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Abstract

Mitochondrial and glycolytic energy pathways regulate the vascular functions. Aging impairs the cerebrovascular function
and increases the risk of stroke and cognitive dysfunction. The goal of our study is to characterize the impact of aging on
brain microvascular energetics. VWe measured the oxygen consumption and extracellular acidification rates of freshly
isolated brain microvessels (BMVs) from young (2—4 months) and aged (20—22 months) C57BI/6 male mice. Cellular ATP
production in BMVs was predominantly dependent on oxidative phosphorylation (OXPHOS) with glucose as the pre-
ferred energy substrate. Aged BMVs exhibit lower ATP production rate with diminished OXPHOS and glycolytic rate
accompanied by increased utilization of glutamine. Impairments of glycolysis displayed by aged BMVs included reduced
compensatory glycolysis whereas impairments of mitochondrial respiration involved reduction of spare respiratory
capacity and proton leak. Aged BMVs showed reduced levels of key glycolysis proteins including glucose transporter
| and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 but normal lactate dehydrogenase activity. Mitochondrial
protein levels were mostly unchanged whereas citrate synthase activity was reduced, and glutamate dehydrogenase was
increased in aged BMVs. Thus, for the first time, we identified the dominant role of mitochondria in bioenergetics of
BMVs and the alterations of the energy pathways that make the aged BMVs vulnerable to injury.
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increasing the risk of stroke.' Cerebral microvascula-
ture provides the blood flow to the neuronal tissue and
is critical for nutrient transport, neurovascular cou-
pling (NVC), and the maintenance of the blood-
brain-barrier (BBB). Aging is associated with the
altered microvascular structure, density, and plasticity”
that contribute to the microvascular dysfunction
including impaired NVC and BBB.*>* Furthermore,
cerebrovascular endothelial cells have been shown to
mediate the aging-associated circulatory cues on the
brain.’
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Maintenance of BBB integrity, NVC function, and
steady nutrient support are energy-demanding process-
es for cerebral microvasculature. Optimal functioning
of energy pathways, including glycolysis and mitochon-
drial oxidative phosphorylation (OXPHOS), is
required for meeting the energy demands of cells.
Brain microvessels (BMVs) are comprised of three
types of blood vessels, namely, precapillary arterioles,
capillaries, and post-capillary venules.®” Capillaries
contain predominantly endothelial cells along with a
few pericytes whereas precapillary arterioles and ven-
ules also contain smooth muscle cells. The functioning
of all the microvascular cells is modulated by interac-
tions with neurons and astrocytes.'”

Previous studies have shown that glycolysis is
the primary source of ATP generated in non-
cerebrovascular endothelial cells and it also regulates
proliferation, migration, and vessel sprouting.'''?
Although the contribution of mitochondria to endothe-
lial cell energy is debated, the evidence supporting its
role in cellular signaling has been indisputable.'® In
cerebral microvasculature, endothelial mitochondria
have been shown to regulate the maintenance of
BBB.!* However, to our knowledge, neither cellular
energetics nor the relative contribution of OXPHOS
and glycolysis were measured cerebrovascular endothe-
lial cells. Similar to the non-cerebrovascular endothelial
cells, glycolysis has been proposed to contribute signif-
icantly to ATP generation in the smooth muscle cells
(SMC) and regulate their migration and prolifera-
tion.!>!'® OXPHOS was shown to regulate SMC
contractility, phenotype switching, and prolifera-
tion.'>'® Interestingly, recent study has shown that
pericytes share glucose and mitochondria with astro-
cytes and brain microvessels and also promote the sur-
vival of astrocytes with impaired energetics by
transferring mitochondria.'” Responses of endothelial
cells in the brain are influenced by perivascular cells in
the neurovascular unit and characterization of the inte-
grated responses are essential to our understanding of
the role of cellular energetics in microvasculature. To
date, no study has characterized the microvascular bio-
energetics or evaluated the impact of aging on the bio-
energetics in BMVs. Our recent technological
breakthrough allowed us to measure the oxygen con-
sumption rate (OCR) and extracellular acidification
rate (ECAR) from BMVs utilizing the Agilent
Seahorse XFe24 analyzer. This technique provides the
ability to employ high-throughput assays for quantita-
tive analyses of key pathways contributing to cellular
energetics. Considering the unique role of energy
metabolism in the cerebral microvasculature, we char-
acterized the glycolytic and OXPHOS pathways of
energy generation in the BMVs of young and aged
C57BI/6 mice.

Methods

Materials

Microvessel Isolation. Heparin sodium injection, USP
5000 U/mL (NDC 25021-402-10), Fisherbrand™
FHI10 Peristaltic Tubing Pump (13-310-651, Fisher
Scientific, Hampton, NH), Butterfly Needle 21G
(135704, Praxisdienst Medical Supplies, Longuich,
Germany), Dulbecco’s phosphate-buffered saline
(DPBS 1X, 14190-144, Gibco, Waltham, MA),
Dextran 60-90kD (180140, MP Biomedicals, Solon,
OH), bovine serum albumin fraction V, heat shock

(9048-46-8, Roche Diagnostics, Mannheim,
Germany), Wheaton 15-mL Tissue grinder (357544,
Wheaton, NJ), Centrifuge 5804R (Eppendorf,

Hamburg, Germany), Centrifuge 5430 R (Eppendorf,
Hamburg, Germany), non-sterile single-tip cotton
swab with wood handle, Falcon™ Cell Strainers
40 um Nylon (08-771-1, Fisher Scientific, Hampton,
NH), pluriStrainer® 300 um, (43-50300-50, pluriSelect
Life Science, Leipzig, Germany), Pierce BCA Protein
Assay Kit (23227, Thermo Fisher Scientific, Waltham,
MA), NP40 lysis buffer (FNN0021, Invitrogen), prote-
ase inhibitor cocktail (P8340, Sigma), phosphatase
inhibitor cocktail (P0044, Sigma). Seahorse Analyzer
reagents: The following reagents were purchased from
Agilent Technologies (Santa Clara, CA). XFe24
FluxPak (102340-100), Seahorse XF RPMI media
(103576-100), Seahorse XF Real-Time ATP Rate
Assay kit (103592-100), Seahorse XF Cell Mito Stress
Test kit (103015100), Seahorse XF Glycolytic Rate
Assay kit (103344-100), Seahorse XF Mito Fuel Flex
Test kit (103260-100). Sodium pyruvate (P8574 Sigma-
Aldrich, MO), d-(+)-glucose (G7528, Sigma-Aldrich,
MO), GlutaMAXTM-I (100X; 35050-061, Gibco,
Waltham, MA), Oligomycin complex (11341, Cayman
chemicals, Ann Arbor, MI), FCCP (151218, Cayman
chemicals, Ann Arbor, MI), Antimycin A (A8674,
Sigma-Aldrich, MO), Rotenone (R8875, Sigma-
Aldrich, MO). Enzyme assays: LDH activity assay kit
(ab102526, Abcam), GDH activity (ab102527, Abcam),
CS activity (701040, Cayman Chemicals, Ann
Arbor, MI).

Animals

All the experiments involving animals were approved
by Institutional Animal Care and Use Committee of
Tulane University and as per the National Institutes
of Health Office of Laboratory Animal Welfare guide-
lines. We used young (2-4 months-old, purchased from
Jackson laboratories) and aged, male C57Bl/6 mice
(2022 months-old, obtained from National Institute
on Aging) for this study. The animal data reporting
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of the current study has followed the ARRIVE 2.0
guidelines.'®

Brain microvessel isolation

BMVs were isolated as we previously reported.’ Briefly
mice were anesthetized with isoflurane inhalation and
perfused with heparinized phosphate-buffer saline
(10 U/ml) for 5 min. Immediately, brains were collected
in ice-cold PBS and the cerebral hemispheres were dis-
sected out. Later, cerebral hemispheres were rolled on
filter paper to remove the surface vessels and homoge-
nized in PBS. Homogenates were centrifuged at
5000 x g for 15 minutes and the pellet was dissolved
in 17.5% dextran solution in PBS. Homogenates were
later centrifuged at 7000 x g for 15 minutes, and the
pellets were dissolved in the dextran solution to
repeat the step. During dextran steps, supernatant
along with the floating white matter were carefully
taken out with the help of vacuum using glass pipette.
Later, supernatants were resuspended in 2% BSA in
PBS and filtered through 300 um filters and the filtrate
was later passed through 40 um filters. The collected
microvessels on the 40 pm filters were recovered by
washing with 2% BSA solution. Suspension was cen-
trifuged at 7000 x g for 15 minutes and the pellet was
resuspended in DMEM and kept on ice until the
Seahorse analysis.

Analysis of cellular energetics

We were the first to report a protocol to determine the
respiratory function in BMVs.? Briefly, suspensions of
BMVs were centrifuged for 10 minutes at 2000 x g at
4°C. DMEM was discarded and the vessel pellet was
dissolved in 200 ul seahorse RPMI media. The micro-
vessel preparation was loaded into the cell plate wells.
Each well contained BMVs from individual mouse,
except for the Mito Fuel Flex Test in which we used
pooled microvessels from mice per each well. Cell
plates were centrifuged at 2000 x g for 20 minutes at
4°C and kept in a non-CO, incubator at 37°C for
an hour.

ATP metabolism. The relative contribution of glycolysis
and OXPHOS to cellular ATP levels is determined by
using a Real-Time ATP Rate Assay. Incubation media
contains 25mM glucose, 10 mM Sodium pyruvate and
2mM glutamine (pH 7.4). Oligomycin (5 uM) was used
in the first injection followed by rotenone/antimycin A
(2puM/10 uM). Parameters like glycoATP production
rate, mitoATP production rate, and total ATP produc-
tion rate were measured along with the ATP rate index
(mitoATP/glycoATP production rate), percentage of
glycolysis, and OXPHOS.

Glycolysis. Glycolytic parameters were measured in the
isolated microvessels using a Glycolytic Rate Assay kit.
A rotenone and antimycin combination (2 uM/10 uM)
was used as the first injection followed by 50 mM
2-deoxyglucose (2-DG). Data analysis was performed
using the Seahorse Wave Software (Wave 2.6.1, Agilent
Technologies, Santa Clara, CA). Parameters including
basal glycolysis, induced glycolysis, proton efflux rate
(PER), and % PER from glycolysis were measured
along with mitoOCR/glycol PER and post 2DG-
acidification.

Oxidative phosphorylation. Multiple parameters of mito-
chondrial function and aerobic cellular respiration
were determined with the Cell Mito Stress Test kit.
Incubation media contains 25mM glucose, 10 mM
sodium pyruvate and 2mM glutamate (pH 7.4).
Oligomycin (5uM) was used in the first injection fol-
lowed by FCCP (5uM) and rotenone/antimycin A
(2uM/10 uM). Parameters like basal respiration, ATP
production, maximal respiration, and spare respiratory
capacity were measured along with the proton leak and
the non-mitochondrial respiration.

Mito fuel flex test. Mitochondrial preference for glucose,
glutamine, and fatty acids (FAs) was measured using
the Mito Fuel Flex Test kit. Media contains 25 mM
glucose, 10 mM Sodium pyruvate and 2mM glutamine
(pH 7.4). Pharmacological inhibitors were used to
block the transport of glutamine (3 uM BPTES), FAs
(4 uM etomoxir), and glucose (2 uM UK5099) into the
mitochondria. The percentage of the preference was
reported for the three types of fuels. Seahorse media
for all the assays contain 25mM glucose, 10 mM
sodium pyruvate, and 2mM glutamine (pH 7.4).

Enzyme activities

BMVs from each mouse were digested in 100 ul of
NP40 buffer containing protease and phosphatase
inhibitors (1:100 dilution), and protein levels were mea-
sured using BCA (Thermo Fisher Scientific). Lactate
dehydrogenase (LDH), citrate synthase (CS) and glu-
tamate dehydrogenase (GDH) activities were measured
in the isolated BMVs from young and aged mice by
using the commercially available kits and carried out
as per the protocol described by the manufacturer.

LDH activity. Two pl of the tissue homogenate was taken
and diluted up to 25ul with assay buffer and added
25 ul reaction mixture containing the substrate mix in
the assay buffer. Absorbance readings were taken at
450 nm for every two minutes for 30 minutes (37°C),
to confirm the linear range of the assay. Absorbance
values at the zero-time point were deducted from the
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absorbance values at the final time point and resulting
absorbance values were used to measure the NADH
formed using the standard curve. LDH activity was
reported as nanomoles of NADH formed/min/ug
protein.

GDH activity. Three pl of the tissue homogenate were
taken and diluted up to 25ul with the assay buffer
and added 50 pl of reaction mixture containing assay
buffer, GDH developer and glutamate, and incubated
at 37°C. Optical density (OD) readings were taken at
450 nm every 5 minutes for two hours, to confirm the
linear range of the assay. Net absorbance values were
calculated by deducting zero-hour OD values from
two-hour readings. NADH formed was calculated
from the standard curve, and the GDH activity was
reported as picomoles of NADH formed/min/pg
protein.

CS activity. Two pl of the tissue homogenate were dilut-
ed up to 15 pul with the assay buffer, followed by addi-
tion of 25ul of reagent A and 10ul of reagent B.
Reagent A contains assay buffer, acetyl CoA reagent
and the developer, and reagent B contains oxaloacetate
and the buffer. OD readings at 412nm at 37°C were
taken every 2 minutes for 30 minutes. Reaction rates
were calculated for every sample, from which the
amount of reduced coenzyme formed was measured
and reported as nanomoles/min/pug protein.

Western blotting

Brain MVs were digested in NP40 lysis buffer contain-
ing protease and phosphatase inhibitors by intermittent
pipetting on ice. Homogenates were centrifuged
(500 x g for 5 minutes) and the supernatant was used
for the immunoblotting. Three-five pug protein was used
for the assays. SDS-PAGE (4-20%) gel electrophoresis
and immunoblotting were performed as described pre-
viously.!” Primary antibodies were used at 1:1000 dilu-
tion and respective 2nd antibodies were used at 1:5000
dilution. Due to the limited availability of the micro-
vessels samples, we stripped and re-probed the immu-
noblots to accommodate more protein detection.
Proteins include voltage-dependent anion-selective
channel 1 (VDACI, Abcam, abl15895), complex 1
(NADH:ubiquinone oxidoreductase subunit S4,
NDUSF4, Santa Cruz, sc-100567), complex IV (mito-
chondrially encoded cytochrome c oxidase I, MT-COI1,
abl4705), complex II (Succinate Dehydrogenase
Complex Flavoprotein Subunit A, SDHA, Santa
Cruz, sc-390381), complex III (ubiquinol-cytochrome
¢ reductase complex core protein 2, UQCRC2, sc-
390378), complex V (ATP Synthase F1 Subunit
Alpha, ATP5SA, sc-136178), glucose transporter 1

(GLUTI1, Novus Biologicals, = NBI110-39113),
Carnitine Palmitoyl Transferase 1 A (CPT1A, NB100-
53791), 6-phosphofructo-2-kinase/fructose-2,6-biphos-
phatase 3 (PFKFB3, Cell Signaling Technology,
13123S), and internal control, p-actin (Sigma,
A5441). All the original immunoblots are included in
the online supplemental Figures 2 to 17.

Data analysis and statistics

Data analysis for the Mito Stress and Mito Fuel assays
was done manually using MS excel, whereas for real-
time ATP and glycolytic rates were measured using
Seahorse Wave software. Data were reported as the
mean + SD. Student’s t-test was used to calculate the
statistical ~significance between the phenotypes.
Appropriate non-parametric test (Mann-Whitney)
was used for data that did not follow the normal dis-
tribution. p <0.05 was taken as the statistical signifi-
cance. Sample size was calculated based on expected
variances and differences between groups from our pre-
vious studies.” Age and male sex are used for inclusion
and distribution of the animals in the study. Animals
were randomly assigned to various assays and the
investigators were blinded for data acquisition and
analyses purposes. Microvessel isolation, running the
assays, western blot and protein/enzyme activity meas-
urements, and data analyses were performed by differ-
ent laboratory personnel.

Results

Contribution of glycolysis and oxidative
phosphorylation to the cellular ATP levels in
young and aged brain microvessels

As glycolysis was found to be the major energy provid-
er in various types of endothelial cells, we investigated
whether the brain microvessels also use glycolysis as the
predominant pathway for ATP production. We used
real-time-ATP rate assay and measured the PER and
OCR (Figure 1(a) and (b)). Strikingly, majority of the
cellular ATP in the young BM Vs was found to be gen-
erated by OXPHOS compared to glycolysis (11.71 +
5.8 vs 591+34pmol ATP/min) (Figure 1(c)).
Approximately 70% of the cellular ATP in the young
BMVs was generated by OXPHOS and the rest was
contributed by glycolysis (67.1+6.8% vs 329+
6.8%) (Figure 1(d)). This was also supported in the
young BMVs by the ATP rate index of greater than
one which is the ratio of ATP generated from
OXPHOS to that of glycolysis (Figure 1(f)). Later,
we investigated whether the relative contributions of
glycolysis and OXPHOS towards overall ATP produc-
tion were altered in the BMVs from aged mice. In the
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Figure |. Measuring proton efflux rate, PER (a) and oxygen consumption rate, OCR (b) using Real-time ATP rate assay revealed that

OXPHOS is the major contributor for the cellular ATP in the BMVs, and both glycolysis and OXPHOS generation of ATP is impaired
with aging (c). Total ATP production is decreased in the aged BMVs (e) and % ATP production (d) and ATP rate Index (f) reveal that
despite decreased mitochondrial ATP generation, OXPHOS is the major contributor to the ATP levels in the aged vasculature. PER,
proton efflux rate; OCR, oxygen consumption rate (pmol of O,/min/pig protein). Data were represented as mean £ SD and analyzed
by student’s t-test. P <0.05 was taken as the statistical significance. N =7-10 mice/age group.

aged BMVs, average ATP generated from OXPHOS
was decreased by 55.5% (52014 vs 11.7+
5.82pmol ATP/min), whereas the contribution from
glycolysis towards total ATP generation was found to
be significantly decreased by ~74.7% (1.50+0.82 vs

591 £3.41 pmol ATP/min) (Figure 1(c)). Consistent
with these observations, average total ATP production
was reduced by 61.8% in the aged BMVs compared to
the young BMVs (6.724+2.0 vs 17.6 +8.85 pmol ATP/
min) (Figure 1(e)). ATP rate index was increased by
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112% in the aged BM Vs compared to the young BM Vs
indicating increased contribution of OXPHOS to the
cellular ATP in aging (4.58£2.77 vs 2.16+£0.71)
(Figure 1(f)). Consistent with this, OXPHOS contribu-
tion towards ATP is increased by 14.7% (78.71 £ 8.4 vs
67.1 £6.8), whereas the glycolysis contribution was
decreased by 35% (21.29+8.4 vs 32.94+6.8) in the
aged BMVs when compared with the young BMVs
(Figure 1(d)).

Glycolytic parameters in the young and aged brain
microvessels

Considering the significance of glycolysis in endothelial
cells and in other vascular cells, we next measured the

various glycolysis parameters in the young and aged
BMVs. Basal glycolysis was reduced significantly by
26.1% (73.9+£23.0 vs 100.1 = 7.7 pmol H" /min/ug pro-
tein) in the aged BMVs compared to that of the youn-
ger BMVs (Figure 2(a)). Similarly, compensatory
glycolysis decreased by 28.3% (121.04+21.2 s
168.9+35.5pmol of H'/min/ug protein) and the
basal proton efflux was reduced by 35.4% (105.2+
18.8 vs 162.8 £15.8 pmol of H+/min/pg protein) in
the aged BMVs when compared to that of young
BMVs (Figure 2(b) and (c)). The percent of PER
from glycolysis, mitoOCR/glycoPER ratio, and post-
2-DG acidification levels were not different between
the young and aged BMVs (Figure 2(d) and (f)) indi-
cating no change in the overall glycolytic phenotype.
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Figure 2. Measuring extracellular acidification rates using glycolytic rate assay revealed that the aged BMVs has compromised basal
glycolysis (a), compensatory glycolysis (b), and basal proton efflux rate (PER) (c). % PER from glycolysis (d), glycoPER/Mito OCR
(e) and post 2-DG acidification (f) were unaltered between the young and aged BMVs. Data were represented as mean &= SD and
analyzed by student’s t-test. P <0.05 was taken as the statistical significance. N =7-9 mice/age group.
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Post-2DG acidification accounts for the non-glycolytic
and mitochondrial TCA-related acidification that
includes residual glycolysis not fully inhibited by
2DG and other sources of protons.

To uncover the potential mechanisms underlying the
impaired glycolysis in aged BMVs, we measured the
protein levels of GLUT1 and PFKFB3 along with
LDH activity. GLUT]1 is the major transporter of glu-
cose into the endothelial cells and is a critical regulator
of brain glucose metabolism. PFKFB3 is a glycolytic
enzyme and key regulator of glucose metabolism.

It acts by stimulating the glycolysis through generation
of fructose 2, 6-bisphosphate, which is an allosteric
activator of phosphofructokinase, a key regulatory
enzyme in glycolysis. LDH catalyzes the last step of
anaerobic glycolysis, by converting pyruvate to lactate.
GLUTTI levels were significantly decreased by 22.5%
(0.24£0.10 vs 0.32+0.08) in the aged BMVs when
compared to that of the young BMVs (Figure 3(a)
and (b)). PFKFB3 levels decreased significantly by
48.5% (0.53+0.22 vs 1.03£0.47) in the aged BMVs
when compared to that of the young BMVs (Figure 3
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Figure 3. Western blot analysis revealed that the brain microvessels from the aged mice have reduced expression of glucose
transporter | (GLUTI) and 6-phosphofructo-2-kinase/fructose-2, 6-biphosphatase 3 (PFKFB3) and unaltered lactate dehydrogenase
(LDH) activity. (a). Representative western blot for GLUT | and internal control, f-actin. (b). GLUTI to f-actin band density ratio. (c).
Western blot for PFKFB3 and internal control, f-actin. (d). PFKFB3 to ff-actin band density ratio. (e). LDH activity. Data were
represented as mean =+ SD and analyzed by student’s t-test. P < 0.05 was taken as the statistical significance. N = 17—18 mice/age
group (GLUT I expression and LDH activity), N = |2 mice/age group (PFKFB3 expression). All the original immunoblots are included

in the online supplementary figures (2-5).
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(¢c) and (d)). LDH activity was not altered with the
aging in the BMVs (Figure 3(e)).

Mitochondrial respiratory parameters in the young
and aged brain microvessels
As we observed a more significant role of OXPHOS

towards energy metabolism in BMVs in contrast to
the previous observations in the endothelial cells*

and because functional mitochondria are critical in
the cell signaling, we measured the mitochondrial res-
piration in the isolated BMVs from the young and the
aged mice. Basal respiration was decreased significantly
by 21.2% (81.5+24.4 vs 103.4 4 19.6 pmol of O,/min/
pg protein) in the BMVs from aged mice compared to
the young mice (Figure 4(a)). ATP production was
unaltered between the young and aged BM Vs, whereas
the maximal respiration was decreased by 23.7%
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Figure 4. Measuring oxygen consumption rate (OCR) using Mito stress assay revealed that aged BMVs have impaired mitochondrial
respiration and citrate synthase activity. (a) Basal Respiration. (b) ATP production. (c) Maximal respiration. (d) Spare capacity.

(e) Proton leak. (f) Non-mitochondrial respiration. (g). Citrate synthase activity. Data were represented as mean £ SD and analyzed by
student’s t-test. P <0.05 was taken as the statistical significance. N =8-12 mice/age group.
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(255.4+67.7 vs 332.34+98.3pmol of O,/min/ug pro-
tein) and respiratory spare capacity by 32.2%
(155.1 +£35.7 vs 228.9+84.7pmol of O,/min/ug pro-
tein) in the aged BMVs when compared with the
BMVs from the young mice (Figure 4(b) to (d)).
Interestingly, proton leak was decreased significantly
by 40.3% (48.95+26.4 vs 81.9+17.9pmol of O,/
min/ug protein) in the aged BMVs when
compared with the young BMVs (Figure 4(e)). Non-
mitochondrial respiration was not altered between the
two age groups (Figure 4(f)).

To understand the possible mechanisms involved in
the decreased mitochondrial respiration in the aged
BMYVs, we measured the activity of citrate synthase, a
key regulatory enzyme of TCA cycle along with expres-
sion of ETC complex proteins and VDAC, a key trans-
porter of adenine nucleotides and Ca’' into the
mitochondria. Activity of CS enzyme was decreased
significantly by 25.7% (74.3+20.3 vs 100+
34.5nmol/min/ug protein) in the aged BMVs when
compared to that of the young BMVs (Figure 4(g)).
The protein levels of VDAC and of subunits of com-
plex II, IV and ATP synthase were not altered in the
aged BMVs (Figure 5).

Mitochondrial fuel preferences in the young and
aged brain microvessels

As mitochondria can utilize various substrates includ-
ing glucose, glutamine, and FAs as the fuel for ATP
production, we measured the mitochondrial fuel pref-
erence in the BM Vs followed by a comparison between
the two age groups. Glucose is the most preferred fuel
(43.4+£5.0%) by the mitochondria of the BMVs fol-
lowed by equal preferences for glutamine (26.7+
3.7%) and FAs (2994+2.1%) (Figure 6(a)).
Mitochondrial preference towards glucose showed a
decreasing trend (37.7+2.4 vs 43.4+5.0%, p=0.13)
in the aged BMVs compared with the young BMVs
(Figure 6(a)). Interestingly, mitochondrial utilization
of glutamine towards OXPHOS was increased by
22.2% in the aged BMVs when compared with the
young BMVs (32.67 £ 1.2 vs 26.7+3.7) (Figure 6(a)).
Mitochondrial preference for FAs was unaltered in the
aged BMVs (Figure 6(a)).

To understand the mechanism involved in the
increased utilization of glutamine by mitochondria of
the aged BMVs, we measured the activity of GDH, an
enzyme that converts glutamate to o-ketoglutarate
(-KQG), an intermediate of the TCA cycle. GDH activ-
ity is significantly increased by 19.8% (116.8 +15.0 vs
93.6 £24.1 pmol of NADH/min/ug protein %) in the
aged BMVs when compared to the young BMVs
(Figure 6(b)).
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Figure 5. Western blot analysis revealed unaltered
mitochondrial voltage-dependent anion channel (VDAC)

and electron transport chain (ETC) complex proteins. (a)
Representative western blot images of VDAC, complex |
((NADH:ubiquinone oxidoreductase subunit S4, NDUSF4, Santa
Cruz, sc-100567), complex V (ATP Synthase FI Subunit Alpha,
ATP5A), complex IV (mitochondrially encoded cytochrome c
oxidase |, MT-COI), complex Il (Succinate Dehydrogenase
Complex Flavoprotein Subunit A, SDHA), complex I (ubiquinol-
cytochrome c reductase complex core protein 2, UQCRC?2), and
f-actin as internal control. (b). Cumulative data of the immu-
noband intensity are represented as bar graphs of respective
protein to f-actin band density ratios. Data were represented as
mean =+ SD and analyzed by student’s t-test. P <0.05 was taken
as the statistical significance. N = 10 mice/age group. All the
original immunoblots are included in the online supplementary
Figures 6 to 14.

Though we did not observe the changes in the FA
oxidation, we measured the proteins levels of mito-
chondrial FA transporter, CPT1A, using western blot-
ting. Levels of CPT1A were not different between the
two age groups consistent with the OCR measurements
(Figure 6(c)). Notably, CPT1B and CPT2 isoforms
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Figure 6. Measuring OCR using Mito fuel assay revealed that
mitochondria from the aged BMVs utilize more glutamate for
oxidative phosphorylation. (a). % of utilization of metabolic fuels
by cerebral microvascular mitochondria. (b). Glutamate dehy-
drogenase (GDH) activity. (c). Representative western blots and
bar graph for carnitine palmitoyltransferase la (CPTla) and
f-actin proteins and their density ratio. Data were represented
as mean £ SD and analyzed by student’s t-test. P < 0.05 was
taken as the statistical significance. N =4 (pooled from 12 mice)
for young mice and N =3 (pooled from 9 mice) for aged mice.
N = | 1-12 mice for GDH activity, and N = |10 mice for CPTla
westerns. All the original immunoblots are included in the online
supplementary figures (15-16).

were not detectable in the BMVs (supplementary
Figures 15 and 16)).

Discussion

The present study for the first time characterized the
energetics of freshly isolated brain microvessels ex vivo
and identified the impact of aging on the energy path-
ways. The study is significant to demonstrate distinctly
different metabolic characteristics of BMVs versus the
previously reported energy phenotype of endothelial
cells from other vascular beds.'*?'* We employed
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Figure 7. Schematic of key impairments in the energy metab-
olism in aged BMVs. Impairments of glucose metabolism in aged
BMVs involve decreased expression of GLUTI| and PFKFB3.
GLUT I is the primary transporter of glucose whereas PFKFB3 is
a key activator of pyruvate generation in the glycolytic pathway.
Interestingly, metabolism of pyruvate by lactate dehydrogenase
(LDH) into lactate, the critical step in the anerobic respiration,
was not altered in aged BMVs under the conditions of our study.
On the other hand, metabolism of acetyl coenzyme A (CoA) into
citrate by citrate synthase (CS) was reduced in aged BMVs.
Formation of citrate from acetyl CoA is the first step in the
Krebs cycle and reduced activity of CS thus could contribute to
impaired OXPHOS in aged BMVs by reducing generation of
electron donors (FADH, and NADH). Notably, despite the
above biochemical impairments in energy pathways, utilization of
glucose or FAs were affected in aged BMVs. Interestingly, utili-
zation of glutamine was found to be increased in aged BMVs.
Consistent with this, we observed increased activity of GDH that
catalyzes the conversion of o-KG from glutamine. «-KG is an
intermediate in the Krebs cycle, increased flux of which could
maintain the Krebs cycle activity in the presence of decreased CS
activity. Thus, we identified several biochemical mechanisms
contributing to the impaired energetics in aged BMVs that also
include compensatory mechanisms. Enzymes/proteins highlighted
in red indicate down regulation and highlighted in blue indicate
upregulation in aged mice.

BMVs in the study that predominantly contain
capillaries as we®”? and others® have previously dem-
onstrated. The major findings of the study as summa-
rized in Figure 7 are: first, unlike the endothelial cells
from other vascular beds,'>*"** BM Vs, predominantly
containing endothelial cells, depended on OXPHOS/
mitochondria for ATP generation. Second, aging



1420

Journal of Cerebral Blood Flow & Metabolism 42(8)

induced reduction of total ATP generation in BMVs by
impairing both OXPHOS and glycolysis. Third, aging
induced impairments of OXPHOS involved diminished
spare respiratory capacity with no alteration in the
ETC complex protein levels. Fourth, aging induced
reduction of glycolysis involved reduced compensatory
glycolysis that was accompanied by reduced protein
levels of glucose transporter (GLUT1) and the key acti-
vator of glycolysis (PFKFB3). Finally, aging induced
compensatory increase in utilization of glutamine as
fuel substrate by BMVs. Thus, the impairments of
both the energy pathways deprive the aged BMVs of
the energy safeguards afforded by nature and make
them vulnerable to injury when they are exposed to
energy crises such as ischemia-reperfusion (IR) injury,
diabetes, or f-amyloid toxicity.

Endothelial cells have been proposed to be depen-
dent primarily on glycolysis for energy needs as studies
have reported that more than 85% of cellular ATP is
derived from glycolysis.'*?*?*  Non-reliance on
OXPHOS for energy production is proposed to be
advantageous as relying on glycolysis spares the
oxygen for perivascular cells'? and protects against
mitochondrial superoxide generation. To date, endo-
thelial mitochondria in peripheral vascular beds are
considered to be important primarily for cellular sig-
naling but not as a significant source of cellular ATP.'?
Moreover, lower mitochondrial numbers of 2-6% of
cytoplasmic volume in endothelial cells is attributed
to their insignificant role in energetics.>* Interestingly,
brain microvascular endothelial cells were reported to
contain greater number of mitochondria, occupying 8—
11% of the cytoplasmic volume that is critical for
maintaining various energy consuming transport pro-
cesses across the BBB.'>?® However, the contribution
of mitochondria to cellular energy in the BMVs has
never been studied. Recent studies in HUVECs found
that mitochondrial respiration is essential for endothe-
lial cell homeostasis, proliferation, and angiogene-
sis.?®?” Interestingly, during angiogenesis, tip cells
were shown to be less glycolytic and more OXPHOS
dependent.'*?”  Similarly, mitochondrial respiratory
defects have been shown to mediate stroke-induced
BBB leakage, indicating that mitochondrial OXPHOS
is critical in microvascular function.'* To date, there
have been no reports characterizing the glycolysis and
OXPHOS in the cerebral microvasculature. Contrary
to the previous observations in endothelial cells, our
study for the first time revealed that OXPHOS is the
dominant energy source in BMVs contributing to
~70% of the total ATP. It is noted that studies of
energetics in endothelial cells to date have employed
mostly cells from umbilical vein, coronary microvascu-
lature, and aorta that derive energy from glycolysis.
Greater dependence on OXPHOS by the BMVs may

be logical as they have high energy demand and
OXPHOS provides more ATP per mole of glucose.
Also, neurons are solely dependent on glucose, there-
fore relying on high-glucose consuming glycolysis by
BMVs decreases glucose availability to neuronal tissue.
Aging is associated with endothelial dysfunction
leading to impaired BBB function, neurovascular
coupling, and impaired angiogenesis after the
stroke.>*?*?° Mitochondrial respiratory defects have
been shown to induce senescence in endothelial
cells.'*273% Interestingly, we found that various mito-
chondrial respiratory parameters were decreased in the
BMVs of aged mice. The elevated ATP rate index indi-
cates that, despite the mitochondrial impairments, aged
BMVs continued to rely more on OXPHOS as the pre-
dominant source for ATP generation than on glycoly-
sis. It is noted that energy pathways act as mutual
backups and reductions in mitochondrial respiratory
function are expected to be compensated by upregula-
tion of glycolytic energy generation or initiating meta-
bolic switching.*! However, we found that aged BMVs
also display diminished glycolytic ATP production
compared to young BMYVs. Evidence indicates that
the relationship between glycolysis and aging brain is
complex due to the cell-specific differential alterations
of glycolysis.**>* Aged BMVs showed reduced com-
pensatory glycolysis, a measure of the ability of the
cells to compensate for loss of ATP generation under
conditions of mitochondrial inhibition/damage. Thus,
diminished compensatory glycolysis in aged BMVs
make them more vulnerable to hypoxic or IR injury.
In order to validate the functional evidence from
OCR and ECAR measurements in BMVs, we deter-
mined the protein levels and activity of key regulators
of energy metabolism. Insulin-sensitive GLUT]1 is the
major glucose transporter in the cerebral endothelial
cells and transports the glucose to the brain tissues
from the systemic circulation.*>3® GLUTI, but not
the neuronal GLUT3, is considered to be primarily
responsible for neuronal glucose metabolism and neu-
rometabolic coupling.’®>® Subjects with the genetic
disorder, GLUT1 deficiency syndrome, display low
cerebrospinal fluid, seizures, and developmental
delay, further indicating the importance of GLUT1 in
cerebral metabolism.** GLUTI expression has been
shown to be decreased in ischemia and AD.***!
Endothelial GLUTI1 deficiency has been found to be
associated with BBB breakdown, cerebrovascular
degeneration, diminished blood flow, and impaired
cognition.*"** Interestingly, aging has been shown to
decrease GLUTI expression in endothelial cells.** To
our knowledge, GLUT1 expression was not reported in
the aged BMVs or the cerebral endothelial cells. For
the first time, we observed decreased GLUT1 levels in
the aged BM Vs that is likely to have contributed to the
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diminished OXPHOS and the glycolysis. Furthermore,
hypoxia-inducible factor-1a, an important mediator of
cellular response to hypoxia was found to be essential
for transendothelial glucose transport into brain
through regulation of GLUTI expression.’® It was
well documented that HIF-lo signaling is decreased
in the aged endothelial cells leading to impaired vascu-
lar responses to ischemia.** Thus, aging induced reduc-
tion of GLUTI1 levels may likely contribute to the
vulnerability to hypoxic/ischemic injury. In glycolytic
flux, phosphofructo-1 kinase (PFK-1), which catalyzes
one of the three rate-limiting checkpoints, is activated
by fructose-2, 6-bisphosphate (F2,6P,). In endothelial
cells, F2,6P, is synthesized by PFKFB3. PFKFB3-
driven glycolysis makes endothelial cells to be sensitive
to laminar shear stress*> and has been implicated in
vessel sprouting.®” Inhibition or deletion of PFKBP3
disrupts  angiogenesis.”**®  Moreover,  reduced
PFKFB3-driven glycolysis has been shown to promote
microvascular rarefaction.*’ Our studies for the first
time observed diminished levels of PFKFB3 in aged
BMVs that could contribute to reduced glycolysis.
Although inhibition of PFKFB3 has been shown to
be neuroprotective against experimental stroke,*®
microvascular rarefaction accompanying reduced
PFKFB3 activity may promote age-related vulnerabil-
ity to ischemic brain injury. Interestingly, aged BMVs
display unchanged LDH activity compared to young
BMVs indicating that diminished activity of upstream
regulators promotes aging-associated reduced glycolyt-
ic rate. It is noted that the evidence of angiogenesis has
been reported in humans and animals after ischemic
brain injury.* However, the therapeutic benefit or
aggravating stroke progression of post-stroke angio-
genesis have been intensely debated.*® It has been pro-
posed that formation of mature and functional blood
vessels, a major failure in the majority of angiogenesis-
based therapies, require recruitment of pericytes.*’ The
BMVs employed in the present study contain pericytes
(Supplementary Figure 1) although endothelial cells are
the predominant cell type. Thus, endothelial cells and
pericytes in the BMVs could collectively contribute to
the glycolytic pathway impairments that are detrimen-
tal to the neurorestorative post-stroke angiogenesis in
aged mice.

As we have previously reported,” aged BMVs dis-
played reduced basal and maximal respiration com-
pared to young BMVs. It is noted that OCR values
linked to the ATP production obtained from Cell
Mito Stress Test were unchanged in the aged BMVs.
In contrast, total, glycolytic and OXPHOS linked ATP
production rates calculated by the XF Report
Generator software from Real Time ATP Rate assay
data were reduced in aged BMVs. To convert
ATP-coupled OCR into mitochondrial ATP

Production Rate, a theoretical value representing the
stoichiometry of ATP phosphorylated per atoms of
oxygen reduced (P/O ratio) is incorporated into the
calculations. Thus, the latter calculations considering
the stoichiometry of each metabolic fuel combined
with experimental results obtained using isolated mito-
chondria and considering F;F,-ATP synthase efficien-
cy provide accurate estimates of cellular ATP
production. Furthermore, aged BMVs exhibit dimin-
ished spare respiratory capacity compared to the
young BMVs indicating their inability to enhance elec-
tron transport or OCR under conditions that require
maintaining proton motive force when faced with
uncoupling or to generate excess ATP. Similarly,
aged BMVs also displayed reduced proton leak com-
pared to young BMVs. Activation of proton leak, pre-
sumably through uncoupling protein (UCP) channels
in the inner mitochondrial membrane, prevents the
overcharging of the inner mitochondrial membrane
potential thereby reducing the mitochondrial superox-
ide generation. Thus, reduced proton leak in aged
BMVs may likely promote mitochondrial oxidative
stress.®! Incidentally, we have not been able to reliably
identify any UCPs in the BM Vs despite our best efforts
with multiple antibodies (data not shown), this may be
due to low levels of protein.

The decreased mitochondrial respiration in the aged
BMVs may be due to decreased mitochondrial num-
bers, or downregulation of ETC proteins/function or
reduced substrate availability and metabolism.
Previous studies reported a decrease in the mitochon-
drial numbers in the aged capillary endothelial cells.”®
Aging related alterations of Krebs cycle enzyme activ-
ities,”" including CS activity>* as well as ETC proteins™>
and nicotinamide adenine dinucleotide (NAD')**
levels, have been previously reported in the brain mito-
chondria. We found diminished CS activity in the aged
BMVs for the first time. CS activity is widely used as
the mitochondrial mass marker, however, our immuno-
blots observed that protein levels of ETC complexes
and VDAC in BMVs were unaffected by aging. Thus,
it 1s likely that reduced CS activity is independent of
mitochondrial mass in aged BMVs. Reduced CS activ-
ity could reduce the metabolism of pyruvate through
Krebs cycle and generation of electron donors/sub-
strates for ETC thereby contributing to diminished
mitochondrial respiratory parameters.

The Mito Fuel Flex Test has demonstrated that glu-
cose remains the predominant energy substrate in
young BMVs, followed by equal contribution from
FAs and glutamine. The relative contribution of FA
and glutamine to energy production in endothelial
cells have been shown to be essential for vessel sprout-
ing.'!"'>23 Notably, aged BMVs showed increase in
glutamine utilization for ATP generation compared
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to young BMVs. Glutamine is the most abundant
amino acid in extracellular compartment whereas glu-
tamate is the most abundant amino acid in the intra-
cellular compartment.”® Glutamine enters the TCA
cycle through two enzymatic conversions. Initial gluta-
mine conversion to glutamate is catalyzed by glutami-
nases and subsequent glutamate conversion to a-K G is
catalyzed by GDH. Recent studies have reported GDH
activity in the cerebral capillaries and endothelial
cells.’” Interestingly, metabolism of glutamate through
OXPHOS was found to be increased in the absence of
glucose in the brain endothelial cells.”” In mammalian
cells with impaired mitochondrial respiration resulting
from mitochondrial DNA mutations, elevated gluta-
mine metabolism was found to be critical for energy
production and for anaplerosis.”® Supporting our res-
piration measurements, we found that the activity of
GDH was increased in aged BMVs. Similar increase in
GDH activity was also previously reported in aged
brain mitochondria.®® It is noted that o-KG is not
only an intermediate in Krebs cycle but also a substrate
for demethylases that modify both protein and DNA.
Thus, increase in GDH activity in aged BMVs attempts
to compensate for other impairments in Krebs cycle
enzymes as well as ETC components albeit with
modest results. In contrast, consistent with respiratory
measurements, fatty acid transport into mitochondria
was not found be affected in aged BMVs reflected by
the unchanged CPT1A levels in BMVs from aged com-
pared with BMVs from young mice.

Limitations

The BMVs used in the study contain capillaries, ven-
ules, and precapillary arterioles with majority of them
being capillaries as we®”? and others® have previously
demonstrated. Although the BMVs are heterogeneous
in cellular composition, more than 90% of them are
capillaries. However, we have found that the capillaries
also contain pericytes (supplementary Figure 1)
although endothelial cells significantly outnumbered
pericytes. Thus, the bioenergetics we measured reflect
predominantly cerebral microvascular endothelial cells
with contribution from pericytes. The value of employ-
ing BMVs is twofold: first, to our knowledge, there
have been no previous reports of cellular energetics in
cerebral microvasculature. Second, majority of the
reports of bioenergetics of endothelial cells employed
cultured cells but not freshly isolated cells as in the
present study. Future studies are needed to evaluate
the age-related alterations in energy phenotype of
endothelial cells and pericytes independent of each
other. Although young (Jackson Laboratories) and
aged (National Institute of Aging) mice were obtained
from two different sources, the founder line (C57BI6)

remained the same. There were no studies comparing
the differences in aging and our proteomics data sup-
ported the functional data in the present study. Lastly,
our study did not include female mice and future stud-
ies will address the potential sex-dependent differences
in bioenergetics of BMVs and microvascular aging.

In conclusion, the alterations of cellular energetics,
protein expression, and enzyme activities in aged
BMVs taken together indicate that the substrate avail-
ability and metabolism were impaired in the aged
BMVs leading to decreased ATP production. Despite
a modest increase glutamine utilization, multiple
impairments in the OXPHOS and glycolytic pathways
in aged BMVs make them vulnerable to injury under
conditions of high energy demand and/or mitochondri-
al damage such as stroke, diabetes, or B-amyloid
toxicity.
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