study of brain microvessels
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Abstract Cognitive impairment and dementias
during aging such as Alzheimer’s disease are linked
to functional decline and structural alterations of the
brain microvasculature. Although mechanisms lead-
ing to microvascular changes during aging are not
clear, loss of mitochondria, and reduced efficiency of
remaining mitochondria appear to play a major role.
Pharmacological agents, such as SS-31, which target
mitochondria have been shown to be effective during
aging and diseases; however, the benefit to mitochon-
drial- and non-mitochondrial proteins in the brain
microvasculature has not been examined. We tested
whether attenuation of aging-associated changes in
the brain microvascular proteome via targeting mito-
chondria represents a therapeutic option for the aging
brain. We used aged male (> 18 months) C57B16/J
mice treated with a mitochondria-targeted tetrapep-
tide, SS-31, or vehicle saline. Cerebral blood flow
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(CBF) was determined using laser speckle imaging
during a 2-week treatment period. Then, isolated
cortical microvessels (MVs) composed of end arte-
rioles, capillaries, and venules were used for Orbit-
rap Eclipse Tribrid mass spectrometry. CBF was
similar among the groups, whereas bioinformatic
analysis revealed substantial differences in protein
abundance of cortical MVs between SS-31 and vehi-
cle. We identified 6267 proteins, of which 12% were
mitochondria-associated. Of this 12%, 107 were sig-
nificantly differentially expressed and were associ-
ated with oxidative phosphorylation, metabolism,
the antioxidant defense system, or mitochondrial
dynamics. Administration of SS-31 affected many
non-mitochondrial proteins. Our findings suggest
that mitochondria in the microvasculature represent a
therapeutic target in the aging brain, and widespread
changes in the proteome may underlie the rejuvenat-
ing actions of SS-31 in aging.

Keywords Aging - Mitochondria - Brain
microvasculature - Proteomics

Introduction

Aging has profound effects on vascular structure and
function. Decreased vascular density, altered biome-
chanical properties, increased vascular tortuosity or
increased cell permeability, and altered vasoreactiv-
ity contribute to an impaired neurovascular unit and
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reduced brain blood flow [1-5]. These aging-associ-
ated changes, which are exacerbated in AD or hyper-
tension when coupled with regional vulnerabilities,
might lead to brain hypoperfusion [6-8]. Emerging
evidence supports the role of aging-associated vascu-
lar pathologies in dementias, including AD, specify-
ing them as risk factors [9, 10]. These studies dem-
onstrate that structural and functional integrity of the
vasculature are essential in the maintenance of nor-
mal brain function. Mitochondria provide energy to
the cerebral microvasculature for the maintenance of
normal cellular functions, vasoreactivity, blood—brain
barrier (BBB) maintenance and transport functions,
protection against reactive oxygen species (ROS),
and cellular repair and replacement [11, 12]. The high
energy demand of the brain is maintained by mito-
chondria in vascular and non-vascular cells; how-
ever, age-related dysfunction of mitochondria leads
to adverse changes in the brain microcirculation, with
associated cognitive impairment and development of
dementias such as AD [5, 13—-15]. In support of this
view, we showed that mitochondrial proteins decrease
during aging in cerebral microvessels of mice, which
was linked to a severe decrease in mitochondrial res-
piration [16, 17]. Surprisingly, we did not detect a
compensatory increase in glycolysis during aging.
Rather, aging decreased most protein levels involved
in glycolysis leading to reduced energy production via
this pathway. In addition, aging-associated increased
oxidative stress, due in part to increased ROS produc-
tion by dysfunctional mitochondria, in combination
with an impaired antioxidant system, might exacer-
bate aging-associated vascular structure and dysfunc-
tion posing a risk for cerebrovascular and neurologi-
cal pathologies. Thus, restoration of mitochondrial
health in the brain microvasculature is important for
the prevention of structural and functional impairment
of the vasculature and neurological pathologies during
aging. Specifically, a rejuvenated or maintained mito-
chondrial structure might facilitate an energetically
efficient electron transport chain, leading to less ROS
production and subsequently less oxidative stress and
damage, and an improved cellular function. Although
a number of mitochondrial-targeting agents have been
found to be beneficial in disease states and aging, one
of the most effective drug appears to be the SS-31
peptide (D-Arg-2'6'-dimethylTyr-Lys-Phe-NH?2), also
known as bendavia or elamipretide, which target car-
diolipin in the mitochondria [18, 19]. Howeyver, it is
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unclear whether SS-31 effects are limited to the mito-
chondria or involve other proteins following improve-
ment of mitochondrial function. To address this issue,
we examined the effect of SS-31 peptide on the brain
microvascular proteome of aged mice.

Materials and methods
Animals

Aged (18 months and older), male, C57B16/J mice
were obtained (n=10; #000664) from The Jack-
son Laboratory. Mice were housed in the vivarium
at Tulane University, in accordance with Guidelines
of the Institutional Animal Care and Use Commit-
tee of Tulane University and the National Institutes
of Health Office of Laboratory Animal Welfare, with
standard light and dark cycles and free access to food
and water. Experiments were carried out according
to the Animal Research: Reporting in Vivo Experi-
ments (ARRIVE) guidelines. Mice were randomly
assigned to either drug (SS-31) or vehicle (saline)
groups. Mice in the treatment group received a daily
i.p. injection of saline-dissolved and sterile filtered
10 mg/kg of SS-31 (#S9803, Selleck Chemicals LLC,
Houston, TX) for 14 days. This dose was based on
reported improvement of neurovascular coupling,
spatial working memory, motor skill learning in old
mice, compared with vehicle-treated animals [18]. In
the vehicle group, mice were injected with saline to
equal the total saline plus SS-31 dose administered
to the experimental animals, based on animal weight,
for 14 days.

Cerebral blood flow measurement

Cerebral blood flow (CBF) was measured using a
Perimed PSIZ Laser speckle imager with PIMSoft
2.3.1. CBF was measured prior to treatment initia-
tion on days 3, 7, and 14 (Fig. 1). Briefly, mice were
anesthetized using 3% isoflurane in oxygen. Then,
the head was shaved, and the skin was disinfected
using alcohol and betadine. Afterward, mice were
placed on a thermometer-controlled heating pad; eye
ointment was used to prevent corneal dryness; and
the head was secured on a stereotaxic frame. Prior to
the 1-cm skin incision on the top of the head, ani-
mals received a 1 mg/kg s.c. ropivacaine injection
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Fig.1 SS-31 does not affect baseline CBF. A-B Representa-
tive images and CBF recordings from vehicle (saline) and SS-
31-treated animals, respectively. The perfusion intensity scale,
below the images, indicates the level of brain perfusion. The
deep blue color on the perfusion intensity scale denotes “0” or
no perfusion, whereas red color corresponds to “590” or well-
perfused brain areas. Blue and red lines of CBF recordings are

(Ropivacaine HCl, 5 mg/mL, Somerset Therapeutics,
Somerset, NJ). The skin was retracted; sterile imag-
ing gel (Lubricating Jelly, MFR #16-8942, McKes-
son, Irving, TX) was applied on the skull and re-
applied as needed during imaging. Anesthesia was
maintained at 1.5% during CBF recording. After
CBF recordings, the incision was closed using 7-mm
wound clips, followed by application of betadine and
a 1 mg/kg ropivacaine s.c. injection. Animals were
allowed to recover in a clean cage, and then returned
to their cage mates from both SS-31 and vehicle-
treated groups. Additional fluid support (sterile
saline) was provided for 3 days post-recording. CBF
was recorded using a Perimed Pericam PSI Zoom
Laser Speckle Imager and PIMSoft Software 2.3.1
using two different imaging settings. The following
settings were used to record CBF: 12-cm distance,
1.6 cmXx1.6 cm, 25 images/s, and averaging 75
images/s, and 13-cm distance, 1 X 1 cm, 25 images/s,
and averaging 25 images/s were used to capture high
resolution images (Fig. 1A, B).
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indicative of CBF on the two hemispheres. C Shows the per-
cent changes in CBF of individual animals, whereas panel D
represents the summary of CBF changes in the groups, strati-
fied by measurement days. Data expressed as mean+SD; n=5
mice in the SS-31 group and n=35 mice in the vehicle-treated
group

MVs

After treatment, mice were transcardially perfused via
cold PBS, and the brain was removed. Cortices were
removed and homogenized, then cortical microvessels
(MVs) were isolated via gradient centrifugation and
size-filtering steps, as described by us [16, 20, 21] and
others [17, 22]. The clarity of MV isolates (<70 um)
composed of end arterioles, capillaries, and venules
were monitored under light microscopy. Protein con-
centration of sonicated samples (in 1% SDS) was deter-
mined using BCA Protein assay [16, 20]. Then, samples
were sent for proteomics and bioinformatics analysis to
the University of Arkansas for Medical Sciences Prot-
eomics and Bioinformatics core.

Proteomics CME bHPLC TMT methods — Orbitrap
Eclipse

Reduced, alkylated, and chloroform/methanol extrac-
tion purified MV samples were digested using
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sequencing grade trypsin (#V5111; Promega; Madi-
son, WI). The tandem mass tag 10-plex isobaric labeled
(#90110; Thermo; Waltham, MA) resulting proteins
were combined into one sample group, then separated
into 46 fractions on a 100x 1.0 mm Acquity BEH C18
column (#186002346; Waters; Milford, MA) using an
UltiMate 3000 UHPLC system (Thermo; Waltham,
MA) with a 50-min gradient from 99:1 to 60:40 buffer
A:B ratio under basic pH conditions, then consolidated
into 18 super-fractions. Reverse phase XSelect CSH
C18 2.5-pm resin (#186006729; Waters; Milford, MA)
on an in-line 150x0.075-mm column using an Ulti-
Mate 3000 RSLCnano system (Thermo; Waltham, MA)
was used to further separate each super-fraction. The
eluted peptides were ionized by a 2.4 kV electrospray,
and then subjected to mass spectrometric analysis on an
Orbitrap Eclipse Tribrid mass spectrometer (Thermo;
Waltham, MA) using multi-notch MS3 parameters. An
FTMS analyzer in top-speed profile mode at resolution
120,000 over a range of 375 to 1500 m/z was used to
obtain MS data. CID activation with normalized col-
lision energy of 31.0 was followed by MS/MS data
acquisition using the ion trap analyzer in centroid mode
and normal mass range. Then, a synchronous precursor
selection, up to 10 MS/MS precursors selected for HCD
activation with normalized collision energy of 55.0,
was followed by acquisition of MS3 reporter ion data
using the FTMS analyzer in profile mode at a resolu-
tion of 50,000 over a range of 100-500 m/z. Buffer A,
containing 0.1% formic acid and 0.5% acetonitrile, and
Buffer B, containing 0.1% formic acid and 99.9% ace-
tonitrile used for offline separation, were adjusted to pH
10 using ammonium hydroxide.

Statistical analysis
CBF analysis

Elliptical, same-sized, regions of interest (ROI) were
placed over the right and left hemispheres, with each
ROI separated by a similar distance. Head alignment
was done prior to recording, and if misaligned, ROIs
were rotated accordingly. Mean perfusion was recorded,
and CBF was expressed as percent change from the
baseline for each hemisphere. Data distribution was
tested in GraphPad Prism 9, using the Shapiro—Wilk
test. Two-way-repeated measures ANOVA with Bon-
ferroni’s multiple comparison test were used to com-
pare the CBF values between groups. p<0.05 was
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considered statistically significant. CBF data was plotted
as % change in CBF of individual animals (Fig. 1C) as
well as % change in CBF per treatment on the imaging
days expressed as mean=+ SD (Fig. 1D).

Proteomics analysis

Proteomic data was analyzed by the UAMS Bioinfor-
matics core, as described below. MaxQuant, quanti-
tative proteomics software (Max Planck Institute of
Biochemistry version 2.0.3.0) was used to analyze
the mass spectrometry data with the following set-
tings: parent ion tolerance of 3 ppm, fragment ion tol-
erance of 0.5 Da, reporter ion tolerance of 0.001 Da,
trypsin enzyme with 2 missed cleavages, variable
modifications including oxidation on M, acetyl on
protein N-term, and fixed modification of Carbami-
domethyl on C against the UniProt Mus musculus
database (March 2021). Criteria for accepting identi-
fied proteins were set to less than 1.0% false discov-
ery rate. Protein Prophet algorithm was used to assign
protein probabilities [23]. ProteiNorm was used to
quality check protein abundance data distribution via
evaluating eight normalization methods [24], includ-
ing log, normalization (Log,), median normalization
(Median), mean normalization (Mean), variance stabi-
lizing normalization (VSN) [25], quantile normaliza-
tion (Quantile) (Bolstad, B., preprocessCore: A col-
lection of pre-processing functions. 2019), cyclic loess
normalization (Cyclic Loess) [26], global robust lin-
ear regression normalization (RLR) [27], and global
intensity normalization (Global Intensity) [27]. Total
intensity pooled intragroup coefficient of variation
(PCV), pooled intragroup median absolute devia-
tion (PMAD), pooled intragroup estimate of variance
(PEV), intragroup correlation, sample correlation
heatmap (Pearson), and log,-ratio distributions were
used to evaluate the individual performance of these
methods, and the VSN normalization method was
selected. Linear models for microarray data (limma)
with empirical Bayes (eBayes) smoothing to the
standard errors [26] was used for the normalized data
statistical analysis. Proteins with a p-value <0.05 were
considered significant. Ensemble of gene set enrich-
ment analyses (EGSEA), Bioconductor package, and
Qiagen’s Ingenuity Pathway Analysis [28] were used
to identify important protein networks and path-
ways based on the significant proteins. VolcaNoseR
(Fig. 2A) was used to create volcano plots [29].
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Fig. 2 Effects of SS-31 on mitochondrial/mitochondria-related
protein abundance in aged brain MVs. A 107 proteins, asso-
ciated with mitochondria, were significantly differentially
expressed in response to SS-31 treatment when compared with

Results
CBF measurements

We used two-way-repeated measures ANOVA with
Bonferroni’s multiple comparison test to analyze the
data between groups stratified by days. Resting CBF
levels were similar among the vehicle (Fig. 1A) and
treatment groups (Fig. 1B). Percent changes in CBF
of vehicle treated animals (n=5) were 11.7+13.9;
8.6+24.7,—2.1+13.0 on days 3, 7, and 14, respec-
tively (Fig. 1C). Interestingly, percent changes in CBF
in response to treatment with SS-31 (n=5) resulted
in changes similar in magnitude to the vehicle group:
2.5+11.9; 8.7+10.3;-5.9+7.2 on days 3, 7, and 14,
respectively (Fig. 1D).

Proteomics

Microvessel samples for analysis were obtained from
individual mice. Sample sizes were: 5 for SS-31 and
5 for vehicle. One vehicle sample clustered with the
treatment group (vehicle sample 1) and was excluded
from statistical analysis using standard criteria.

vehicle. B Table shows the top 20 significantly differentially
expressed mitochondria-associated proteins, labeled in panel A
using the mitochondrial/mitochondria-related data set

Principal component analysis (PCA) revealed that
SS-31 and vehicle-treated groups separated 58.36%
along PC1 and 10.42% along PC2 (Fig. 3A). Over-
all, we identified a total of 6267 proteins in our
samples, of which 3263 were significantly differ-
ently expressed (p <0.05) between the treatment and
vehicle groups with non-adjusted p values (Fig. 3B;
Fig. 4). Of these, 1837 remained significantly differ-
ently expressed (p<0.05) when using the adjusted
p value as screening criteria. Treatment with SS-31
resulted in the upregulation of 20 (of which three
with p<0.05) and downregulation of 13 proteins (of
which 10 with p<0.05) with fold change threshold
between 1 and 4.5 and negative one and negative 2.4.
We found 747 entries in our data set when filtered
for mitochondrial proteins and those associated with
mitochondria, using the MitoCarta3.0 [30] as a basis
for comparison as well as the criteria of “mitochon-
dria” in the protein name. Of 107 proteins that were
significantly differentially expressed, 48 were down-
regulated, and 59 were upregulated in response to
SS-31 treatment (Figs. 2A and 5).

The five top canonical pathways associated with our
global data set included the synaptogenesis signaling
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Fig. 3 SS-31 treatment affects protein abundance of aged
MVs. A Principal component analysis (PCA) plot shows pro-
tein expression profiles of brain MVs from SS-31 (red color)
and vehicle (blue color)-treated aged mice. PC1 and PC2:
Principal components 1 and 2, respectively. B Volcano plot
shows significantly differentially expressed proteins between

pathway, spliceosomal cycle, androgen signaling,
Huntington’s disease signaling, and 14-3-3-medi-
ated signaling (Table 1), while our mitochondrial only
data set was linked to mitochondrial dysfunction, sir-
tuin signaling pathway, oxidative phosphorylation,
xenobiotic metabolism AhR signaling pathway, and
geranylgeranyl diphosphate biosynthesis I (via meva-
lonate) (Table 1). The top upstream regulators asso-
ciated with the overall data set included microtubule
associated protein tau (MAPT; p=1.33x10"%), cys-
tatin D (CST5; p=5.47x107>%), amyloid beta precur-
sor protein (APP; p=1.11x1077), matrix metallo-
peptidase 3 (MMP3; p=5.58 x 1072%), protein tyrosine
phosphatase 4A1 (PTP4A1; p=1.30% 1072%), whereas
the following upstream regulators were associated
with the mitochondria only data set: TEA domain
transcription factor 1 (TEADI; p:1.27><10‘18),
ATP synthase inhibitory factor subunit 1 (ATP5IFI;
p= 1.53)(10_16), caseinolytic mitochondrial matrix
peptidase proteolytic subunit (CLPP; p=1.17x 1071%),
tumor protein 53 (TP53; p=5.00x 10~!"), and peroxi-
some proliferator-activated receptor alpha (PPARA;
p=7.84x10""1). In addition, IPA analysis of the top
molecular and cellular functions associated with our
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200

log, (fold-change)

the SS-31 and vehicle groups in the global proteome of aged
MVs. Red color indicates protein upregulation, blue color cor-
responds to protein downregulation, whereas gray denotes not
significantly differentially expressed proteins in response to
SS-31 treatments in isolated brain microvessels

overall data set included RNA post-transcriptional
modifications, cellular assembly, organization, func-
tion, maintenance, development, growth, and prolif-
eration, whereas energy production, lipid metabolism,
small molecule biochemistry, molecular transport,
and nucleic acid metabolism were associated with the
mitochondria data set only.

Using the MitoPathways3.0.gms, the significantly
differentially expressed mitochondrial proteins were
shown to be associated with different mitochondrial
pathways (Fig. 2B).

OXPHOS We identified 13 significantly differen-
tially expressed proteins in our data set that are asso-
ciated with OXPHOS using the MitoPathways table
(13/168). Specifically, Complex I-associated proteins
included the NADH dehydrogenase [ubiquinone] 1
alpha subcomplex subunit 5 (Ndufa5; SS-31 > vehicle),
NADH dehydrogenase [ubiquinone] 1 alpha subcom-
plex subunit 8 (Ndufa8; SS-31 > vehicle), NADH dehy-
drogenase [ubiquinone] 1 beta subcomplex subunit
8 (Ndufb8; SS-31> vehicle), and Complex I-15 kDa
(Ndufs5; SS-31>vehicle). Succinate dehydrogenase
cytochrome b560 subunit (Sdhc; SS-31> vehicle)
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Fig. 4 Heatmap of top 50 proteins in aged MVs. Heatmap
shows the top 50 significantly differentially expressed proteins
in aged MVs between the SS-31 and vehicle groups. n=>5 mice

was the only Complex II-associated protein that was
affected by SS-31 treatment. Complex IIl-related
subunit and assembly factor proteins included the
cytochrome C1, heme protein (Cycl; SS-31> vehi-
cle), ubiquinol-cytochrome c reductase binding pro-
tein (Uqcrb; SS-31>vehicle), and BCS1 homolog,
ubiquinol-cytochrome ¢ reductase complex chaperone
(Besll; SS-31> vehicle). Complex IV-affiliated subu-
nit proteins and assembly factor included cytochrome
¢ oxidase subunit 412 (Cox4i2; SS-31<vehicle),
cytochrome c¢ oxidase subunit 7A-related protein
(Cox7a2l; SS-31> vehicle), and HIG1 hypoxia induc-
ible domain family member 1A (Higdla; SS-31 > vehi-
cle). Only one Complex-related subunit, the ATP syn-
thase F1 subunit gamma (AtpScl; SS-31<vehicle)
was significantly differentially expressed. In addition,
Cox7a2l and Higdla are related to respirasome assem-
bly according to the MitoPathways3.0.gms source,
whereas cytochrome C, somatic (Cycs; SS-31> vehi-
cle) is associated with cytochrome C complex (Figs. 6

in the SS-31 group and n=4 mice in the vehicle-treated group
(1 vehicle was excluded from analysis)

and 7A). In addition, we found that SS-31 increased
levels of proteins associated with macromolecules and
complex assembly (data not shown).

Metabolism Our analysis revealed 59 significantly
differentially expressed proteins out of the 464 that
were associated with different metabolic pathways.
These significantly differentially expressed proteins
were associated with distinct and/or multiple path-
ways (only some discussed here). Carbohydrate
metabolism-associated proteins included the ATP
citrate lyase (Acly; SS-31>vehicle), hydroxyacyl-
CoA dehydrogenase trifunctional multienzyme com-
plex subunit beta (Hadhb; SS-31<vehicle), and
isocitrate dehydrogenase [NAD(+)] 3 non-catalytic
subunit gamma (Idh3g; SS-31> vehicle). Solute car-
rier family 25 member 1 or Tricarboxylate transport
protein, mitochondrial (Slc25al; SS-31 <vehicle)
is associated with gluconeogenesis, whereas Idh3g,
Acly, Slc25al as well as the Sdhc (SS-31 > vehicle)
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Fig. 5 Heatmap of top 50 mitochondria-associated proteins in
aged MVs. Heatmap shows the top 50 significantly differen-
tially expressed mitochondria associated proteins in aged MVs

are associated with the TCA cycle. Glycolysis-asso-
ciated proteins significantly increased in response to
SS-31 included hexokinase (Hk1), glucose-6-phos-
phate isomerase (Gpi), ATP-dependent 6-phospho-
fructokinase (Pfkp), fructose-bisphosphate aldo-
lase A/C (Aldoa/c), triosephosphate isomerase
(Tpi), glyceraldehyde-3-phosphate dehydrogenase

between the SS-31 and vehicle groups. n=>5 mice in the SS-31
group and n=4 mice in the vehicle treated group (1 vehicle
was excluded from analysis)

(GAPDH), phosphoglycerate kinase 1 (Pgkl), phos-
phoglycerate mutase 1 (Pgaml), alpha and gamma
enolase (Enol/2), and pyruvate kinase (Pkm). Fatty
acid oxidation-related proteins included the acyl-
CoA dehydrogenase family member 10 (AcadlO;
SS-31 < vehicle), acyl-CoA dehydrogenase long chain
(Acadl; SS-31<vehicle), acyl-CoA dehydrogenase

Table 1 Top five canonical
pathways

Pathway name p value Overlap
Overall data Synaptogenesis signaling pathway 1.12E-36 41.6% 132/317
Spliceosomal cycle 191E-24 77.6% 38/49
Androgen signaling 3.49E-24 45.0% 76/169
Huntington’s disease signaling 5.89E-20 34.3% 97/283
14-3-3-mediated signaling 191E-18 44.9% 57/127
Mitochondrial data set Mitochondrial dysfunction 1.34E-15 8.8% 15/171
Sirtuin signaling pathway 3.46E —12 5.1% 15/292
Oxidative phosphorylation 6.90E—11 9.0% 10/111
Xenobiotic metabolism AHR signal- 4.36E —05 5.7% 5187
ing pathway
Geranylgeranyl diphosphate biosyn-  6.63E —05 16.7% 3/18

thesis I (via mevalonate)
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Fig. 6 Mitochondrial dysfunction pathway. QIAGEN Ingenu-
ity Pathway Analysis shows differentially expressed genes in
our mitochondria only data set from SS-31 and vehicle-treated

medium chain (Acadm; SS-31<vehicle), acyl-CoA
dehydrogenase short chain (Acads; SS-31 < vehicle),
acyl-CoA dehydrogenase very long chain (Acadvl;
SS-31 < vehicle), acyl-CoA thioesterase 11 (Acotll;
SS-31> vehicle), carnitine palmitoyltransferase 1A
(Cptla; SS-31<vehicle), 2,4-dienoyl-CoA reduc-
tase 1 (Decrl; SS-31<vehicle), hydroxyacyl-CoA
dehydrogenase trifunctional multienzyme complex
subunits alpha (Hadha; SS-31 <vehicle; also asso-
ciated with cardiolipin synthesis) and beta (Hadhb;
SS-31 < vehicle). Oxysterol binding protein like 1A
(Osbplla; SS-31>vehicle) is associated with cho-
lesterol, bile acid, steroid synthesis pathway as well
as phospholipid metabolism along with peroxire-
doxin 6 (Prdx6; SS-31>vehicle) and serine palmi-
toyltransferase long chain base subunit 2 (Sptlc2;
SS-31 < vehicle). Amino acid metabolism pathway-
related proteins include aldehyde dehydrogenase 4
family member Al (Aldh4al; SS-31 < vehicle), glu-
taminase (Gls.1; SS-31>vehicle), glyoxylate and
hydroxypyruvate reductase (Grhpr; SS-31> vehicle),
lactate dehydrogenase B (Ldhb; SS-31>vehicle),
monoamine oxidase A (Maoa; SS-31< vehicle), as
well as the previously mentioned Hadha, Hadhb,
and Slc25a21; (Fig. 7B, C). Our findings indicate

isolated brain microvessels from male, aged C57B1/6]J mice
that are associated with mitochondrial dysfunction and oxida-
tive phosphorylation canonical pathways

that aging progressively affects most of the major
energy producing pathways, including glycolysis and
OXPHOS possibly compromising ATP production. In
addition, increase in protein abundance indicates the
ability of SS-31 to ramp up protein synthesis related
to the homeostasis of major fuel sources; however,
further studies are needed to establish the beneficial
effects of SS-31 on the function of these proteins.

Mitochondrial dynamics and surveillance Nine,
significantly differentially expressed proteins of 102
were associated with mitochondrial quality control
processes. Specifically, fission-associated proteins
included the dynamin 1 like (Dnmll.1 and Dnm11.2;
SS-31> vehicle), spire type actin nucleation factor
1 (Spirel; SS-31>vehicle), and Slc25a46. Aden-
osylhomocysteinase-like 1 (Ahcyll; SS-31> vehi-
cle) and spirel are also related to organelle contact
site, whereas metaxin 2 (Mtx2; SS-31 < vehicle) and
Slc25a46 indicated involvement in intramitochondrial
membrane interactions. Parkinson disease protein 7
homolog (Park7; SS-31> vehicle) and PGAM fam-
ily member 5, and mitochondrial serine/threonine
protein phosphatase (Pgam5; SS-31> vehicle) were
listed as mitophagy/autophagy related proteins, while
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Aifm3 (SS-31> vehicle) and Cycs (SS-31> vehicle)
were associated with apoptosis.

Small molecule transport We found that 10 of 85
proteins were also related to transport mechanisms,
which included ATP binding cassette subfamily A
member 9 (Abca9; SS-31 < vehicle), ATP binding cas-
sette subfamily A member (Abcb10; SS-31 < vehicle),
ATP binding cassette subfamily D members 1 (Abcdl;
SS-31<vehicle) and 2 (Abcd2; SS-31>vehicle),
sideroflexin 4 (Sfxn4; SS-31> vehicle), mitochondrial
2-oxodicarboxylate carrier (Slc25a21; SS-31 <vehi-
cle), calcium-binding mitochondrial carrier protein
SCaMC-1 (Slc25a24; SS-31 < vehicle), mitochondrial
coenzyme A transporter (Slc25a42; SS-31> vehicle),
and solute carrier family 25 member 46 (Slc25a46;
SS-31 > vehicle).

Detoxification We found that 15 of 51 proteins
were significantly differentially expressed. Specifi-
cally, 11 of 27 ROS and glutathione metabolism-
associated proteins were significantly different. These
included hydroxyacylglutathione hydrolase (Hagh;
SS-31>vehicle), microsomal glutathione s-trans-
ferase 1 (Mgstl; SS-31 <vehicle), methionine sulfox-
ide reductase A (Msra; SS-31>vehicle), nitrilase 1
(Nitl; SS-31> vehicle), oxidation resistance 1 (Oxrl;
SS-31 > vehicle), peroxiredoxin 2 (Prdx2; SS-31 > vehi-
cle), peroxiredoxin 5 (Prdx5; SS-31> vehicle), perox-
iredoxin 6 (Prdx6; SS-31 > vehicle), peroxiredoxin like
2A (PrxI2a; SS-31 < vehicle), superoxide dismutase 1
(Sod1; SS-31>vehicle), and thioredoxin reductase 1
(Txnrd1; SS-31> vehicle). These findings indicate that
SS-31 exerts its antioxidant effects in the brain MVs,
possibly contributing to a decreased ROS production
and a subsequently decreased oxidative stress.

Metals and cofactors We identified 11 significantly
differentially expressed proteins out of 120 associated
with Cptla (SS-31 < vehicle): coenzyme A metabolism
(Nudix Hydrolase 8 [Nudt8], SS-31 > vehicle; pantoth-
enate kinase 2 [Pank2], SS-31 > vehicle; solute carrier
family 25 member 42 [Slc25a42], SS-31> vehicle);
heme synthesis and processing (ATP binding cassette
subfamily b member 10 [Abcbl10], SS-31<vehicle;
and protoporphyrinogen oxidase [Ppox], SS-31 < vehi-
cle); tetrahydrobiopterin and vitamin metabolism
pathways quinoid dihydropteridine reductase (Qdpr;
SS-31> vehicle); Fe-S, and heme-containing proteins

including the apoptosis inducing factor mitochondria-
associated 3 (Aifm3; SS-31>vehicle), Cycl (SS-
31> vehicle), and Sdhc (SS-31 > vehicle).

Discussion

The major finding of our study is that targeting mito-
chondria using SS-31 resulted in widespread ben-
eficial changes in the brain microvascular proteome
beyond those involving mitochondria in aged male
mice. These changes may identify mechanisms under-
lying the beneficial effects of SS-31 on cerebrovas-
cular function, neurovascular coupling, and cogni-
tive function during aging and other conditions [18,
31]. We speculate that SS-31 mediated, enhanced
mitochondrial function, and reduced ROS as well as
improved glycolysis may lead to improved structural
and functional status of brain MVs.

Aging is associated with a decline in cognitive
function and cerebral blood flow, observed in both
animal and epidemiological [reviewed in [4, 5]] stud-
ies [3, 9, 10, 32, 33]. The beneficial effects of SS-31
on CBF and neurovascular coupling were first demon-
strated in aged animals by Tarantini et al. [18] CBF
responses of treated old mice to whisker stimulation
were improved and comparable with whisker stimu-
lation responses elicited in young mice [18]. In our
experiments, laser speckle contrast imaging showed
similar CBF between treated and vehicle groups,
most likely due to the lack of whisker stimulation or
pharmacological challenge. In addition, baseline CBF
was similar after experimental stroke in young mice
between the bendavia (SS-31) and vehicle-treated
groups [34]. These suggest that protein abundance
changes in our experiments were due to SS-31 treat-
ment rather than to improved CBF. Interestingly, Tar-
antini’s SS-31 treatment did not affect myogenic tone
or smooth muscle vasodilatory response to sodium
nitroprusside in isolated middle cerebral arteries;
however, SS-31 improved endothelial-dependent
vasodilation in response to acetylcholine and ATP
[18]. These findings indicate rescued neurovascular
coupling and improved endothelial function in the
treated aged group, compared with aged-matched
controls. Tarantini et al. further investigated the role
of SS-31 treatment in nitric oxide (NO)-mediated
signaling and reported no change of Nosl (nNOS)
and Nos3 (eNOS) mRNA [18]. Similarly, we detected
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no differences in protein abundance of nNOS and
eNOS; however, SS-31 significantly decreased Nos2
(iNOS) expression in isolated aged brain microves-
sels. Another beneficial effect, attributed to SS-31, is
its ability to decrease oxidative stress, which is dem-
onstrated in the cerebral vasculature of male hyper-
tensive SHR rats exposed to mild traumatic brain
injury (mTBI) [31]. Both studies explored the role of
SS-31 in attenuating/altering NOX signaling, which
is increased in aging and in hypertension, facilitating
a greater oxidative stress. Due to the technical limita-
tion of proteomics, we could not detect these proteins
in our samples. We identified, however, several pro-
teins involved in ion channel activities such as Ca**
signaling or the endothelin-conversion pathway, which
were significantly different between the treated group
and vehicle. Thus, the protective effects of SS-31 on
the brain vasculature warrant further investigation
beyond the NO and NADPH oxidase pathways. Simi-
larly, SS-31 improved the aging phenotype in different
organs and tissues. Treatment with elamipretide (SS-
31) for 8 weeks restored reduced diastolic function in
treated old mice, whereas it had no effect in treated
young mice [35]. Furthermore, the beneficial effects
of SS-31/elamipretide on skeletal muscle function
[36, 37] and in angiotensin II-induced cardiomyopathy
[38] were reported by different groups.

Several laboratories investigated the basis of SS-
31-mediated functional improvement in aged ani-
mals via assessing mitochondrial ROS production
and mitochondrial respiration. In accordance with
functional studies, the positive pleiotropic effects of
SS-31 [19] such as decreased oxidative stress in old
cardiomyocytes [39] and in angiotensin-stimulated
neonatal cardiomyocytes [38], or improved mitochon-
drial respiration and ATP production [18, 40] were
reported by independent groups; however, SS-31 had
no significant effect in young animals [40] or young
cells. In addition, Zhang et al. (2020) found that
SS-31 interacts with ANT1, a protein that was not
affected by SS-31 in our study and also observed a
decreased ROS production in old, SS-31-treated car-
diomyocytes; however, the exact mechanism was not
explored, and whether it was due to the interaction
between SS-31 and ANT1 or to an improved mem-
brane structure via SS-31 needs further investigation.
The antioxidant properties of SS-31/elamipretide is
thought to contribute to its beneficial effects in the
brain. SS-31 is reported to decrease mitochondrial
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ROS production in old primary cerebromicrovascu-
lar endothelial cells without affecting the antioxidant
superoxide dismutase 1 (Sodl) and 2 (Sod2) levels
in brain samples of treated old mice [18]. We found
that SS-31 significantly increased Sodl but not Sod2
expression in aged brain microvessels. Likewise,
SS-31 resulted in decreased ROS production in mid-
dle cerebral arteries from SHR rats exposed to mTBI
[31], in the hippocampus of aged mice [41], or in tert-
butyl hydroperoxide treated N2A cells [42]. In sup-
port of the antioxidant effects of SS-31, we identified
several significantly differentially expressed proteins
associated with the detoxification/antioxidant defense
system. Some of these differentially expressed pro-
teins play a role in glutathione and D-lactic acid pro-
duction (Hagh), in reversible oxidation-reduction of
methionine sulfoxide (Msra), in hydrolysis of deami-
nated glutathione (Nitl), in the reduction of hydrogen
peroxide (Prdx2/5/6) or disulfideprotein thioredoxin
(Txnrdl), and in the protection from oxidative dam-
age (Sodl, Oxrl).

Among the above-mentioned beneficial effects of
SS-31, we found energy producing pathways were
also affected in treated aged samples. We showed
reductions in mitochondrial proteins composing
Complexes I-IV in the microvasculature of aged
mice [16]. Our findings were independently con-
firmed by studies showing reduced mitochondrial
respiration in aged mice [17]. Increased glycolysis
has been suggested to maintain energy production
in the face of mitochondrial dysfunction; however,
studies by us and others on energy production via
glycolysis show that glycolysis was also impaired
in aged brain MVs [16, 43, 44]. GSEA analysis of
the global proteome revealed that proteins associ-
ated with glucose metabolism, including glyco-
lysis and gluconeogenesis were upregulated in the
treatment group, compared with vehicle. Thus, we
postulate that energy failure in the brain microvas-
culature causes structural damage, BBB disrup-
tion, and impaired neurovascular coupling leading
to cognitive impairment, susceptibility to strokes,
and induction of dementias such as AD. On the
other hand, SS-31 resulted in improved neurovas-
cular coupling and subsequently enhanced cog-
nitive function in treated old mice [18]. In addi-
tion, SS-31 increased ATP citrate lyase (ACLY;
p<0.05), an enzyme supporting lipid biosynthe-
sis and protein abundance of enzymes involved in
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alpha-ketoglutarate production (Idh3g, p<0.05;
Idh3a and Idh2b). We did not assess enzyme activi-
ties; however, an increase in abundance may sug-
gest an elevation of acetyl-CoA or the key TCA
metabolite. Furthermore, SS-31 treatment increased
the abundance of proteins involved in Complex I
and I-associated electron transfer as well as three
proteins associated with the ubiquinol-cytochrome
¢ oxidoreductase complex. Upregulation of proteins
associated with the cytochrome c oxidase and Com-
plex V may result in a more efficient electron trans-
fer, contributing to a decreased ROS production.
This finding is in accordance with improved mito-
chondrial respiration in treated, cultured, aged, and
cerebromicrovascular endothelial cells [18].

There were a few limitations to our study. We only
used extracted MVs and examined the proteome after
14 days of SS-31 treatment. Thus, we could not deter-
mine the time course of SS-31 changes on the micro-
vasculature. However, we used this protocol based on
previous studies, which showed protection of neuro-
vascular coupling in aged animals. At the time of the
study, we could not separate the different microcircu-
lation cell types; however, we are exploring methods
that will allow this to yield sufficient cell-specific
proteins for proteomic analysis. We used male mice
because our proteomic examinations [16] showed
only modest sex-dependent differences in aged mice.

In conclusion, our results support and extend stud-
ies reporting on the ability of SS-31 to cross the
blood-brain barrier, improve or restore cerebral vascular
function, and remediate dysfunction of cerebral vascular
mitochondria in aged mice. These results warrant further
investigation of the therapeutic potential of mitochondria
in different disease models, with the inclusion of both
sexes as well as on the effects of SS-31 on mitochondrial
structure and function using intra- and extracranial ves-
sels. Our results further confirm the multifaceted effects
of SS-31 on the brain vasculature, requiring the con-
sideration of possible interplay among transcriptional,
translational, and post-translational modifications, as
well as enzyme activities that might contribute to its
beneficial effects. In addition, future studies are needed
to determine the time course of effectiveness of SS-31,
as well as cellular and vascular bed-specific similarities
and differences in the brain.

Acknowledgements We thank Nancy B. Busija for editing
the manuscript. The authors acknowledge Melody C. Baddoo

and the Tulane Cancer Center Cancer Crusaders Next Genera-
tion Sequence Analysis Core for assistance with (RNA-Seq/
WGS/ChIP-Seq/ATAC-Seq) analysis. The NGS Analysis core
is supported by the National Institutes of Health National Can-
cer Institute, Award Number PO1CA214091. The content is
solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

Funding This research was supported in part by the IDeA
National Resource for Quantitative Proteomics Voucher
Program (R24GM137786) to IR, Tulane Brain Institute
Research Fund Award to IR, NIH HL-148836 (DWB), NIH
AG-063345 (DWB), NIH AG-075988 (DWB), the Louisiana
Board of Regents Endowed Chairs for Eminent Scholars pro-
gram (DWB), a grant from the National Institutes of Health
(P30GM145498), U54 GM104940 from the National Insti-
tute of General Medical Sciences of the National Institutes of
Health, which funds the Louisiana Clinical and Translational
Science Center. The University of Arkansas for Medical Sci-
ences Bioinformatics Core Facility is supported by the Win-
throp P. Rockefeller Cancer Institute and National Institutes of
Health grant P20GM121293.

Data availability The data associated with this study avail-
able from the corresponding author upon reasonable request.
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE part-
ner repository with the dataset identifier PXD038483 and
10.6019/PXD038483.

Declarations

Competing interests The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

1. Ungvari Z, Tarantini S, Kiss T, Wren JD, Giles CB, Grif-
fin CT, et al. Endothelial dysfunction and angiogenesis
impairment in the ageing vasculature. Nat Rev Cardiol.
2018;15(9):555-65 (PMC6612360).

@ Springer


http://creativecommons.org/licenses/by/4.0/

2964

GeroScience (2023) 45:2951-2965

10

11

12

13

14.

15

16

Ungvari Z, Tarantini S, Donato AJ, Galvan V,
Csiszar A. Mechanisms of vascular aging. Circ Res.
2018;123(7):849-67 (PMC6248882).

Nyul-Toth A, Tarantini S, DelFavero J, Yan F, Balasu-
bramanian P, Yabluchanskiy A, et al. Demonstration of
age-related blood-brain barrier disruption and cerebromi-
crovascular rarefaction in mice by longitudinal intravital
two-photon microscopy and optical coherence tomography.
Am J Physiol Heart Circ Physiol. 2021;320(4):H1370-92
(PMC8260380).

Brown WR, Thore CR. Review: cerebral microvascular
pathology in ageing and neurodegeneration. Neuropathol
Appl Neurobiol. 2011;37(1):56-74 (PMC3020267).
Tracy EP, Hughes W, Beare JE, Rowe G, Beyer A, LeB-
lanc AJ. Aging-induced impairment of vascular function:
mitochondrial redox contributions and physiological/clini-
cal implications. Antioxid Redox Signal. 2021;35(12):974—
1015 (PMC8905248).

Cortes-Canteli M, Iadecola C. Alzheimer’s disease and
vascular aging: JACC Focus Seminar. J] Am Coll Cardiol.
2020;75(8):942-51 (PMC8046164).

Csiszar A, Tarantini S, Fulop GA, Kiss T, Valcarcel-
Ares MN, Galvan V, et al. Hypertension impairs neuro-
vascular coupling and promotes microvascular injury:
role in exacerbation of Alzheimer’s disease. Gerosci-
ence. 2017;39(4):359-72 (PMC5636770).

Arvanitakis Z, Capuano AW, Leurgans SE, Bennett DA,
Schneider JA. Relation of cerebral vessel disease to
Alzheimer’s disease dementia and cognitive function in
elderly people: a cross-sectional study. Lancet Neurol.
2016;15(9):934-43 (PMC4969105).

Farkas E, Luiten PG. Cerebral microvascular pathol-
ogy in aging and Alzheimer’s disease. Prog Neurobiol.
2001;64(6):575-611.

Breteler MM. Vascular involvement in cognitive decline
and dementia. Epidemiologic evidence from the Rot-
terdam Study and the Rotterdam Scan Study. Ann N 'Y
Acad Sci. 2000;903:457-65.

Eelen G, de Zeeuw P, Treps L, Harjes U, Wong BW,
Carmeliet P. Endothelial cell metabolism. Physiol Rev.
2018;98(1):3-58 (PMC5866357).

Wallace DC, Fan W. Energetics, epigenetics, mito-
chondrial genetics. Mitochondrion. 2010;10(1):12-31
(PMC3245717).

Parodi-Rullan R, Sone JY, Fossati S. Endothelial
mitochondrial dysfunction in cerebral amyloid angi-
opathy and Alzheimer’s disease. J Alzheimers Dis.
2019;72(4):1019-39 (PMC6917858).

Quintana DD, Garcia JA, Anantula Y, Rellick SL,
Engler-Chiurazzi EB, Sarkar SN, et al. Amyloid-beta
causes mitochondrial dysfunction via a Ca2+4- driven
upregulation of oxidative phosphorylation and super-
oxide production in cerebrovascular endothelial cells. J
Alzheimers Dis. 2020;75(1):119-38 (PMC7418488).
Swerdlow RH. Mitochondria and mitochondrial cas-
cades in Alzheimer’s disease. J Alzheimers Dis.
2018;62(3):1403-16 (PMC5869994).

Chandra PK, Cikic S, Rutkai I, Guidry JJ, Katakam
PVG, Mostany R, et al. Effects of aging on protein
expression in mice brain microvessels: ROS scavengers,

@ Springer

18.

19.

20.

21.

22.

23.

24

25.

26

27

28

29.

30.

mRNA/protein stability, glycolytic enzymes, mitochon-
drial complexes, and basement membrane components.
Geroscience. 2022;44(1):371-88 (PMC8811117).

Sure VN, Sakamuri S, Sperling JA, Evans WR, Merdzo
I, Mostany R, et al. A novel high-throughput assay
for respiration in isolated brain microvessels reveals
impaired mitochondrial function in the aged mice. Gero-
science. 2018;40(4):365-75 (PMC6136296).

Tarantini S, Valcarcel-Ares NM, Yabluchanskiy A, Fulop
GA, Hertelendy P, Gautam T, et al. Treatment with the
mitochondrial-targeted antioxidant peptide SS-31 res-
cues neurovascular coupling responses and cerebrovas-
cular endothelial function and improves cognition in
aged mice. Aging Cell. 2018;17(2). PMC5847870

Szeto HH, Liu S. Cardiolipin-targeted peptides rejuve-
nate mitochondrial function, remodel mitochondria, and
promote tissue regeneration during aging. Arch Biochem
Biophys. 2018;660:137-48.

Cikic S, Chandra PK, Harman JC, Rutkai I, Katakam
PV, Guidry JJ, et al. Sexual differences in mitochon-
drial and related proteins in rat cerebral microvessels:
a proteomic approach. J Cereb Blood Flow Metab.
2020:271678X20915127

Chandra PK, Cikic S, Baddoo MC, Rutkai I, Guidry 17,
Flemington EK, et al. Transcriptome analysis reveals sex-
ual disparities in gene expression in rat brain microvessels.
J Cereb Blood Flow Metab. 2021:271678X21999553,

Lee YK, Uchida H, Smith H, Ito A, Sanchez T. The isola-
tion and molecular characterization of cerebral microves-
sels. Nat Protoc. 2019;14(11):3059-81.

Nesvizhskii Al, Keller A, Kolker E, Aebersold R. A statis-
tical model for identifying proteins by tandem mass spec-
trometry. Anal Chem. 2003;75(17):4646-58.

Graw S, Tang J, Zafar MK, Byrd AK, Bolden C, Peterson
EC, et al. proteiNorm - a user-friendly tool for normaliza-
tion and analysis of TMT and label-free protein quantifica-
tion. ACS Omega. 2020;5(40):25625-33 (PMC7557219).
Huber W, von Heydebreck A, Sultmann H, Poustka A,
Vingron M. Variance stabilization applied to microarray
data calibration and to the quantification of differential
expression. Bioinformatics. 2002;18(Suppl 1):S96-104.
Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W,
et al. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids
Res. 2015;43(7):e47 (PMC4402510).

Chawade A, Alexandersson E, Levander F. Normalyzer:
a tool for rapid evaluation of normalization methods for
omics data sets. J Proteome Res. 2014;13(6):3114-20
(PMC4053077).

Alhamdoosh M, Ng M, Wilson NJ, Sheridan JM, Huynh
H, Wilson MJ, et al. Combining multiple tools outper-
forms individual methods in gene set enrichment analy-
ses. Bioinformatics. 2017;33(3):414-24 (PMC5408797).
Goedhart J, Luijsterburg MS. VolcaNoseR is a web app
for creating, exploring, labeling and sharing volcano plots.
Sci Rep. 2020;10(1):20560 (PMC7689420).

Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ,
et al. MitoCarta3.0: an updated mitochondrial proteome now
with sub-organelle localization and pathway annotations.
Nucleic Acids Res. 2021;49(D1):D1541-D7. PMC7778944



GeroScience (2023) 45:2951-2965

2965

31

32.

33

34.

35.

36.

37

38

Czigler A, Toth L, Szarka N, Berta G, Amrein K, Czeiter
E, et al. Hypertension exacerbates cerebrovascular oxida-
tive stress induced by mild traumatic brain injury: pro-
tective effects of the mitochondria-targeted antioxidative
peptide SS-31. J Neurotrauma. 2019;36(23):3309-15
(PMC6857460).

Meyer JS, Rauch G, Rauch RA, Haque A. Risk factors for
cerebral hypoperfusion, mild cognitive impairment, and
dementia. Neurobiol Aging. 2000;21(2):161-9.

Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg
SM, Iadecola C, et al. Vascular contributions to cognitive
impairment and dementia: a statement for healthcare pro-
fessionals from the American Heart Association/Ameri-
can Stroke Association. Stroke. 2011;42(9):2672-713
(PMC3778669).

Imai T, Matsubara H, Nakamura S, Hara H, Shimazawa
M. The mitochondria-targeted peptide, bendavia, attenu-
ated ischemia/reperfusion-induced stroke damage. Neuro-
science. 2020;443:110-9.

Whitson JA, Johnson R, Wang L, Bammler TK, Imai SI,
Zhang H, et al. Age-related disruption of the proteome
and acetylome in mouse hearts is associated with loss of
function and attenuated by elamipretide (SS-31) and nico-
tinamide mononucleotide (NMN) treatment. Geroscience.
2022;44(3):1621-39 (PM(C9213586).

Campbell MD, Duan J, Samuelson AT, Gaffrey MJ, Mer-
rihew GE, Egertson JD, et al. Improving mitochondrial
function with SS-31 reverses age-related redox stress and
improves exercise tolerance in aged mice. Free Radic Biol
Med. 2019;134:268-81 (PMC6588449).

Siegel MP, Kruse SE, Percival JM, Goh J, White CC,
Hopkins HC, et al. Mitochondrial-targeted peptide rapidly
improves mitochondrial energetics and skeletal muscle
performance in aged mice. Aging Cell. 2013;12(5):763—
71 (PMC3772966).

Dai DF, Chen T, Szeto H, Nieves-Cintron M, Kutyavin
V, Santana LF, et al. Mitochondrial targeted antioxidant

39.

40.

41

42.

43.

44,

peptide ameliorates hypertensive cardiomyopathy. J Am
Coll Cardiol. 2011;58(1):73-82 (PMC3742010).

Chiao YA, Zhang H, Sweetwyne M, Whitson J, Ting YS,
Basisty N, et al. Late-life restoration of mitochondrial
function reverses cardiac dysfunction in old mice. Elife.
2020;9. PMC7377906

Zhang H, Alder NN, Wang W, Szeto H, Marcinek DJ,
Rabinovitch PS. Reduction of elevated proton leak reju-
venates mitochondria in the aged cardiomyocyte. Elife.
2020;9. PMC7738186

Zuo Y, Yin L, Cheng X, Li J, Wu H, Liu X, et al. Elami-
pretide attenuates pyroptosis and perioperative neuro-
cognitive disorders in aged mice. Front Cell Neurosci.
2020;14:251 (PMC7439217).

Zhao K, Luo G, Giannelli S, Szeto HH. Mitochondria-tar-
geted peptide prevents mitochondrial depolarization and
apoptosis induced by tert-butyl hydroperoxide in neuronal
cell lines. Biochem Pharmacol. 2005;70(12):1796-806.
Sakamuri S, Sure VN, Kolli L, Liu N, Evans WR, Sper-
ling JA, et al. Glycolytic and oxidative phosphorylation
defects precede the development of senescence in primary
human brain microvascular endothelial cells. Geroscience.
2022.

Sakamuri SS, Sure VN, Kolli L, Evans WR, Sperling JA,
Bix GJ, et al. Aging related impairment of brain micro-
vascular bioenergetics involves oxidative phosphoryla-
tion and glycolytic pathways. J Cereb Blood Flow Metab.
2022:271678X211069266.

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer



	Targeting mitochondria in the aged cerebral vasculature with SS-31, a proteomic study of brain microvessels
	Abstract 
	Introduction
	Materials and methods
	Animals
	Cerebral blood flow measurement
	MVs
	Proteomics CME bHPLC TMT methods — Orbitrap Eclipse
	Statistical analysis
	CBF analysis
	Proteomics analysis


	Results
	CBF measurements
	Proteomics

	Discussion
	Acknowledgements 
	References


