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ORIGINAL RESEARCH

Sex-Specific Differences in Endothelial 
Function Are Driven by Divergent 
Mitochondrial Ca2+ Handling
Celio Damacena de Angelis, PhD*; Benney T. Endoni , BSc*; Daniel Nuno, BGS; Kathryn Lamping, PhD; 
Johannes Ledolter , PhD; Olha M. Koval, PhD; Isabella M. Grumbach , MD, PhD

BACKGROUND: Sex-specific differences in vasodilation are mediated in part by differences in cytosolic Ca2+ handling, but how 
variations in mitochondrial Ca2+ contributes to this effect remains unknown. Here, we investigated the extent to which mito-
chondrial Ca2+ entry via the MCU (mitochondrial Ca2+ uniporter) drives sex differences in vasoreactivity in resistance arteries.

METHODS AND RESULTS: Enhanced vasodilation of mesenteric resistance arteries to acetylcholine (ACh) was reduced to larger 
extent in female compared with male mice in 2 genetic models of endothelial MCU ablation. Ex vivo Ca2+ imaging of mesen-
teric arteries with Fura-2AM confirmed higher cytosolic Ca2+ transients triggered by ACh in arteries from female mice versus 
male mice. MCU inhibition both strongly reduced cytosolic Ca2+ transients and blocked mitochondrial Ca2+ entry. In cultured 
human aortic endothelial cells, treatment with physiological concentrations of estradiol enhanced cytosolic Ca2+ transients, 
Ca2+ buffering capacity, and mitochondrial Ca2+ entry in response to ATP or repeat Ca2+ boluses. Further experiments to 
establish the mechanisms underlying these effects did not reveal significant differences in the expression of MCU subunits, 
at either the mRNA or protein level. However, estradiol treatment was associated with an increase in mitochondrial mass, 
mitochondrial fusion, and the mitochondrial membrane potential and reduced mitochondrial superoxide production.

CONCLUSIONS: Our data confirm that mitochondrial function in endothelial cells differs by sex, with female mice having en-
hanced Ca2+ uptake capacity, and that these differences are attributable to the presence of more mitochondria and a higher 
mitochondrial membrane potential in female mice rather than differences in composition of the MCU complex.
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Reports on sex differences in vasodilation and 
vasoconstriction in different vascular beds have 
provided evidence for regulation by the sex hor-

mones estradiol and testosterone.1 Overall, estradiol 
is regarded as a vasodilator whose effects are medi-
ated in part by enhanced NO bioavailability. Estradiol 
reduces endothelial oxidative stress and asymmetric 
dimethylarginines,2,3 thus leading to an increase in NO 
bioavailability. It also augments the intracellular free 
Ca2+ concentration ([Ca2+]i) that promotes the activity 

of endothelial nitric oxide synthase (eNOS),4 through 
either Ca2+-dependent phosphorylation of eNOS or its 
direct binding to Ca2+/calmodulin.5–7 In small resistance 
vessels, dilation also depends on other endothelium-
dependent hyperpolarization factors, which is enhanced 
by activation of endothelial estradiol receptors.8 These 
studies have provided valuable mechanistic insights 
but did not consider a potential role of sex differences 
in mitochondrial function that have been reported in 
other organs in the past decade.9,10
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Men and women differ significantly with respect to 
various aspects of mitochondrial function,9,10 includ-
ing in reactive oxygen species (ROS) production and 
Ca2+ uptake capacity.11,12 One potential way by which 
sex differences in mitochondria may affect endothelial 
function is via mitochondrial Ca2+ entry or uptake ca-
pacity that affects Ca2+ levels in other compartments, 
such as the cytosol and endoplasmic reticulum of en-
dothelial cells.13,14

That mitochondrial Ca2+ handling in endothelium 
may be different between men and women can be 
speculated based on work in cardiac myocytes.11,12 
One study in rat cardiomyocytes reported a lower 
Ca2+ uptake capacity and higher opening thresholds in 
cells from female mice compared with cells from male 
mice.11 Of note, this study was performed years before 
the molecular identity of the MCU (mitochondrial Ca2+ 
uniporter) complex, through which Ca2+ enters the mi-
tochondrial matrix, was identified.15,16

The MCU complex consists of the pore-forming 
subunit mitochondrial calcium uniporter a (MCUa), 
its negative regulator mitochondrial calcium uniporter 
b (MCUb), and the additional regulatory subunits es-
sential MCU regulator (EMRE), mitochondrial calcium 
uptake 1 (MICU1),2,3, and MCUR.17–19 Given emerging 
evidence that the composition of the MCU complex 

is variable in different tissues and cell types leading 
to differences in the thresholds for Ca2+uptake and 
uniporter activation,20 it is tempting to speculate that 
sex differences in mitochondrial Ca2+ handling may be 
driven by differential composition of the MCU com-
plex. Although insights into the transcriptional and 
posttranscriptional regulation of MCU subunits have 
emerged,20–23 no data on differences in MCU subunit 
expression between men and women are currently 
available, including for endothelial cells.

The aim of this study was to determine whether sex 
differences in mitochondrial function contribute to differ-
ences in endothelial function and vascular reactivity in 
mesenteric resistance arteries and, if so, to identify the 
underlying mechanisms. Here, we deployed 2 mouse 
models in which specifically endothelial cells were de-
pleted of MCU activity and performed Ca2+ imaging and 
vasodilation studies in second-order mesenteric resis-
tance arteries. We also investigated the molecular mech-
anisms that underlie these differences in cultured human 
aortic endothelial cells (HAECs), including in the MCU 
complex, and other parameters that could potentially in-
fluence mitochondrial Ca2+ uptake, such as mitochondrial 
abundance, shape, and membrane potential. Collectively, 
our data provide evidence that sex-specific differences in 
mitochondrial Ca2+ handling contribute to previously ob-
served sex-specific differences in vasoreactivity.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Reagents
The following antibodies and reagents were used in this 
study: ATP (Research Product International; A300030), 
mitoTracker Green FM (Life Technology; M7514), and 
tetramethylrhodamine methyl ester (Invitrogen; I34361), 
anti-MCUa (Prestige Antibodies; HPA016480), anti-EMRE 
(Sigma; HPA060340), anti-MICU1 (Sigma; HPA037480), 
and anti-MCUb (Abgent; C109B, AP12355b). Anti-CoxIV 
(4850S) and anti-GAPDH (2178), anti-phosho-eNOS (p-
eNOS Ser1177 and Thr495; 9571 and 9574), anti-eNOS 
antibodies (9586), anti-phospho pDRP-1 (Ser616, D9A1; 
4494), anti-DRP1 (D6C7, 8570), and anti-MFN2 (D2D10, 
9482) were purchased from Cell Signaling and anti-OPA1 
(612806) from BD Biosciences. 17β-Estradiol (E8875) and 
testosterone (T1500) were obtained from Sigma, and 
stock solutions in absolute ethanol were stored at −20 °C.

Mice
All experimental procedures were approved by the 
University of Iowa and the Iowa City Veterans Affairs 

CLINICAL PERSPECTIVE

What Is New?
•	 Recent evidence points toward sex differences 

in mitochondrial function, including metabolic 
activity and Ca2+ uptake and retention capacity.

•	 Here, we demonstrate that mitochondrial Ca2+ 
uptake via the MCU (mitochondrial Ca2+ uni-
porter) promotes NO-dependent endothelial 
function by affecting cytosolic Ca2+ levels.

•	 Sex differences in Ca2+ handling and vasodi-
lation correlated with mitochondrial superox-
ide production, copy numbers, mitochondrial 
length, and membrane potential.

What Are the Clinical Implications?
•	 Sex differences in mitochondrial function may 

be leveraged for the development of therapies 
for vascular disease targeted to men or women.

Nonstandard Abbreviations and Acronyms

eNOS	 endothelial nitric oxide synthase
HAECs	 human aortic endothelial cells
MCU	 mitochondrial Ca2+ uniporter
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Health Care System Institutional Animal Care and 
Use Committees and in accordance with institutional 
guidelines and with the standards for the care and 
use of laboratory animals of the Institute of Laboratory 
Animal Resource, National Academy of Science. To 
study the effects of deletion of MCU in endothelial 
cells, we used mice in which exons 5 and 6 are flanked 
by loxP sites (Jackson Laboratories, 029817). In a 
second transgenic model, the mitochondria-targeted 
inhibitor peptide of the Ca2+/calmodulin-dependent 
kinase II (CaMKII), mitochondrially targeted peptide 
inhibitor of CaMKII (mtCaMKIIN), was expressed in a 
transgenic model (e-mtCaMKIIN). Of note, the inhibitor 
peptide CaMKIIN is the most potent (IC50 ≈10 nmol/L) 
and specific inhibitor (no measurable activity against 
Ca2+/calmodulin-dependent protein kinase IV or pro-
tein kinase C) and blocks all isoforms of CaMKII.24,25 
These mice were generated by cloning cDNA for 
the hemagglutinin-tagged CaMKII inhibitor peptide 
CaMKIIN25 fused with the mitochondria targeting 
Cox8-palmitoylation sequence into a construct con-
taining the CX-1 promoter and a floxed enhanced green 
fluorescent protein sequence. These mice express en-
hanced green fluorescent protein in all tissues before 
cre recombination. Mice double-transgenic for floxed 
MCU and cre or for mtCaMKIIN and cre were gener-
ated by crossing to Tie2-CreERT2 mice,26 followed 
by injection of tamoxifen (2 mg per mouse) on day 1 
to 5 and day 15 to 19 to produce MCU deletion (e-
MCU−/−). mtCaMKIIN expression by cre recombination 
was achieved as described above for e-MCU−/− mice. 
Littermate control mice carried the cre transgene and 
underwent tamoxifen treatment. Mice were housed at 
a controlled temperature (23 °C) and a dark/light cycle 
of 12  hours. All mice had free access to water and 
standard rodent chow. Experiments were performed 
no earlier than 4 weeks after cre recombination was 
initiated. The samples from all animals underwent the 
same protocols, and no data were excluded.

Vasoreactivity
Vascular responses in second-order mesenteric arter-
ies were measured as described previously.27 Briefly, 
mesenteric arteries were isolated and cleaned of ad-
herent fat. They were cannulated with micropipettes in 
an organ bath filled with Krebs buffer and pressurized 
to 40 mm Hg. Lumen diameter was recorded using a 
video camera and an electronic dimension analyzer. 
After a 30-minute equilibration period, arteries were 
submaximally preconstricted using phenylephrine 
(1.0–3.0 μmol/L). After constrictions stabilized, cumu-
lative concentration curves for the responses to ACh or 
sodium nitroprusside were generated. Relaxation re-
sponses were expressed as the percentage decrease 
in tension from preconstriction values. NO-dependent 

vasoreactivity were estimated using mesenteric seg-
ments that were preincubated with the nitric oxide syn-
thase (NOS) inhibitor Nω-Nitro-l-arginine (100 μmol/L) 
for 30 minutes before being stimulated with ACh or so-
dium nitroprusside.

Ca2+ Imaging in En Face Preparations of 
Mesenteric Arteries
The imaging procedure was adapted from a previous 
report by Wilson and colleagues.28,29 Following euthana-
sia, the mesenteric vessel bed was removed and placed 
in PSS (145 mmol/L NaCl, 4.7 mmol/L KCl, 2.0 mmol/L 
MOPS, 1.2 mmol/L NaH2PO4, 5.0 mmol/L glucose, 
2.0 mmol/L pyruvate, 0.02 mmol/L EDTA, 1.17 mmol/L 
MgCl2, 2.0 mmol/L CaCl2, adjusted to pH 7.4 with 
NaOH). Second-order mesenteric arteries were cleaned 
of connective tissue and fat, removed from the mesen-
teric bed, opened using microscissors, and pinned with 
the endothelial side-up on glass bottom dishes coated 
with Sylgard. The endothelial-cell layer was then pref-
erentially loaded with the Ca2+ indicators Fura-2 AM 
and Rhod-2 (5 and 10 μmol/L, respectively with 0.04% 
Pluronic F127) at 37 °C for 40 minutes. Following this in-
cubation, the preparations were rinsed in PSS twice for 
5 minutes. Following a 30-minute equilibration period, 
real-time shifts in Fura-2 AM and Rhod-2 fluorescence 
were recorded at room temperature every 5 seconds for 
periods of 5 minutes, in the luminal-most cells after ACh 
was added (10−6 mol/L) with a Nikon Eclipse Ti2 inverted 
light microscope. Approximately 50 endothelial cells 
were visualized in the resulting image field. Ca2+ record-
ings were obtained from 3 separate vessels per mouse, 
in samples from 3 mice. Three or 4 arteries per mouse 
from 4 mice per condition were used.

Cell Culture
HAECs were cultured in endothelial cell medium-phenol 
red free (ScienceCell; 1001-prf) supplemented with 
25 mL (5%) fetal bovine serum (ScienceCell; 0025), 5 mL 
endothelial cell growth supplement (ScienceCell; 1052), 
and 5 mL penicillin/streptomycin solution (ScienceCell; 
0503) at 37 °C in a humidified 95% air and 5% CO2 
incubator. Subconfluent cells at passages 4 to 7 were 
used. These cells were initially cultured for 3 passages 
in medium without sex hormones. Thereafter, sex hor-
mones were added at physiological concentrations for 
72 hours. Stock solutions were added to a final concen-
tration of 10 nmol/L estradiol or 20 nmol/L testosterone. 
Nontreated cells (with addition of diluent without sex 
hormones) were used as controls.

Mitochondrial Ca2+ Imaging in HAECs
HAECs were seeded at equal density onto 35-mm 
glass-bottom microwell dishes (MatTek) and infected 



J Am Heart Assoc. 2022;11:e023912. DOI: 10.1161/JAHA.121.023912� 4

Damacena de Angelis et al� Mitochondrial Ca2+ and Endothelial Sex Differences

with adenovirus expressing the mitochondria-targeted 
ratiometric Ca2+ indicator protein Pericam and then 
treated with sex hormones for 72  hours. Pericam 
fluorescence was determined in Tyrode solution 
(140 mmol/L NaCl, 10 mmol/L glucose, 5.4 mmol/L 
KCl, 1.8 mmol/L CaCl2, 2.0 mmol/L MgCl2, 1.2 mmol/L 
KH2PO4, 5 mmol/L HEPES, pH 7.4 with NaOH). Imaging 
was performed at room temperature, using a custom-
ized Nikon Eclipse Ti2 Inverted microscope. Pericam 
was excited at 405 and 480 nm, and its emission was 
recorded at 535 nm. ATP (100 μmol/L) was added by 
micropipet (10 μL) to trigger mitochondrial Ca2+ uptake. 
Recordings were performed every 5  seconds for at 
least 10 minutes. Pericam signals were quantified using 
ImageJ. The rise in amplitude above baseline and the 
area under the curve (AUC) after ATP application were 
calculated. Peak amplitude (R) was calculated using 
Rpeak−Rbaseline. The AUC and the peak amplitude were 
determined by subtracting out the baseline fluores-
cence signal before addition of the agonist.

Cytosolic Ca2+ Imaging in HAECs
HAECs were cultured at equal density on 35-mm glass-
bottom microwell dishes in the presence of sex hormones 
and incubated with the ratiometric indicator dye Fura-2 
AM (1  μmol/L; Invitrogen) in endothelial cell medium-
phenol red free for 10 minutes at 37 °C. For recording of 
cytosolic Ca2+ transients, images were acquired continu-
ously for 90 seconds before and at least 240 seconds after 
carbonilcyanide p-triflouromethoxyphenylhydrazone 
(FCCP) treatment. Additionally, images were acquired 
continuously for 90  seconds before ATP treatment, 
10  minutes after ATP treatment, and 5  minutes after 
FCCP treatment. The cells were excited alternately at 
340 and 380 nm. Fluorescence signal intensity was ac-
quired at 510 nm. Cells with no response, with multiple 
peaks after addition of an agonist, or whose amplitudes 
did not show return back to baseline were excluded. 
Data are presented as peak amplitude or AUC. For the 
analysis, the baseline fluorescence before addition of the 
agonist (ATP or FCCP) was subtracted.

Ca2+ Retention Assay
Calcium Green-5N was used to monitor extramitochon-
drial Ca2+ in hormone-treated, digitonin-permeabilized 
HAECs (2×106  cells). Cells were trypsinized, resus-
pended in respiration buffer, counted using a Z1 
Coulter Particle counter, and 2×106  cells were used 
for each treatment group. Mitochondrial Ca2+ up-
take was recorded for cells in a 96-well plate. Each 
well contained 100 μL respiration buffer (125 mmol/L 
KCl, 2 mmol/L K2HPO4, 1 mmol/L MgCl2, 20 mmol/L 
HEPES, 5 mmol/L glutamate, and 5 mmol/L malate, 
pH 7.4) supplemented with 1% digitonin and 1 μmol/L 
Calcium Green-5N (Invitrogen) at 30 °C. Calcium 

Green-5N fluorescence was monitored at 500 nm exci-
tation and 532 nm emission, after the addition of CaCl2 
(10 μmol/L free Ca2+).

Tetramethylrhodamine Methyl Ester 
Imaging in HAECs
The mitochondrial membrane potential was measured 
using tetramethylrhodamine methyl ester. Hormone-
treated HAECs cultured on 35-mm glass-bottom mi-
crowell (matTek) dishes were incubated in PBS with 
20  nmol/L tetramethylrhodamine methyl ester and 
200  nmol/L mitoTrackerTM Green FM (Invitrogen) for 
20  minutes. Cells were rinsed once with endothelial 
cell medium-phenol red free media. Images were ac-
quired using a customized Nikon Eclipse Ti2 inverted 
microscope fitted with a ×40 objective. For each treat-
ment group, 8 to 10 separate microscopic fields were 
imaged. Imaging was performed with the same pa-
rameters in each experiment. The mitochondria per 
each cell were selected as the area of interest and an-
alyzed. The fluorescence signal was quantified using 
the ImageJ software and expressed as arbitrary units.

Quantitative Real-Time Polymerase Chain 
Reaction
For quantification of mitochondrial copy number, total 
DNA was isolated using the DNeasy Kit (Qiagen; 69506). 
To determine mRNA levels of MCU subunits, total RNA 
was isolated from HAECs using the Micro RNeasy Kit 
(Qiagen, 74104) and reverse transcribed using RTIII 
(Invitrogen). cDNA was amplified by quantitative poly-
merase chain reaction using 1-μg RNA and SuperScript 
VILO MasterMix in PowerSYBR Green and an ABI real-
time polymerase chain reaction machine. The following 
primers, purchased from Integrated DNA Technologies 
were used: MCUa (forward: 5′-gca gaa ttt ggg agc tgt 
tt-3′ reverse: 5′-gtc aat tcc ccg atc ctc tt-3′), MCUb (for-
ward: 5′-ggt ctt ccc ttg gta aca ct-3′ reverse: 5′-gtt gcc 
atc tgc tgt gaa ga-3′), MICU1 (forward: 5′-gag gca gct 
caa gaa gca ct-3′ reverse: 5′-caa aca cca cat cac aca 
cg-3′), MICU2 (forward: 5′-ggc agt ttt aca gtc tcc gc-3′ 
reverse: 5′-aag agg aag tct cgt ggt gtc-3′), EMRE (for-
ward: 5′-tgt cgg gac act cat tag ca-3′ reverse: 5′-gct gat 
agg gaa ggc aga ga-3′), and β-actin (forward: 5′-ata gca 
cag cct gga tag caa cgt ac-3′ reverse: 5′-cac ctt cta caa 
tga gct gcg tgt g-3′), mitochondrial tRNA-Leu (forward: 
5′-cac cca aga aca ggg ttt gt-3′ reverse: 5′-tgg cca tgg 
gta tgt tgt ta-3′), and NADH-ubiquinone oxidoreductase 
chain 1 (forward: 5′-ata ccc atg gcc aac ctc ct-3′ re-
verse: 5′-ggg cct ttg cgt act tgt at-3′).

Cell Lysis and Fractionation
For whole-cell lysates, cells were lysed in RIPA buffer 
(20 mmol/L Tris, 150 mmol/L NaCl, 5 mmol/L EDTA, 
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5 mmol/L EGTA, 1% Triton X-100, 0.5% deoxycho-
late, 0.1% SDS, pH 7.4) supplemented with protease 
(Mini cOmplete; Roche) and phosphatase inhibitors 
(PhosSTOP; Roche). Lysates were sonicated and de-
bris pelleted by centrifugation at 10 000g for 10 min-
utes at 4 °C. For the preparation of mitochondrial 
fractions, cells were washed in PBS and in MSEM 
buffer (5 mmol/L MOPS, 70 mmol/L sucrose, 2 mmol/L 
EGTA, 220 mmol/L Mannitol, pH 7.5 with protease in-
hibitors) before homogenization in cold MSEM buffer 
using ≈50 strokes in a Potter-Elvehjem homogenizer. 
Nuclei and cell debris were pelleted by centrifugation 
at 600g for 5 minutes at 4 °C. Mitochondria were sepa-
rated from the cytosolic fraction by centrifugation at 
8000g for 10 minutes at 4 °C. Protein concentrations 
were determined by Pierce BCA protein assay (Thermo 
Scientific).

Immunoblotting
Equivalent amounts of protein (50–60 μg) from the mi-
tochondrial fraction were separated on NuPAGE 4% to 
12% Bis-Tris gels (Life Technologies) and transferred to 
polyvinyl difluoride membranes (BioRad). Membranes 
were blocked in 5% BSA for 60 minutes and incubated 
overnight at 4 °C with primary antibodies. Blots were 
washed 3 times for 10 minutes with 0.05% Tween-20 
in TBS and incubated for 60 minutes at room tempera-
ture with secondary antibodies at a dilution of 1:5000. 
Blots were developed with ECL chemiluminescent sub-
strate, scanned, and analyzed using ImageJ software.

Detection of Mitochondrial ROS
Mitochondrial ROS were measured in live cells using 
the dihydroethidium derivative, mitoSOX red (5 μmol/L). 
HAECs had been transduced with control or with mt-
CaMKIIN adenovirus (MOI 25) for 72  hours together 
with hormone treatment. Cells were loaded with mi-
toSOX for 20 minutes at 37 °C and then washed with 
HBSS and imaged via Nikon Eclipse Ti2 under ×40 
objective. Analysis was performed by measuring the 
mitoSox fluorescence per visual field with NS Elements 
software (Nikon). Data are presented as relative fluo-
rescent units.

Immunofluorescent Labeling in Mouse 
Aortas
Mouse thoracic aorta was fixed by immersion in 4% 
paraformaldehyde/PBS. After 48 hours, the aorta was 
cryopreserved at −80 °C in Tissue Freezing Medium. 
Ten-micrometer frozen sections were cut, postfixed on 
Superfrost Plus glass slides, and washed in PBS. They 
were blocked in 5% nonfat dry milk. After washing with 
PBS for 10 minutes, the sections were incubated over-
night with primary antibody for hemagglutinin-tagged 

mtCaMKIIN (anti-hemagglutinin). After rinsing in PBS, 
sections were incubated for 2 hours with biotinylated 
secondary antibodies diluted 1:250 in PBS. Sections 
were then washed with PBS for 15  minutes and in-
cubated with Alexa 568-conjugated secondary. After 
rinsing in PBS, the sections were counterstained 
with ToPro-3 iodide to visualize nuclei and mounted 
in Vectashield. Negative controls without primary an-
tibody were performed in every experiment. Images 
were captured with Zeiss LSM 710 m microscope.

Statistical Analysis
Statistical analyses were performed using GraphPad 
Prism (version 9.0.0; GraphPad Software). Data are ex-
pressed as mean±SEM. Normal data distribution was 
assessed using the D-Agostino-Pearson omnibus nor-
mality test. When the distribution was normal, the data 
were analyzed using a 2-tailed Student t test or ANOVA 
followed by the appropriate correction. Otherwise, the 
Mann-Whitney test or the Kruskal-Wallis test was used. 
For data sets with samples sizes of <7, a Kruskal-Wallis 
test was used. When data of experiments were normal-
ized to a control condition, a Friedman test was used 
for the analysis of the data set. Dunn multiple compari-
son tests or Tukey test were used for post hoc pair-
wise comparisons after Kruskal-Wallis and Friedman 
or ANOVA test, respectively. A 2-way repeated meas-
ure ANOVA was performed to assess concentration 
curves and to evaluate the effect of MCU reduction on 
vasodilation or constriction in an arterial segment. A 
3-way repeated measure ANOVA was performed to 
determine the interactions between sex and genotype. 
Two-way ANOVA was used for other analyses. A prob-
ability value of <0.05 was considered significant.

RESULTS
In Mesenteric Resistance Arteries, Sex 
Differences in Vasodilation Depend on 
Mitochondrial Ca2+ Uptake
We studied vasodilation and vasoconstriction of 
second-order mesenteric arteries in 2 different in vivo 
models of reduced mitochondrial Ca2+ entry in the en-
dothelium. First, we tested mice in which MCU had 
been deleted selectively in the endothelium (MCU re-
duction model). Consistent with previous reports, in 
wild-type mice, maximal vasodilation in response to 
ACh was stronger in arteries from female versus male 
mice, with no change in the half maximal effective 
concentration of Ach (Figure 1A through 1C, Table S1). 
The deletion of MCU in e-MCU−/− mice reduced the 
maximal dilation in mesenteric arteries of female mice 
only. This finding suggests that sex differences in 
mitochondrial Ca2+ entry are present and modulate 
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endothelium-dependent vasodilation. In contrast, the 
response to sodium nitroprusside as well as vasocon-
striction in response to KCl were not significantly im-
pacted by MCU deletion (Figure 1D and 1E). We also 
ascertained that, whereas addition of the NOS inhibitor 
Nω-Nitro-L-arginine strongly reduced ACh-triggered 
vasodilation in wild-type mice (Figure S1A), its effect in 
e-MCU−/− mice was significantly smaller. As a second 
in vivo model, we used mice in which activity of the 
MCU activator CaMKII (Ca2+/calmodulin-dependent 
kinase II), which is expressed in the mitochondrial 
matrix, was blocked specifically in the endothelium 
by expressing a mitochondria-targeted inhibitor pep-
tide (CaMKIIN) in this tissue (MCU inhibition model, e-
mtCaMKIIN).30–32 Vasoreactivity studies in this model 
largely recapitulated our findings from direct deletion of 
MCU (Figure 2A through 2E, Figure S1B and Table S1): 
expression of mtCaMKIIN reduced endothelium-
dependent vasodilation, and it did so to a greater ex-
tent in female versus male mice (Figure 2A and 2C). 

These findings demonstrate that mitochondrial Ca2+ 
entry via MCU drives sex differences in vasodilation 
and that endothelial loss of MCU leads to impaired re-
lease of NO.

To confirm that mtCaMKIIN effectively blocks mito-
chondrial Ca2+ entry in the endothelium, we performed 
Ca2+ imaging with Rhod-2 in en-face preparations of 
mesenteric arteries. As anticipated, mitochondrial 
Ca2+ uptake by Rhod-2 imaging following the addi-
tion of ACh was strongly reduced in arteries from 
e-mtCaMKIIN mice (Figure  S2). Next, we tested the 
effects of MCU inhibition on cytosolic Ca2+ transients 
by Fura-2 imaging. In arteries from wild-type mice, the 
endothelial Ca2+ transients were larger than in samples 
from female versus male mice (Figure 3A). The inhibi-
tion of MCU by mtCaMKIIN significantly reduced the 
cytosolic Ca2+ transients with greater differences in 
female mice. The peak amplitude and AUC were re-
duced in male mice and female mice in which mtCaM-
KIIN was expressed. In particular, the peak amplitude 

Figure 1.  In mesenteric resistance arteries from female mice, MCU (mitochondrial Ca2+ uniporter) 
deletion reduces vasodilation to a greater extent than in male mice.
A, Acetylcholine (Ach)-induced vasodilation of second-order mesenteric arteries from male and female 
mice with endothelial MCU deletion (e-MCU−/−), and in littermate control (wild-type [WT]) mice. B, EC50 
of vasodilation to Ach as in (A) and (C) and EMax of vasodilation to Ach as in (A). (D) Endothelium-
independent vasodilation to sodium nitroprusside (SNP). E, Vasoconstriction to KCl. Analysis by repeated-
measure 2-way ANOVA (A, D, and E) and 2-way ANOVA (B and C). No significant interactions between sex 
and genotype were seen for (B and C). P values for source of variations in treatment groups as shown. 
**P<0.01, ***P<0.005, ****P<0.001. EC50 indicates half maximal effective concentration; EMax, maximal 
effect; KCl, potassium chloride.
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was lowered to a greater extent in arteries from female 
mice (Figure 3B and 3C). These data demonstrate that 
sex differences in vasodilation correlate with cytoso-
lic Ca2+ levels and imply that inhibition of vasodilation 
caused by a reduction of MCU activity is driven by re-
duced cytosolic Ca2+.

In Human Endothelial Cells, Mitochondrial 
Ca2+ Entry Is Enhanced by Estradiol 
Treatment
The above-described ex vivo studies were comple-
mented by mechanistic studies in cultured HAECs. 
This cell type was selected to ascertain that our obser-
vations in mice can be extended to human physiology.

First, we tested the capacity for mitochondrial Ca2+ 
uptake using Calcium Green 5N. Repeated addition 
of Ca2+ boluses (10 μmol/L) revealed higher Ca2+ up-
take capacity in HAECs (ie, cytosolic [Ca2+]) following 

treatment with estradiol versus testosterone (Figure 4A). 
Next, we evaluated the effect of sex hormones on cy-
tosolic Ca2+ transients by Fura-2 recording. Consistent 
with this finding, Ca2+ release from mitochondria fol-
lowing their depolarization by FCCP was significantly 
elevated in estradiol-treated HAECs (Figure  4B and 
4C). Because ACh elicited only minimal Ca2+ transients 
in cultured HAECs, we recorded the more robust re-
sponses to ATP. This treatment triggered Ca2+ peaks of 
similar amplitude in estradiol- and testosterone-treated 
cells (Figure  4D and 4E). Mitochondrial Ca2+ release 
was then induced by depolarization with FCCP; this 
experiment confirmed that the capacity for mitochon-
drial Ca2+ retention was higher in samples treated with 
estradiol (Figure 4D and 4F).

We also directly tested mitochondrial Ca2+ entry 
by imaging with mitochondria-targeted Pericam 
(Figure  5A). Comparison of both the peak amplitude 
and AUC revealed that mitochondrial Ca2+ entry in 

Figure 2.  In mesenteric resistance arteries from female mice, inhibition of MCU (mitochondrial 
Ca2+ uniporter) by treatment with mtCaMKIIN reduces vasodilation to a larger extent than in male 
mice.
A, Acetylcholine (ACh)-induced vasodilation of second-order mesenteric arteries from male and female 
mice with endothelium-specific expression of mitochondria-targeted CaMKIIN (e-mtCaMKIIN) and in 
littermate control (wild-type [WT]) mice. B, EC50 of vasodilation to Ach as in (A). C, EMax of vasodilation to 
ACh as in (A). D, Endothelium-independent vasodilation to sodium nitroprusside (SNP). E, Vasoconstriction 
to KCl. Analysis by repeated-measure 2-way ANOVA (A, D, and E) and 2-way ANOVA (B and C). No 
significant interactions between sex and genotype were seen for Figure 1B and 1C. P values for source 
of variations in treatment groups as shown. *P<0.05, **P<0.01, ***P<0.005. EC50 indicates half maximal 
effective concentration; EMax, maximal effect; mtCaMKIIN, mitochondrially targeted peptide inhibitor of 
CaMKII; KCl, potassium chloride.
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response to ATP was higher in cells pretreated with 
estradiol versus testosterone, as demonstrated 
by comparison of both AUC and peak amplitude 
(Figure 5B and 5C).

Given that increases in cytosolic Ca2+ levels can af-
fect eNOS activation, we immunoblotted for activated 
eNOS (p-Ser1177). Specifically, HAECs were pre-
treated with estradiol or testosterone and then stim-
ulated with ATP. Following ATP administration, eNOS 
phosphorylation was higher in cells pretreated with 
estradiol when compared with untreated than in those 
treated with testosterone (Figure S3A and S3B). These 
data provide additional evidence that estradiol has a 
greater effect on the induction of NO release than does 
testosterone, consistent with our in vivo data indicating 
larger maximal endothelium-dependent vasodilation in 
female mice (Figures 1 and 2).

Sex Hormones Do Not Significantly Affect 
the MCU Subunit Composition
Next, we tested whether treatment with sex hormones 
affects the expression of mRNAs encoding MCU 
subunits MCUa, MCUb, EMRE, MICU1. We found 
that HAECs treated with estradiol or testosterone for 
72 hours did not differ with regard to transcript levels of 
MCUa, MCUb, MICU1, MICU2, or EMRE (Figure S4A 
through S4E). Also, no differences were seen at earlier 
time points (data not shown), and immunoblots did not 
reveal significant differences in levels of the MCU sub-
units at the protein level (Figure 6A through 6E). These 
data imply that the sex differences in Ca2+ uptake are 
not because of differences in the composition of the 
MCU complex.

Mitochondrial Membrane Potential and 
Mitochondrial DNA Copy Number Are 
Increased by Treatment With Estradiol
Apart from the abundance and composition of MCU, 
several other factors influence mitochondrial Ca2+ 
entry and retention. Previous studies revealed that in 
pancreatic β-cells, Ca2+ uptake is promoted by a high 
mitochondrial membrane potential, high mitochondrial 
DNA copy number, and the presence of elongated mi-
tochondrial networks.33,34 We analyzed mitochondrial 
mass in HAECs pretreated with sex hormones by both 
imaging with mitoTracker (Figure  7A) and quantita-
tive polymerase chain reaction for the mitochondria-
encoded genes tRNA and NADH-ubiquinone 
oxidoreductase chain 1 (Figure 7D and 7E, Figure S5A 
and S5B). The mitochondrial mass was significantly 
greater in HAECs pretreated with estradiol than in coun-
terparts treated with testosterone and in nontreated 
cells. These data were further supported by analysis of 
the mitochondrial membrane potential (Figure 7A and 
7B). Moreover, mitochondria of HAECs treated with 
estradiol were longer than those in the control sam-
ples (form factor analysis; Figure 7F). Immunoblots for 
dynamin-related protein 1, optic atrophy type 1, and 
mitofusin 2 (MFN2) that modulate mitochondrial fission 
and fusion, respectively, provided additional insight 
(Figure  7G through 7I). Increased optic atrophy type 
1 levels and a similar trend for MFN2 were seen with 
estradiol treatment. Lastly, we assessed mitochondrial 
ROS levels, which were increased in HAECs incubated 
with testosterone compared with estradiol as well as 
control conditions (Figure  7J). Of note, adenoviral 
expression of mtCaMKIIN in HAECs concomitantly 

Figure 3.  In mesenteric resistance arteries, MCU (mitochondrial Ca2+ uniporter) inhibition 
reduces cytosolic Ca2+ transients to a greater extent in female than in male mice.
En-face endothelial Fura-2 imaging of second-order mesenteric arteries. A, Representative cytosolic Ca2+ 
transients measured as Fura-2 traces after addition of 1 μmol/L acetylcholine (Ach) to samples from wild-
type (WT) and e-mtCaMKIIN mice. B and C, Quantification of tracings as in (A), as (B) peak amplitude and 
(C) area under the curve (AUC). *P<0.05, by Kruskal-Wallis test with group-wise comparison as indicated. 
N=3 mice per sex/genotype. F indicates female; M, male; mtCaMKIIN, mitochondrially targeted peptide 
inhibitor of CaMKII.
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with sex hormone treatment reduced mitoSox levels 
compared to those seen in control cells. These data 
support the notion that the sex-hormone-mediated 
modulation of mitochondrial Ca2+ entry into endothelial 
cells is driven by mitochondrial mass, form factor, and 
membrane potential. They also suggest that the mod-
ulation of mitochondrial Ca2+ entry by sex hormones 
impacts on ROS production, which may further modu-
late vasoreactivity.

DISCUSSION
In this study of mitochondria-regulated sex differ-
ences in endothelial function, we present 4 major find-
ings on the role of mitochondrial Ca2+ uptake. First, in 
second-order mesenteric resistance arteries, inhibition 

of MCU was sufficient to decrease ACh-triggered cy-
tosolic Ca2+ transients, and these effects were more 
pronounced in arteries from female versus male mice. 
Second, in these arteries, MCU depletion abolished 
differences in vasodilation in female versus male mice. 
Third, in HAECs, treatment with estradiol (at physi-
ologic concentrations) led to enhanced mitochondrial 
Ca2+ entry and Ca2+ storage capacity. Fourth, levels of 
MCU subunits were unaffected by physiological levels 
of estradiol, yet mitochondrial DNA content, mitochon-
drial mass, and mitochondrial fusion were enhanced. 
We posit that these latter findings provide an expla-
nation for the observed sex differences in endothelial 
Ca2+ handling in endothelium. Our studies also reveal 
increased Ca2+-dependent mitochondrial production 
of superoxide after testosterone pretreatment.

Figure 4.  In human aortic endothelial cells (HAECs), mitochondrial Ca2+ uptake capacity is increased by treatment with sex 
hormones.
A, Mitochondrial Ca2+ uptake, as assessed by Ca2+ Green 5N assay, in HAECs treated with testosterone, estradiol, or diluent (nontreated 
[NT]) for 72 hours. Treatment with digitonin (0.001%), Ca2+ (1 μmol/L). n=6 independent experiments. B, FCCP-evoked cytosolic Ca2+ 
transients, measured using Fura-2, in HAECs treated with testosterone, estradiol, or diluent (NT) for 72 hours. C, Peak amplitude for 
(B). n=6 independent experiments. D, Cytosolic Ca2+ transients, measured by Fura-2 imaging, in HAECs treated with testosterone, 
estradiol, or diluent (NT) for 72 hours, in response to ATP and subsequently to FCCP. E, Peak amplitude for the response to ATP in 
(D). F, Peak amplitude for the response to FCCP in (D). n=6 independent experiments. *P<0.05, **P<0.01 by Kruskal-Wallis test. Estr 
indicates estradiol; FCCP, carbonilcyanide p-triflouromethoxyphenylhydrazone; Test, testosterone.
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In recent years, several studies reported on sex-
related divergences in mitochondria10 and revealed 
tissue- and cell type–dependent diversity in mitochon-
drial structure, density, and function. Most studies of 

sex differences in mitochondrial function were per-
formed in organs in which energy production strongly 
depends on oxidative phosphorylation (eg, liver,12,35 
skeletal muscle,36 and heart37–39). Therefore, they may 

Figure 5.  In human aortic endothelial cells (HAECs), mitochondrial Ca2+ entry is enhanced by 
treatment with estradiol.
A, Mitochondrial Ca2+ transients, as assessed by Pericam imaging, in response to ATP (10 μmol/L), in 
HAECs treated with testosterone, estradiol, or diluent (nontreated [NT]) for 72 hours. B, Peak amplitude for 
the response to ATP in (A). C, Area under the curve (AUC) after addition of ATP as in (A). *P<0.05, **P<0.01 
by Kruskal-Wallis test. n=6 independent experiments. Estr indicates estradiol; Test, testosterone.

Figure 6.  In human aortic endothelial cells (HAECs), levels of MCU (mitochondrial Ca2+ uniporter) 
subunit proteins are not altered by sex hormones.
A, Representative immunoblots for MCU subunits MCUa, MCUb, EMRE, and MICU1, as well as the 
housekeeping protein COXIV (control), in mitochondrial fractions of HAECs treated with testosterone, 
estradiol, or diluent (nontrearted [NT]) for 72 hours. B through E, Quantification of levels of the (B) MCUa, 
(C) MCUb, (D) MICU1, and (E) EMRE proteins, normalized to COXIV. N=8 (B), 12 (C), 11 (D), 4 (E) biological 
replicates. Analysis by Friedman test. COXIV indicates cytochrome c oxidase subunit IV; EMRE, essential 
MCU regulator; Estr, estradiol; MCUa, mitochondrial calcium uniporter a; MCUb, mitochondrial calcium 
uniporter b; MICU1, mitochondrial calcium uptake 1; NT, nontrearted; Test, testosterone.



J Am Heart Assoc. 2022;11:e023912. DOI: 10.1161/JAHA.121.023912� 11

Damacena de Angelis et al� Mitochondrial Ca2+ and Endothelial Sex Differences

Figure 7.  In human aortic endothelial cells (HAECs), mitochondrial DNA copy number, shape, and membrane potential are 
modulated by sex hormones.
A, Representative images of tetramethylrhodamine methyl ester (TMRM) (mitochondrial membrane potential) and mitoTracker signal 
in HAECs treated with sex hormones or diluent (nontreated [NT]) for 72 hours. Scale bar=50 μm, ×20. B, Quantification of the TMRM 
fluorescence. C, Quantification of mitoTracker fluorescence. B and C, Each data point indicates 1 independent experiment (n=14). D and 
E, Quantitative polymerase chain reaction for genes encoded by mitochondrial DNA normalized to β2-microglobulin: (D) tRNA-Leu and 
(E) for NADH-ubiquinone oxidoreductase chain 1. n=16 (D), n=17 (E) biological replicates. F, Quantification of mitochondrial form factor. 
Cells labeled with mitoTracker were analyzed. G through K, Representative immunoblot and quantification for active phosphorylated 
(p-)DRP1, DRP1, OPA1, and MFN2 in mitochondrial fractions treated with sex hormones or diluent (NT) for 72 hours. COXIV as loading 
control. n=8 (H through J) and 9 (K) independent immunoblots. (L) Mitochondrial superoxide levels by mitoSOX fluorescence in HAECs 
transduced with adenovirus expressing mtCaMKIIN or control and treated with sex hormones or diluent (NT) for 72 hours. n=5 independent 
experiments. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 by Kruskal-Wallis test (F), Friedman test (B through E and H through K), 2-
way ANOVA (L). COXIV indicates cytochrome c oxidase subunit IV; DRP1, dynamin-related protein 1; Estr, estradiol; MFN2, mitofusin 2; 
mtCaMKIIN, mitochondrially targeted peptide inhibitor of CaMKII; OPA1, optic atrophy type 1; Test, testosterone.
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not be applicable to endothelial cells, which depend 
mainly on glycolysis for energy production.40

Although previous studies of sex differences involved 
detailed phenotyping, the mechanisms underlying the 
sex differences were dissected only rarely.36,38,39,41–43 
In the studies that tested the effects of select proteins, 
most targets were downstream effectors of pathways37 
rather than upstream regulators with broad effects on 
mitochondrial function like Ca2+ handling. Few studies 
focused on pathways regulating sex differences in the 
endothelium; in brain microvascular endothelial cells, 
estradiol increased mitochondrial cytochrome c tran-
scription via its action on the estradiol receptor α.44 
Consistent with such a mechanism, Tcherepanova 
and colleagues reported that in cerebral blood ves-
sels, estradiol receptor α is coactivated by peroxisome 
proliferator-activated receptor-gamma coactivator 1α, 
the master regulator of mitochondrial biogenesis.45 
This interaction could potentially be responsible for 
the higher mitochondrial mass in samples from female 
mice but was not directly tested in this study.

Mitochondrial Ca2+ uptake via the MCU complex is 
fundamental to the regulation of mitochondrial func-
tion. It controls the activities of the tricarboxylic acid 
cycle45,46 and the electron transport chain, as well as 
opening of the transition pore and the production of 
ROS.21,46 In contrast to cardiac myocytes, in which 
30% of the cytoplasmic volume is occupied by mito-
chondria, endothelial cells have a low mitochondrial 
content (≈5%). Nonetheless, mitochondria account for 
25% of the Ca2+ storage capacity of these cells. Further 
evidence for a role of mitochondrial Ca2+ handling in 
endothelial cell function was provided by a report that 
MCU knockdown reduced (Ca2+) transients and os-
cillations induced by fluid shear stress and regulated 
the temporal profile of shear-induced endoplasmic 
reticulum Ca2+ release.47 However, to date, sex differ-
ences in mitochondrial Ca2+ handling have not been 
tested in endothelial cells, in contrast to cardiac and 
skeletal myocytes.11,15,16 In mitochondria isolated from 
cardiomyocytes of female rats, Ca2+ uptake following 
the application of Ca2+ boluses was lower than in their 
male counterparts,11 and this difference was abolished 
by applying a pharmacologic inhibitor of MCU. In our 
hands, ATP induced strong increases in cytosolic Ca2+ 
and greater mitochondrial Ca2+ transients in cultured 
HAECs treated with estradiol. These differences may 
be attributable to differences in methodologies (eg, the 
measurements in isolated mitochondria versus in in-
tact cells). The greater mitochondrial mass in HAECs 
treated with estradiol would be expected to lead to mi-
tochondrial Ca2+ transients.

In the absence of differences in MCU composition 
after treatment with sex hormones, we attribute the 
observed differences in HAECs to the increased mito-
chondrial mass, membrane potential, and fusion after 

estradiol. This interpretation is consistent with data 
from a myoblast cell line. In this study, forcing mito-
chondrial fission reduced mitochondrial Ca2+ uptake.33

Several alternative explanations for the observed 
sex differences should be considered for further in-
vestigation, for example, sex differences in proteins 
(MFN2, voltage-dependent anion-selective channel 1) 
that are part of the mitochondrial endoplasmic reticu-
lum contact sites, MERCS. These are crucial for Ca2+ 
transition from endoplasmic reticulum to mitochondria, 
and thus, such changes could account for differential 
mitochondrial Ca2+ entry. Our analysis did not reveal 
significant differences in MFN2 expression (Figure 7K). 
It is also possible that additional proteins known to 
modulate MCU function are expressed or regulated 
differently in male and female mice. One example is 
the mitochondrial Rho GTPase 1, which promotes 
MCU function by associating with its N-terminus. Small 
sex-specific differences in mitochondrial Rho GTPase 
1 protein levels by mass spectroscopy were reported 
in brain endothelial cells.42 Lastly, in yeast, MCU sta-
bility and functionality are modulated by lipids in the 
mitochondrial inner membrane, specifically by cardio-
lipin.48 This may be relevant given recent evidence that 
estradiol induces cardiolipin synthesis.49

The results from the 2 systems used in this study, 
mesenteric arteries isolated from male and female mice 
and cultured HAECs treated with estradiol and testos-
terone, gave largely consistent results. However, some 
disparities were seen. For example, the differences 
in peak ACh-triggered Ca2+ transients were larger in 
arteries than the ATP-induced peak (Ca2+) in cultured 
HAECs after pretreatment with estradiol or testoster-
one (Figures 3 and 4). This discrepancy could be be-
cause of differences in Ca2+ mobilization that develop in 
cultured cells. Our vasodilation studies imply that with 
MCU deletion, endothelium-dependent vasodilation is 
stronger in female versus male mice and driven with 
higher NOS activity (Figure 1 and Figure S1). Moreover, 
the increased levels of mitochondrial ROS may fur-
ther modulate vasoreactivity. Both vasodilation and 
constriction with hydrogen peroxide have been de-
scribed.50 We also found that cytosolic Ca2+ transients 
triggered by ACh are more pronounced in arteries 
from female than male mice and is strongly reduced in 
mice with MCU inhibition. This finding implies reduced 
Ca2+-dependent NOS activity when MCU is blocked, 
in accordance with a previous study that described 
that increased mitochondrial Ca2+ uptake facilitated 
Ca2+-triggered NO formation.14 The higher cytosolic 
Ca2+ transients in arteries from female mice would pre-
dict greater NOS-dependent dilation. Our finding that 
eNOS activation is higher in estradiol-treated HAECs 
compared with baseline than in testosterone-treated 
cells is also consistent with data from human umbili-
cal vein endothelial cells isolated from female and male 
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donors.1 Together, our findings suggest that sex differ-
ences in mitochondrial Ca2+ handling enhance cytoso-
lic Ca2+ transients that drive increases in eNOS activity 
and NO production. Further studies are needed to 
establish whether novel agents capable of modulating 
MCU activity51 can be leveraged to selectively promote 
endothelial function in men and women.
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SUPPLEMENTAL MATERIAL 
 

 
 
  



Table S1. 3-Way Grouped ANOVA for concentration of agonist (Ach, SNP, KCl), 
sex and genotype. Results for the main effects and the interaction between sex 
and genotype. 
 

WT vs e-MCU-/- Ach SNP KCl 
 p-value % of 

variance 
p-value % of variance p-value % of variance 

concentration <0.0001 18.88 <0.0001 72.44 <0.0001 83.35 
sex  0.0682  3.79  0.7509 0.09 0.9273 0.004 
genotype  0.0227 6.20  0.6643 0.17 0.0548 1.90 
sex x genotype  0.4335  0.65  0.2049 1.47 0.4925 0.22 

 
 

WT vs e-mtCaMKIIN Ach SNP KCl 
 p-value % of variance p-value % of variance p-value % of variance 
concentration <0.0001  7.01 <0.0001 50.63 <0.0001 78.48 
sex  0.1182  7.87  0.4040 1.45 0.7390 0.08 
genotype  0.0112 22.93  0.1587 4.31 0.1157 2.02 
sex x genotype  0.5600 0.99  0.3925 1.52 0.6710 0.14 

 
  



Figure S1. In mesenteric resistance arteries, pre-incubation with the eNOS inhibitor 
L-NNA abolishes sex differences in vasodilation in response to ACh. 
 

 
 

Vasodilation in response to cumulative doses of ACh after preincubation with the eNOS 

inhibitor L-NNA (100 µM) for 30 min, in mesenteric resistance arteries from (A) e-MCU-/- 

and littermate WT mice, and (B) e-mtCaMKIIN and WT mice. Data of untreated vascular 

segments correspond to those in Fig. 1, 2. P-value for source of variation with LNNA by 

stacked 3-Way ANOVA. A significant interaction between LNNA and genotype was seen 

in (B). C) Immunofluorescence for CaMKIIN (red) (GFP green, DAPI blue) in e-

mtCaMKIIN mouse without (control) and after Tamoxifen treatment. Before cre 

recombination, eGFP is expressed in all tissues (control). Upon recombination by 

Tamoxifen, eGFP cDNA is excised and only the transgene expressed. 63 X. Arrow 

denotes arterial lumen. 



Figure S2. In second-order mesenteric arteries from e-mt-CaMKIIN mice, 
mitochondrial Ca2+ transients are reduced. 
 

 
 
En-face endothelial Rhod-2 imaging of second-order mesenteric arteries. (A) 

Mitochondrial Ca2+ transients after addition of 1 µM ACh to samples from male (M) and 

female (F) e-mtCaMKIIN and WT female mice. (B) Peak amplitude and (C) area under 

the curve (AUC) for the tracings in (A). n = 3 mice per genotype. P-values by Kruskal-

Wallis test with pairwise comparisons as indicated. 

 

 
  



Figure S3. In HAECs, eNOS activation is enhanced after treatment with sex 
hormones.  

 
 
A) Representative immunoblots for activated eNOS (p-eNOS S1177), total eNOS, and 

GAPDH (housekeeping control) in HAECs pre-treated with testosterone, estradiol, or 

diluent for 72 hr and then stimulated with ATP (1 µM) for 15 min. B) Quantification of 

proteins in A. * p<0.05, ** p<0.01 by Kruskal-Wallis test. 

  



Figure S4. In HAECs, levels of MCU subunit mRNAs are not altered by sex 
hormones. 
 

 
 
qRT-PCR results for MCU subunits in HAECs treated with testosterone, estradiol, or 

diluent (NT) for 72 hr. Quantification of mRNA levels of (A) MCUa, (B) MCUb, (C) EMRE, 

(D) MICU1, and (E) MICU2, normalized to β-actin. N = 20 (A), 18 (B), 24 (C), 17 (D), 21 

(E) biological replicates. Analysis by Friedman test. 

 

  



Figure S5. In HAECs, mitochondrial DNA copy numbers are increased after 
estradiol treatment. 
 

 
 

A, B) qPCR for genes encoded by mitochondrial DNA normalized to β-actin: (A) tRNA-

Leu, and (B) ND1. * p<0.05, ** p<0.01 by Friedman test. n= 18 biological replicates. 
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