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Integrative Physiology

Essential Role of Bone Marrow for Microvascular
Endothelial and Metabolic Functions in Mice

Sota Nakajima, Junko Ohashi, Ayuko Sawada, Kazuki Noda, Yoshihiro Fukumoto, Hiroaki Shimokawa

Rationale: We have previously demonstrated that the importance of endothelium-derived hyperpolarizing factor
(EDHF) increases as the vessel size decreases and that endothelium-derived hydrogen peroxide (H2O2) is an
EDHF in animals and humans, for which endothelial nitric oxide synthase (eNOS) is the major source. Recent
studies have suggested the important role of the bone marrow (BM) in modulating cardiovascular and metabolic
functions.

Objective: We aimed to examine whether BM plays a role in modulating microvascular endothelial and metabolic
functions in mice, and if so, to elucidate the mechanisms involved.

Methods and Results: Male eNOS�/� mice were transplanted with BM cells from wild-type (WT) or eNOS�/�

mice and were maintained for 6 weeks. Endothelium-dependent relaxations and hyperpolarizations of mesenteric
arteries to acetylcholine were reduced in eNOS�/� mice and were markedly improved when transplanted with
WT-BM but not with eNOS�/�-BM. The enhanced component of endothelium-dependent relaxations was
abolished by catalase, indicating that the improved responses were mediated by H2O2. In contrast, no such
beneficial effect was noted in the aorta. Reduced plasma adiponectin levels and impaired glucose tolerance in
eNOS�/� mice were also improved by WT-BM transplantation. Neuronal nitric oxide synthase (nNOS) in
mesenteric arteries of eNOS�/� mice was significantly upregulated only when transplanted with WT-BM.
Importantly, the beneficial effects of WT-BM transplantation were absent in eNOS�/�/adiponectin�/� or
eNOS�/�/nNOS�/� mice.

Conclusions: These results provide the first evidence that BM plays an important role in modulating microvascular
endothelial and metabolic functions, for which adiponectin and nNOS may be involved. (Circ Res. 2012;111:87-96.)
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The endothelium plays an important role in maintaining
vascular homeostasis by synthesizing and releasing sev-

eral vasodilators, including prostacyclin, nitric oxide (NO),
and endothelium-derived hyperpolarizing factor (EDHF).1–3

It is widely accepted that EDHF plays an important role in
modulating vascular tone, especially in microvessels.4,5 In
addition, endothelial function is impaired by hypertension,
glucose intolerance, insulin resistance, dyslipidemia, obesity,
and metabolic syndrome.6–9

Editorial, see p 12

We have previously demonstrated that endothelium-
derived hydrogen peroxide (H2O2) is an EDHF in mouse10

and human11 mesenteric arteries and porcine coronary mi-
crovessels.12 Other investigators confirmed the importance of
H2O2 as an EDHF13 in human14 and canine15,16 coronary
microvessels and porcine pial arteries.17 We also have dem-

onstrated that endothelial nitric oxide synthase (eNOS) is
a major source of EDHF/H2O2,10 where copper, zinc-
superoxide dismutase plays an important role to dismutate
eNOS-derived superoxide anions to EDHF/H2O2

18,19 and that
endothelial NOSs system plays different roles depending on
the vessel size, serving as the NO-generating system in large
arteries and as the EDHF/H2O2-generating system in mi-
crovessels in mice.20 Furthermore, we have recently demon-
strated that when the all 3 NOSs [eNOS, neuronal NOS
(nNOS), and inducible NOS (iNOS)] are genetically deleted
in mice, acute myocardial infarction develops spontaneously
associated with unique phenotypes that resemble metabolic
syndrome in humans, including glucose intolerance, hyper-
tension, dyslipidemia, and visceral obesity.21 These results
indicate the close coupling between microvascular endothe-
lial functions and metabolic disorders, although the detailed
mechanisms remain to be elucidated.
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It has been recently demonstrated that some blood cells
[eg, neutrophils, macrophages, and endothelial progenitor
cells (EPCs)22] are involved in the development of cardio-
vascular diseases, including atherosclerosis,23 cardiovascular
events,24 vasospastic angina,25 and angiogenesis.26 However,
it also has been demonstrated that bone marrow (BM)-
derived cells do not directly differentiate into vascular endo-
thelial or smooth muscle cells in mouse models of athero-
sclerosis27–29 and of chronic endothelial dysfunction.30

We hypothesized that the BM plays an important role in
maintaining microvascular endothelial and metabolic func-
tions. To test this hypothesis, we examined whether BM
transplantation improves microvascular endothelial and met-
abolic functions in eNOS�/� mice, an established animal
model of atherosclerosis and metabolic disorders, and if so,
what mechanisms are involved.

Methods
Animals
An expanded Methods section is available in the online
Data Supplement.

The present study was reviewed and approved by the Committee
on Ethics of Animal Experiments of Tohoku University. Male mice
aged 8 weeks were used. The eNOS�/� mice were originally
provided by P. Huang (Harvard Medical School, Boston, MA). The
eNOS�/� mice were backcrossed to C57BL/6 mice over 10 gener-
ations. Thus, C57BL/6 mice were used as a wild-type (WT) control.
We generated n/eNOS�/� mice by crossing nNOS�/� and eNOS�/�

mice, as previously reported.31 eNOS�/�/adiponectin (APN)�/�

mice were generated by crossing eNOS�/� and APN�/� mice
(Jackson Laboratory, Bar Harbor, ME). Systolic blood pressure was
measured by tail-cuff method.

BM Transplantation
BM transplantation was performed as described previously.32 After
transplantation, the mice were placed on a regular chow diet for 6
weeks. We generated green fluorescent protein (GFP)-positive WT
and GFP-positive eNOS�/� mice by crossing with transgenic mice
ubiquitously expressing GFP.33

Organ Chamber Experiments
Isometric tension was recorded using isolated small mesenteric
arteries (�200 �m) and the aorta, as previously described.9,10,18,20

Rings were precontracted with prostaglandin F2�. The contributions
of vasodilator prostaglandins (PGs), NO and EDHF to acetylcholine
(ACh)-induced endothelium-dependent relaxation were determined
by the inhibitory effect of indomethacin, N�-nitro-l-arginine (L-
NNA) in the presence of indomethacin, and a combination of
charybdotoxin and apamin, respectively.9,10,18,20 To examine the
involvement of endothelium-derived H2O2 in the EDHF-mediated
responses, the inhibitory effect of catalase, a specific scavenger of
H2O2, was examined.9,10,18,20

Electrophysiological Experiments
The rings of small mesenteric arteries were placed in experimental
chambers perfused with Krebs solution containing indomethacin and
L-NNA. A fine glass capillary microelectrode was impaled into the
smooth muscle from the adventitial side of mesenteric arteries, and
changes in membrane potentials produced by ACh were continu-
ously recorded.9,10,18,20

Histological Analysis
Adipose tissue was fixed in zinc fixative and embedded in paraffin.
After blocking of endogenous biotin and avidin binding sites,
sections were subjected to immunohistochemical staining overnight
at 4°C with an anti-F4/80 monoclonal antibody. Immune complexes
were detected with biotinylated secondary antibodies, horseradish
peroxidase–conjugated streptavidin and the peroxidase substrate
diaminobenzidine.

Glucose Tolerance Tests
For the glucose tolerance test, mice were fasted overnight. Glucose
(1 g/kg body weight) was injected intraperitoneally and blood was
collected from the tail vein at different time points.34

Statistical Analysis
Statistical analysis was performed with JMP 9.0 (SAS Institute Inc,
Cary, NC). Results are shown as mean�SEM. Dose-response curves
were analyzed by 2-way ANOVA followed by Tukey HSD test for
multiple comparisons. Other variables were analyzed by Student t
test or 1-way ANOVA followed by Tukey HSD test for multiple
comparisons. P�0.05 was considered to be statistically significant.

Results
Chimerism in Transplanted Mice
Chimerism in transplanted eNOS�/� mice was analyzed by
the percentage of EGFP� nucleated blood cells found in
peripheral blood at 5 weeks after BM transplantation. All
animals showed �85% chimerism (WT-BM, 90.2�0.6%;
eNOS�/�-BM, 87.3�0.3%, n�5–7).

Body Weight, Systolic Blood Pressure, and Blood
Cell Counts
In the present study, we examined 4 groups of mice, includ-
ing sham-transplanted (control) WT and eNOS�/� mice and
eNOS�/� mice transplanted with WT-BM or eNOS�/�-BM
(Online Table I). At baseline, body weight was greater in the
3 eNOS�/� groups than in WT. At 6 weeks after BM or
vehicle injection, there was no significant difference in body
weight among the 4 groups. Systolic blood pressure was
significantly higher in the 3 eNOS�/� groups compared with
WT throughout the experimental period (Online Table I). At
5 weeks after BM or vehicle injection, control eNOS�/� mice
had higher white and red blood cell counts, increased hemo-
globin levels, and decreased platelet count compared with

Non-standard Abbreviations and Acronyms

ACh acetylcholine

APN adiponectin

EDHF endothelium-derived hyperpolarizing factor

eNOS endothelial nitric oxide synthase

EPC endothelial progenitor cell

H2O2 hydrogen peroxide

iNOS inducible nitric oxide synthase

KCa channels calcium-activated potassium channels

L-NNA N�-nitro-L-arginine

MCP-1 monocyte chemoattractant protein-1

nNOS neuronal nitric oxide synthase

NO nitric oxide

NOS nitric oxide synthase

PG prostaglandin

SNP sodium nitroprusside

WT wild-type
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control WT. The increased white and red cell counts and
hemoglobin levels were normalized by transplantation with
WT-BM or eNOS�/�-BM, whereas platelet count was un-
changed (Online Table I).

Endothelium-Dependent Relaxations
and Hyperpolarizations
In isolated mesenteric arteries of control WT mice, ACh
elicited concentration-dependent relaxations, which were re-
sistant to indomethacin (vasodilator PGs component) or
indomethacin plus L-NNA (NO component), but was highly
sensitive to the combination of apamin and charybdotoxin in
the presence of indomethacin and L-NNA (EDHF compo-
nent) (Figure 1A). In mesenteric arteries of control eNOS�/�

mice, endothelium-dependent, EDHF-mediated relaxations to
ACh were markedly attenuated compared with those of WT
mice (Figure 1B), a consistent finding with our previous
studies.10,20 Transplantation with WT-BM but not that with
eNOS�/�-BM markedly improved the EDHF-mediated re-
laxations (Figure 1C and 1D). The enhanced component of
EDHF-mediated relaxations was abolished in endothelium-
denuded mesenteric artery (Online Figure I, A). In addition,
this enhanced component was markedly inhibited by catalase,
indicating that the improved responses were mediated by
endothelium-derived H2O2 (Figure 1E). Similarly, EDHF-
mediated relaxations in WT mice mesenteric arteries were
markedly inhibited by catalase, whereas NO-mediated relax-
ations in WT mice aorta were not affected by catalase (Online
Figure II, A and B). Absolute values of contractions of
mesenteric artery to prostaglandin F2� were comparable
among all the groups (Online Table II).

Electrophysiological recordings of membrane potentials
with the microelectrode technique in mesenteric arteries
demonstrated that endothelium-dependent hyperpolarizations
to ACh (10�5 mol/L) were significantly reduced in eNOS�/�

mice compared with WT mice and were significantly im-
proved with WT-BM transplantation but not with
eNOS�/�-BM transplantation (Figure 1F).

In contrast to mesenteric arteries, endothelium-dependent
relaxations of the aorta to ACh were mainly mediated by NO
in WT mice as L-NNA abolished the responses (Figure 2A)
and were totally absent in eNOS�/� mice (Figure 2B). No
beneficial effect of BM transplantation with WT-BM or
eNOS�/�-BM was noted in the aorta of eNOS�/� mice
(Figure 2C and 2D).

Endothelium-Independent Relaxations
There was no significant difference in endothelium-
independent relaxations to NS1619 [an opener of calcium-ac-
tivated potassium (KCa) channels] or sodium nitroprusside
(SNP) in mesenteric arteries and the aorta between WT-BM
and eNOS�/�-BM mice (Online Figure III, A through D). In
addition, there was no significant difference in endothelium-
independent relaxations of mesenteric artery to SNP regard-
less of the presence or absence of the endothelium in WT-BM
eNOS�/� mice (Online Figure I, B). Furthermore, the relax-
ations to NS1619 were unaltered by catalase in mesenteric
arteries when transplanted with WT-BM (Online Figure III,
A), and the relaxations to SNP were unaltered by catalase in

WT mice mesenteric arteries and aorta (Online Figure II, C
and D).

Immunostaining of Mesenteric Artery and Aorta
in eNOS�/� Mice
Immunofluorescence staining was performed in mesenteric
arteries and the aorta of GFP�WT-BM eNOS�/� mice and
GFP� eNOS�/�-BM eNOS�/�. We observed a small number
of GFP-positive BM-derived cells in the adventitia of mes-
enteric artery (WT-BM, 0.6�0.6; eNOS�/�-BM, 0.8�0.2,
n�5 each, not statistically significant) but not in the intima or
media of mesenteric artery or in the aorta (Online Figure IV,
A). Immunohistochemical staining was performed in mesen-

Figure 1. WT-BM transplantation markedly improves EDHF-
mediated relaxations and hyperpolarizations of mesenteric
arteries from eNOS�/� mice. Endothelium-dependent relax-
ations to ACh of mesenteric arteries from control WT mice (A),
control eNOS�/� mice (B), eNOS�/� mice transplanted with
WT-BM (C), and those with eNOS�/�-BM (D). EDHF-mediated
relaxations to ACh (in the presence of indomethacin and L-NNA
as shown in yellow) were reduced in eNOS�/� mice (B) and
were markedly improved with WT-BM transplantation (C) but not
with eNOS�/�-BM transplantation (D). E, Catalase markedly
inhibited the enhanced EDHF-mediated relaxation in eNOS�/�

mice transplanted with WT-BM. Indo indicates indomethacin;
CTx, charybdotoxin; and Apm, apamin. F, Endothelium-
dependent hyperpolarizations to ACh (10�5 mol/L) of mesenteric
arteries in eNOS�/� mice were also improved with WT-BM
transplantation but not with eNOS�/�-BM transplantation.
Results are expressed as mean�SEM. *P�0.05, †P�0.01.
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teric artery of WT-BM eNOS�/� mice and eNOS�/�-BM
eNOS�/� to identify the blood cells in the adventitia. In the
adventitia, only F4/80-positive cells were noted but not CD3-
or Ly6G-positive cells (Online Figure IV, B). eNOS was not
detected at all in eNOS�/� mice, CD31 was stained in the
endothelium alone (Online Figure V, A), and nNOS was
stained in all layers of the blood vessel (Online Figure V, B).

Flow Cytometry Analysis to Assess EPC
Flow cytometry analysis was performed to examine the number
of circulating EPC defined as Sca-1�/Flk-1� mononuclear cells
(Online Figure VI, A and B). There was no significant difference
in the EPC number among WT, WT-BM, and eNOS�/�-BM
eNOS�/� mice (Online Figure VI, C).

Glucose Tolerance Tests and Plasma Levels
of Lipids
Glucose tolerance test was performed in all 4 groups at 5 weeks
after BM or vehicle injection. Although plasma glucose levels
were comparable at baseline, the levels were significantly higher
in control eNOS�/� mice at 30 and 60 minutes compared with
WT mice (Figure 3). WT-BM transplantation normalized glu-
cose tolerance in eNOS�/� mice to the level in WT mice,
whereas eNOS�/�-BM transplantation was without the effects
(Figure 3). The plasma levels of total cholesterol, LDL choles-
terol and triglycerides were also significantly higher in control
eNOS�/� mice compared with WT mice, and the levels of total

cholesterol and LDL cholesterol were significantly reduced with
WT-BM transplantation but not with eNOS�/�-BM transplan-
tation (Online Table I). In contrast, the plasma levels of HDL
cholesterol were significantly higher in control eNOS�/� mice
than in control WT mice and were unchanged with the BM
transplantation (Online Table I).

Visceral Fat and Plasma Levels of Adiponectin
The size of epididymal white adipose cells, one of the
representative visceral fats, was significantly larger in control
eNOS�/� mice than in control WT mice and was diminished
when transplanted with WT-BM but not with eNOS�/�-BM
(Figure 4A and 4B). We also performed immunostaining for
the F4/80 antigen, a specific marker for mature macrophages,
and calculated the percentage of F4/80-expressing cells in the
epididymal white adipose tissue. The percentage was signif-
icantly higher in eNOS�/� mice than in WT mice, and
aggregates of F4/80-expressing cells were noted in control
eNOS�/� but not in control WT mice (Figure 4A through
4C). The percentage was significantly reduced with WT-BM
transplantation but not with eNOS�/�-BM transplantation
(Figure 4A and 4C). Plasma adiponectin level was signifi-
cantly reduced in eNOS�/� mice compared with WT mice
and was significantly improved with WT-BM transplantation
but not with eNOS�/�-BM transplantation (Figure 4D).

Experiments With eNOS�/�/Adiponectin�/� Mice
We also performed the experiments with eNOS�/�/APN�/�

mice with or without WT-BM transplantation. Unlike
eNOS�/� mice, WT-BM transplantation had no beneficial
effects on endothelium-dependent relaxations of mesenteric
arteries of eNOS�/�/APN�/� mice (Figure 5A and 5B).
Interestingly, WT-BM transplantation to eNOS�/�/APN�/�

Figure 2. No effect of BM transplantation on endothelium-
dependent relaxations of the aorta. Endothelium-dependent
relaxations of the aorta from control WT mice (A), control
eNOS�/� mice (B), eNOS�/� mice transplanted with WT-BM (C),
and those with eNOS�/�-BM (D). In the aorta of untreated WT
mice, endothelium-dependent relaxations to ACh were resistant
to indomethacin but were markedly inhibited by L-NNA. In con-
trast, in control eNOS�/� mice, endothelium-dependent relax-
ations to ACh were absent. Unlike the case of mesenteric arter-
ies, WT-BM transplantation had no enhancing effect on
endothelium-dependent relaxations of the aorta. Results are
expressed as mean�SEM.

Figure 3. WT-BM transplantation normalizes glucose toler-
ance in eNOS�/� mice. Glucose tolerance test was performed
at 5 weeks after BM or vehicle injection. Although plasma glu-
cose levels were comparable at baseline and 15 minutes after
glucose injection in all groups, the levels were significantly
higher at the 30 and 60 minutes in control eNOS�/� mice com-
pared with control WT mice. The impaired glucose tolerance in
eNOS�/� mice was markedly improved with WT-BM transplan-
tation but not with eNOS�/�-BM transplantation. Results are
expressed as mean�SEM. *P�0.05 versus control WT,
†P�0.05 versus control eNOS�/�, ‡P�0.05 versus
eNOS�/�-BM eNOS�/�.
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mice significantly enhanced indomethacin-sensitive endothe-
lium-dependent relaxations, suggesting an upregulation of
vasodilator prostaglandins (Figure 5 A and 5B). Endotheli-
um-independent relaxations of mesenteric arteries to NS1619
or SNP were unaltered with WT-BM transplantation in

eNOS�/�/APN�/� mice (Online Figure VII). The impaired
glucose tolerance in eNOS�/�/APN�/� mice was also unal-
tered with WT-BM transplantation (Figure 5C). Plasma
adiponectin was not detected in control eNOS�/�/APN�/� or
WT-BM eNOS�/�/APN�/� (Figure 5D).

Figure 4. Effects of BM transplantation
on the visceral fat and plasma levels of
adiponectin in eNOS�/� mice. A, Immu-
nostaining for F4/80, a specific marker for
mature macrophages, in the epididymal
adipose tissue from the 4 groups. While
the adipose tissue contained F4/80-
expressing cells in all groups (black
arrows), aggregates of F4/80-expressing
cells (blue arrows) were noted in control
eNOS�/� but not in control WT mice. Bar,
50 �m. B, The size of epididymal white
adipose cells was significantly larger in
control eNOS�/� mice than in control WT
mice. The cell size in eNOS�/� mice was
diminished when transplanted with
WT-BM but not with eNOS�/�-BM. C,
The percentage of F4/80-expressing cells
in the epididymal white adipose tissue
was higher in control eNOS�/� mice than
in control WT mice. The percentage was
significantly reduced with WT-BM trans-
plantation but not with eNOS�/�-BM
transplantation. D, Plasma adiponectin
levels were significantly reduced in control
eNOS�/� mice compared with control WT
mice and were significantly improved with
WT-BM transplantation but not with
eNOS�/�-BM transplantation. Results are
expressed as mean�SEM. *P�0.05.

Figure 5. Effect of WT-BM transplanta-
tion on endothelium-dependent relax-
ations and glucose tolerance in
eNOS�/�/adiponectin�/� mice. A,
EDHF-mediated relaxations of mesenteric
arteries were reduced in untreated
eNOS�/�/adiponectin�/� mice. B, WT-BM
transplantation had no effects on the
EDHF-mediated relaxations but signifi-
cantly enhanced indomethacin-sensitive
endothelium-dependent relaxations in
eNOS�/�/adiponectin�/� mice, suggesting
an upregulation of vasodilator prostaglan-
dins. C, WT-BM transplantation had no
effects on glucose tolerance in
eNOS�/�/adiponectin�/� mice. D, Plasma
adiponectin was not detected in control
eNOS�/�/adiponectin�/� or WT-BM
eNOS�/�/adiponectin�/� mice. N.D. indi-
cates not detected. Results are expressed
as mean�SEM.
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Protein Expression of eNOS and nNOS
As expected, eNOS protein expression of mesenteric arteries
was absent in eNOS�/� mice transplanted with WT-BM or
eNOS�/�-BM (Figure 6A). In contrast, nNOS protein expres-
sion of mesenteric arteries was significantly greater in
eNOS�/� mice transplanted with WT-BM compared with
those with eNOS�/�-BM, whereas it was comparable in the
aorta (Figure 6B). In eNOS�/�/APN�/� mice, WT-BM
transplantation did not alter nNOS protein expression of
mesenteric arteries (Figure 6C).

Experiments With n/eNOS�/� Mice
We also performed the experiments with n/eNOS�/� mice
with or without WT-BM transplantation. Unlike eNOS�/�

mice, WT-BM transplantations caused no beneficial effects
on endothelium-dependent relaxations of mesenteric arteries
(Figure 7A and 7B). In contrast, WT-BM transplantation to
n/eNOS�/� mice tended to enhance indomethacin-sensitive
endothelium-dependent relaxations, suggesting an upregula-
tion of vasodilator prostaglandins (Figure 7A and 7B).
Endothelium-independent relaxations of mesenteric arteries
to NS1619 or SNP were unaltered with WT-BM transplan-
tation in n/eNOS�/� mice (Online Figure VIII, A and B).

Effect of Adiponectin Treatment to eNOS�/� Mice
We intraperitoneally injected recombinant mouse adiponectin
(500 �g/kg BW) or PBS into male eNOS�/� mice at the age
of 13 weeks once daily for 7 days. Treatment with adiponec-
tin significantly improved EDHF-mediated relaxations in
mesenteric arteries compared with PBS-treated mice (Figure
8A and 8B). In contrast, the adiponectin treatment had no
significant effects in the aorta (Figure 8C and 8D). Endothe-
lium-independent relaxations of mesenteric arteries to
NS1619 or SNP were comparable between adiponectin-
treated and PBS-treated groups (Online Figure IX).

Discussion
The major findings of the present study were as follows: (1)
eNOS�/� mice were characterized by absence of NO-
mediated relaxations and reduced EDHF-mediated relax-
ations associated with impaired glucose tolerance and dyslip-
idemia, (2) WT-BM transplantation to eNOS�/� mice almost
normalized EDHF-mediated endothelium-dependent relax-
ations of mesenteric arteries and glucose tolerance, (3) the
enhancing effects of WT-BM transplantation on the EDHF-
mediated responses were mediated primarily by endothelium-
derived H2O2, and (4) the beneficial effects of WT-BM

Figure 6. WT-BM transplantation
enhances nNOS protein expression in
eNOS�/� mice but not in eNOS�/�/
APN�/� mice. A, eNOS protein expres-
sion was noted in WT mice but was
absent in eNOS�/� mice transplanted
with either WT-BM or eNOS�/�-BM. B,
WT-BM transplantation significantly
enhanced nNOS protein expression in
mesenteric arteries but not in the aorta.
C, WT-BM transplantation did not
enhance nNOS protein expression in
eNOS�/�/APN�/� mice. Results are
expressed as mean�SEM. *P�0.05.

Figure 7. No effect of WT-BM transplantation in
eNOS�/�/nNOS�/� mice. A, EDHF-mediated
relaxations were reduced in untreated
eNOS�/�/nNOS�/� mice. B, WT-BM transplanta-
tion had no effect on EDHF-mediated relaxations
to ACh of mesenteric arteries from
eNOS�/�/nNOS�/� mice. Results are expressed as
mean�SEM.
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transplantation on EDHF-mediated responses in eNOS�/�

mice were mediated by adiponectin and nNOS. To the best of
our knowledge, this is the first study that demonstrates that
BM plays an essential role for microvascular endothelial and
metabolic functions, for which adiponectin and nNOS are
substantially involved.

Effects of WT-BM Transplantation
In eNOS�/� mice, WT-BM transplantation markedly im-
proved and almost normalized EDHF-mediated and endothe-
lium-dependent relaxations, whereas eNOS�/�-BM trans-
plantation was without the effects. We have previously
demonstrated that EDHF-mediated relaxations and hyperpo-
larizations of mesenteric arteries are markedly reduced (but
not absent) in eNOS�/� mice, where the remaining 2 NOSs
(nNOS and iNOS) play a compensatory role.10,20 It is known
that eNOS generates superoxide anions under normal conditions
from reductase domain, and only when pathologically uncou-
pled (eg, depletion of BH4 and/or L-arginine) it generates
superoxide anions from oxidase domain and that L-arginine
analogues inhibits the latter process alone.35 We have previously
reported that H2O2 as an EDHF is generated from reductase
domain of eNOS, which is not affected by L-arginine ana-
logues.20 Several studies have previously addressed the effects
of BM transplantation; eNOS�/�-BM transplantation to WT
mice was found to aggravate vascular lesions in a mouse model
of carotid artery ligation,36 BM-derived EPCs from eNOS�/�

mice showed reduced angiogenic effects compared with EPCs
from WT mice,37 and WT-BM transplantation to eNOS�/� mice
ameliorated cardiac fibrosis and capillary density in pressure
overload.38 Taken together with the present results, it is highly

possible that BM plays an important role in modulating micro-
vascular endothelial functions.

The mechanisms of differentiation of BM-derived EPCs have
been extensively investigated39,40; however, it has been recently
demonstrated that BM-derived cells do not differentiate into
vascular endothelial or smooth muscle cells in mice.27–30 In the
present study, we also were unable to observe the presence of
BM-derived cells in the vascular wall of eNOS�/� mice trans-
planted with GFP-positive BM or eNOS protein expression in
mesenteric arteries of eNOS�/� mice transplanted with WT-
BM. Furthermore, WT-BM transplantation did not improve
endothelial-dependent relaxations of the aorta from eNOS�/�

mice, although it markedly improved the responses of mesen-
teric arteries. Thus, we consider that the improvement of
endothelium-dependent relaxations of mesenteric artery from
eNOS�/� mice by WT-BM transplantation was mediated by
humoral factor(s) but not by differentiation of EPCs or other
BM-derived progenitor cells to endothelial cells.

Roles of Adiponectin
Adiponectin is an abundant plasma protein specifically se-
creted by adipocytes,41 playing an important role in the
regulation of glucose and lipid metabolism.42 The serum
levels of adiponectin are inversely correlated with the extent
of visceral fat.43 Moreover, hypoadiponectinemia is associ-
ated with reduced endothelium-dependent dilatation in both
diabetic and nondiabetic human subjects.44 We and others
showed that eNOS�/� mice had low serum levels of adi-
ponectin and hypertrophic visceral adipose cells.21,45 Interest-
ingly, in the present study, WT-BM transplantation to
eNOS�/� mice decreased the size of visceral adipose cells
and increased plasma levels of adiponectin, whereas WT-BM
transplantation had no effect on the adiponectin level in
control eNOS�/�/APN�/� or WT-BM eNOS�/�/APN�/�

mice. Furthermore, the F4/80 antigen, a marker for mature
mouse macrophages, was highly expressed in epididymal
white adipose tissue of eNOS�/� mice compared with WT
mice and WT-BM transplantation to eNOS�/� mice de-
creased these expressions. Obesity and metabolic syndrome
are associated with macrophage infiltration in adipose tis-
sue.46,47 Macrophage-specific expression of adiponectin sup-
presses the development of obesity and macrophage infiltra-
tion to adipose tissue and improved insulin sensitivity in
mice.48 Transgenic mice expressing monocyte chemoattrac-
tant protein-1 (MCP-1) in the adipose tissue exhibit enhanced
macrophage infiltration and insulin resistance, whereas in
MCP-1–deficient mice, macrophage accumulation in the
adipose tissue, insulin resistance, and hepatic steatosis are
improved associated with increased serum levels of adiponec-
tin.34 These results suggest the metabolic syndrome–like
phenotypes of eNOS�/� mice is caused by reduced adiponec-
tin levels and enhanced macrophage infiltration, both of
which are related to reduced eNOS functions.

Roles of nNOS
Adiponectin promotes phosphorylation of AMP-activated
protein kinase, protein kinase Akt/protein kinase B, and
eNOS in HUVEC in vitro.49 The eNOS expression in the
aorta from adiponectin�/� mice is decreased in vivo, whereas

Figure 8. Effect of adiponectin treatment on endothelium-
dependent relaxations in eNOS�/� mice. Intraperitoneal adi-
ponectin treatment improved EDHF-mediated relaxations of
mesenteric artery in eNOS�/� mice compared with PBS treat-
ment groups (A and B). On the other hand, it had no effect to
aorta (C and D).
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adenovirus-mediated delivery of adiponectin increases eNOS
expression in the aorta from KK-Ay mice (a mouse model for
type 2 diabetes) and adiponectin�/� mice.50 These results
indicate that adiponectin enhances eNOS expression and
activity. In the present study, nNOS expression in mesenteric
arteries was enhanced in eNOS�/� mice when transplanted
with WT-BM but not with eNOS�/�-BM. nNOS is usually
expressed in nerve tissues but is also constitutively expressed
in endothelial cells as is eNOS.51 Especially when expression
and activity of eNOS are reduced, nNOS (and iNOS) exerts
compensatory effects.52,53 Indeed, EDHF-mediated and endo-
thelium-dependent relaxations were totally absent only when
all 3 NOSs were deleted in mice.20

To confirm our hypothesis on the roles of adiponectin and
nNOS, we also performed experiments with eNOS�/�/
APN�/� mice and eNOS�/�/nNOS�/� mice. In both mice,
endothelium-dependent and EDHF-mediated relaxations of
mesenteric arteries were reduced compared with control
eNOS�/� mice. Importantly, unlike eNOS�/� mice, WT-BM
transplantation failed to improve EDHF-mediated relaxations
in those mice. Furthermore, the treatment with recombinant
adiponectin improved EDHF-mediated relaxations in
eNOS�/� mice as did WT-BM transplantation. In addition, in
eNOS�/�/APN�/� mice, WT-BM transplantation enhanced
relaxations mediated by vasodilator PGs. These results sug-
gest that both adiponectin-dependent and adiponectin-
independent mechanisms are involved in the effects of
WT-BM transplantation in eNOS�/� mice.

Although it remains to be examined whether adiponectin
also enhances the expression and activity of nNOS as in the
case of eNOS, it is conceivable that increased adiponectin
levels by WT-BM transplantation may upregulate nNOS in
the endothelium of mesenteric arteries from eNOS�/� mice,
enhancing endothelium-dependent and EDHF-mediated re-
laxations. Although the molecular mechanism of nNOS
upregulation by adiponectin remains to be elucidated, it is
conceivable that anti-inflammatory effects of adiponectin and
those of eNOS-derived H2O2/EDHF may be involved.

Study Limitations
Several limitations should be mentioned for the present study.
First, although we were able to elucidate the important roles
of adiponectin and nNOS in the beneficial effects of WT-BM
transplantation in eNOS�/� mice, the detailed molecular
mechanisms remain to be elucidated. Second, it remains to be
determined why WT-BM transplantation had no beneficial
effects on endothelial function of the aorta. Third, although
WT-BM transplantation improved EDHF-mediated relax-
ations in eNOS�/� mice, blood pressure was not improved.
Several possibilities should be considered to explain this
observation, including the limitation of tail-cuff method to
measure blood pressure and the partial improvement of the
responses as compared with genetic modulation.13 Fourth, in
the present study, WT-BM transplantation improved (almost
normalized) microvascular endothelial functions, glucose tol-
erance, lipid profiles, adiponectin levels, and macrophage
infiltration in the visceral adipose tissue, the cause-result
relationships among those changes remain to be established.
In addition, the background underlying these changes (eg,

renin-angiotensin system and oxidative stress) remains to be
examined.

Clinical Implications
The present study has important clinical implications.
eNOS�/� mice are characterized by the phenotypes resem-
bling metabolic syndrome in humans21,54,55 and thus could be
regarded as an animal model of atherosclerosis and metabolic
disorders. Since WT-BM transplantation almost normalized
microvascular endothelial and metabolic functions, the present
results suggest that BM function could be a new therapeutic
target of cardiovascular and metabolic disorders. It remains to be
examined in future studies what therapeutic options could
improve BM functions in atherosclerotic animals models as well
as patients with athero-metabolic disorders.

Conclusions
The present study provides the first evidence that BM plays
an important role in modulating microvascular endothelial
and metabolic functions, for which adiponectin and nNOS
may be involved.
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Novelty and Significance

What Is Known?

● The endothelium plays an important role in vascular homeostasis by
synthesizing and releasing vasodilator prostaglandins, nitric oxide,
and endothelium-derived hyperpolarizing factor (EDHF).

● Endothelial nitric oxide synthases (eNOS)-derived hydrogen peroxide
(H2O2) is a major source of EDHF in microvessels of animals and
humans.

● Several leukocyte populations contribute to the pathogenesis of
cardiovascular diseases.

What New Information Dose This Article Contribute?

● Transplantation of wild-type bone marrow to eNOS-deficient mice
improves endothelial vasodilator functions in small mesenteric
arteries that are mediated by EDHF/H2O2 derived from neuronal
NO synthase (nNOS).

● Wild-type bone marrow transplantation in eNOS-deficient mice
improves glucose intolerance and dyslipidemia.

● These beneficial effects of wild-type bone marrow transplantation are
mediated by adiponectin and nNOS as they are abolished in
eNOS/adiponectin-deficient or eNOS/nNOS-deficient mice.

The endothelium plays an important role in maintaining vascular
homeostasis by synthesizing and releasing endothelium-derived
relaxing factors, including vasodilator prostaglandins, NO, and
EDHF. The contribution of NO increases as the vessel size
becomes larger, and, conversely, that of EDHF increases as the
vessel size becomes smaller. Microvascular endothelial func-
tions are closely linked to cardiovascular and metabolic dis-
eases. In this study, we demonstrated that transplantation of
wild-type bone marrow equals enhanced EDHF-mediated endo-
thelial functions in eNOS-deficient mice through EDHF/H2O2

derived from nNOS. Moreover, transplantation of bone marrow
from wild-type mice also improved glucose intolerance and
dyslipidemia in eNOS-deficient mice. Importantly, the beneficial
effects of wild-type bone marrow transplantation were abolished
in eNOS/adiponectin- or eNOS/nNOS-deficient mice, indicating
important roles of adiponectin and nNOS. Thus, the present
findings provide new evidence that bone marrow plays an
important role in modulating microvascular endothelial and
metabolic functions in the organ network involving bone mar-
row, fat tissue, and blood vessels. We suggest that bone marrow
functions could be a new therapeutic target in management of
cardiovascular and metabolic disorders.
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Supplemental Materials 

 

 

Detailed Methods 

 

Animals and tissue preparation 

The present study was reviewed and approved by the Committee on Ethics of Animal Experiments of 

Tohoku University.  Male mice aged 8 weeks were used.  The eNOS
-/-

 mice were originally 

provided by P. Huang (Harvard Medical School, Boston, MA).  The eNOS
-/-

 mice were backcrossed 

to C57BL/6 mice over 10 generations.  Thus, C57BL/6 mice were used as a WT control.  We 

generated n/eNOS
-/-

 mice by crossing nNOS
-/-

 and eNOS
-/-

 mice, as previously reported 
1
.  

eNOS
-/-

/APN
-/-

 mice were generated by crossing eNOS
-/-

 and APN
-/-

 mice (Jackson Laboratory, Bar 

Harbor, ME, USA).  Systolic blood pressure was measured by tail-cuff method (MK-2000, 

Muromachi).  The animals were anesthetized with intraperitoneal pentobarbital (50 mg/kg), blood 

was collected from the heart using a plastic microsyringe, and small mesenteric arteries, aorta, and 

epididymal fat were excised to be used for the experiments. 

 

BM transplantation 

BM transplantation was performed as described previously 
2
.  Briefly, recipient mice were lethally 

irradiated and received an intravenous injection of 5x10
6
 donor BM cells suspended in Ca- and 

Mg-free phosphate-buffered saline (PBS) with 3 % fetal bovine serum (FBS).  After transplantation, 

the mice were placed on a regular chow diet for 6 weeks.  We generated GFP-positive WT and 

GFP-positive eNOS
-/-

 mice by crossing with transgenic mice ubiquitously expressing GFP 
3
.  The 

chimeric rate was assessed by reconstitution with GFP
+
 BM cells by FACS analysis (FACSCanto II; 

BD). 

 

Organ chamber experiments 

Experiments were performed in 37°C Krebs solution bubbled with 95% O2 and 5% CO2.  Isometric 

tension was recorded using isolated small mesenteric arteries (200-250 μm) and the aorta, as 

previously described 
4-7

.  Adventitia of arterial rings was carefully removed and rings were mounted 

and isometric tension was measured by a force transducer (Nihon Kohden Co).  Rings were 

precontracted with prostaglandin F2.  The contributions of vasodilator PGs, NO and EDHF to 

ACh-induced endothelium-dependent relaxation were determined by the inhibitory effect of 

indomethacin (10−
5
 mol/L), L-NNA (10−

4
 mol/L) in the presence of indomethacin, and a combination 

of 100 nmol/L charybdotoxin [an inhibitor of large- and intermediate-conductance calcium-activated 
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potassium (KCa) channels] and 1 μmol/L apamin (an inhibitor of small-conductance KCa channels) in 

the presence of indomethacin and L-NNA, respectively 
4-7

.  Endothelium-independent relaxations to 

SNP and NS1619 (an opener of KCa channels) were examined.  To examine the involvement of 

endothelium-derived H2O2 in the EDHF-mediated responses, the inhibitory effect of catalase, a 

specific scavenger of H2O2, was examined. 

 

Electrophysiological experiments 

The rings of small mesenteric arteries were placed in experimental chambers perfused with 37℃ 

Krebs solution containing indomethacin (10
-5

 mol/L) and L-NNA (10
-4

 mol/L) bubbled with 95% O2 

and 5% CO2.  A fine glass capillary microelectrode was impaled into the smooth muscle from the 

adventitial side of mesenteric arteries, and changes in membrane potentials produced by ACh were 

continuously recorded 
4-7

. 

 

Western blot analysis 

Aorta and all of the mesenteric tissues were homogenized and the proteins were extracted.  The same 

amount of extracted protein (10–20 μg) was loaded for SDS-PAGE immunoblot analysis and 

transferred to polyvinylidene difluoride (PVDF) membranes.  The membrane was immunoblotted 

with anti-eNOS (BD transduction Lab.), anti-nNOS (Zymed Laboratories) and anti-β-actin (Abcam).  

After incubating with HRP-conjugated anti-mouse or anti-rabbit IgG antibody, blots were visualized 

by the enhanced chemiluminescence system (ECL Western Blotting Detection kit, GE healthcare).  

Each band was normalized by corresponding value of β-actin as an internal control.  Densitometric 

analysis was performed by Image J (NIH) Software. 

 

Histological analysis 

Mesenteric arteries, aorta and adipose tissue were fixed for 24-30 hours at room temperature in zinc 

fixative (BD Pharmingen) and embedded in paraffin.  The sections were mounted on glass slides and 

depleted of paraffin with xylene.  After blocking of endogenous biotin and avidin binding sites, 

sections were subjected to immunohistochemical staining overnight at 4°C with an anti-F4/80 

monoclonal antibody (Abcam), anti-CD3 (Dako), and anti-Ly6G (R&D Systems).  Immune 

complexes were detected with biotinylated secondary antibodies, horseradish-peroxidase-conjugated 

streptavidin, and the peroxidase substrate diaminobenzidine.  After staining with hematoxylin, 

mounting solution and cover slips were added to the sections.  Slides were observed with a light 

microscope.  Macrophage infiltration in adipose tissue was quantified by calculating the ratio of 

nuclei of F4/80-positive cells to total nuclei in 20 fields 
8
. 
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Immunofluorescence staining 

Aorta and mesenteric arteries were fixed by immersion in solution of zinc fixative.  After washing in 

PBS containing sucrose, the vascular strips were embedded in OCT compound and cut into 6μm thick 

slices.  Anti-CD31 (BD Pharmingen), anti-eNOS (BD transduction Lab.), anti-nNOS 

(Santa Cruz Biotechnology) and Cy3 conjugated monoclonal anti-α-smooth muscle actin 

(Sigma-Aldrich) antibodies were applied and incubated overnight at 4°C, followed by incubation with 

secondary antibodies.  Cy3 conjugated anti-α-smooth muscle actin and Alexa Fluor 488 conjugated 

anti-GFP (Invitrogen) antibodies were applied and incubated 1 hour at room temperature.  Slides 

were viewed with a fluorescence microscopy (BIOREVO, Keyence). 

 

Flow cytometry analysis to assess EPC 

EPC numbers in peripheral blood were analysed as described 
9-11

.  Whole blood was lysed and after 

centrifugation (5 min, 400xg, RT), the supernatant was aspirated and the 

lysing/centrifugation/aspiration steps were repeated.  The cell pellet was resuspended in 

1%FBS/PBS.  After centrifugation (5min, 400xg, RT), cells were resuspended in 1% FBS/PBS with 

murine CD16/CD32 Fc Block (BD Pharmingen), incubated for 10 min on ice, followed by 30 min 

incubation on ice with FITC-conjugated anti-mouse stem cell antigen 1 (Sca-1) and Phycoerythrin 

(PE)-conjugated anti-mouse fetal-liver kinase 1 (Flk-1) antibodies (BD Pharmingen) or appropriate 

isotype control.  Cells resuspended in 1% FBS/PBS were analysed using a FACS analysis.  Based 

on forward and side scatter, blood mononuclear cells were gated electronically and displayed in a 

two-color dot plot.  Data were analysed using FACSDiva (BD Biosciences), and 50,000 events were 

counted per sample. 

 

Blood and plasma analysis 

Blood cell counts were determined using a multi-automatic blood cell counter for animals (MICROS 

LC-152, Horiba).  The plasma levels of lipids were analyzed with a high-performance liquid 

chromatography system by Skylight Biotech 
12

.  Plasma adiponectin levels were determined with an 

ELISA kit (Otsuka Pharmaceutical Co Ltd). 

 

Glucose tolerance tests 

For the glucose tolerance test, mice were fasted overnight.  Glucose (1 g/kg body weight) was 

injected intraperitoneally and blood was collected from the tail vein at different time points 
13

.  

Blood glucose test was carried out using Glutest-ace R (Sanwa Kagaku Kenkyusho Co). 

 

Drugs and Solution 
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Recombinant mouse adiponectin (500 μg/kg body weight; R&D systems) or PBS was 

intraperitoneally injected into male eNOS
-/-

 mice at the age of 13 weeks once daily for 7 days 
14, 15

.  

Organ chamber experiments were performed at 20 h after the last injection. 

The ionic composition of the Krebs solution was as follows (mmol/L): Na
+
 144, K

+
 5.9, Mg

2+
 1.2, 

Ca
2+

 2.5, H2PO4
-
 1.2, HCO3

-
 24, Cl

-
 129.7, and glucose 5.5.  ACh, NS1619, indomethacin, L-NNA, 

charybdotoxin and apamin were obtained from Sigma Chemical Co and SNP from Maruishi Seiyaku.  

Indomethacin was dissolved in 10
-2

 mol/L Na2CO3 and NS1619 in dimethyl sulfoxide.  Other drugs 

were dissolved in distilled water. 

 

 

Supplemental References 

 

1. Morishita T, Tsutsui M, Shimokawa H, Sabanai K, Tasaki H, Suda O, Nakata S, Tanimoto A, 

Wang K, Ueta Y. Nephrogenic diabetes insipidus in mice lacking all nitric oxide synthase 

isoforms. Proc Natl Acad Sci U S A. 2005;102:10616-10621 

2. Nakano M, Fukumoto Y, Satoh K, Ito Y, Kagaya Y, Ishii N, Sugamura K, Shimokawa H. 

Ox40 ligand plays an important role in the development of atherosclerosis through vasa 

vasorum neovascularization. Cardiovasc Res. 2010;88:539-546 

3. Okabe M, Ikawa M, Kominami K, Nakanishi T, Nishimune Y. Green mice'as a source of 

ubiquitous green cells. FEBS letters. 1997;407:313-319 

4. Morikawa K, Shimokawa H, Matoba T, Kubota H, Akaike T, Talukder MA, Hatanaka M, 

Fujiki T, Maeda H, Takahashi S, Takeshita A. Pivotal role of cu,zn-superoxide dismutase in 

endothelium-dependent hyperpolarization. J Clin Invest. 2003;112:1871-1879 

5. Hosoya M, Ohashi J, Sawada A, Takaki A, Shimokawa H. Combination therapy with 

olmesartan and azelnidipine improves edhf-mediated responses in diabetic apolipoprotein 

e-deficient mice. Circ J. 2010;74:798-806 

6. Matoba T, Shimokawa H, Nakashima M, Hirakawa Y, Mukai Y, Hirano K, Kanaide H, 

Takeshita A. Hydrogen peroxide is an endothelium-derived hyperpolarizing factor in mice. J 

Clin Invest. 2000;106:1521-1530 

7. Takaki A, Morikawa K, Tsutsui M, Murayama Y, Tekes E, Yamagishi H, Ohashi J, Yada T, 

Yanagihara N, Shimokawa H. Crucial role of nitric oxide synthases system in 

endothelium-dependent hyperpolarization in mice. J Exp Med. 2008;205:2053-2063 

8. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante Jr AW. Obesity is 

associated with macrophage accumulation in adipose tissue. J Clin Invest. 

2003;112:1796-1808 
 by guest on March 30, 2013http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


Nakajima et al. Page 5 

 

9. Krishnamurthy P, Thal M, Verma S, Hoxha E, Lambers E, Ramirez V, Qin G, Losordo D, 

Kishore R. Interleukin-10 deficiency impairs bone marrow-derived endothelial progenitor cell 

survival and function in ischemic myocardium. Circ Res. 2011;109:1280-1289 

10. Wheat LA, Haberzettl P, Hellmann J, Baba SP, Bertke M, Lee J, McCracken J, O'Toole TE, 

Bhatnagar A, Conklin DJ. Acrolein inhalation prevents vascular endothelial growth 

factor-induced mobilization of flk-1+/sca-1+ cells in mice. Arterioscler Thromb Vasc Biol. 

2011;31:1598-1606 

11. Kazakov A, Muller P, Jagoda P, Semenov A, Bohm M, Laufs U. Endothelial nitric oxide 

synthase of the bone marrow regulates myocardial hypertrophy, fibrosis, and angiogenesis. 

Cardiovasc Res. 2011 

12. Ishigaki Y, Katagiri H, Gao J, Yamada T, Imai J, Uno K, Hasegawa Y, Kaneko K, Ogihara T, 

Ishihara H. Impact of plasma oxidized low-density lipoprotein removal on atherosclerosis. 

Circulation. 2008;118:75-83 

13. Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K, Kitazawa R, Kitazawa S, Miyachi H, 

Maeda S, Egashira K, Kasuga M. Mcp-1 contributes to macrophage infiltration into adipose 

tissue, insulin resistance, and hepatic steatosis in obesity. J Clin Invest. 2006;116:1494-1505 

14. Higuchi A, Ohashi K, Kihara S, Walsh K, Ouchi N. Adiponectin suppresses pathological 

microvessel formation in retina through modulation of tumor necrosis factor-alpha expression. 

Circ Res. 2009;104:1058-1065 

15. Masaki T, Chiba S, Yasuda T, Tsubone T, Kakuma T, Shimomura I, Funahashi T, Matsuzawa 

Y, Yoshimatsu H. Peripheral, but not central, administration of adiponectin reduces visceral 

adiposity and upregulates the expression of uncoupling protein in agouti yellow (ay/a) obese 

mice. Diabetes. 2003;52:2266-2273 

 

 

 by guest on March 30, 2013http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


Nakajima et al. Page 6 

 

Supplemental Figures 
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Online Figure I.  Endothelium-dependent and -independent relaxations of mesenteric artery 

with or without endothelium in WT-BM eNOS
-/-

 mice.   

(A) Endothelium-dependent relaxations of mesenteric artery to ACh in the presence of indomethacin 

and L-NNA were abolished by endothelium removal.  (B) Endothelium-independent relaxations to 

SNP were comparable between with and without endothelium.  (+)Endothelium, indomethacin and 

L-NNA; (-)Endothelium, endothelium removal.  Results are expressed as means ± SEM. 
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Online Figure II.  Endothelium-dependent and -independent relaxations of WT mice with or 

without catalase.   

Endothelium-dependent relaxations of mesenteric artery to ACh (A) were inhibited by catalase, 

whereas catalase had no inhibitory effect in the aorta (B).  Endothelium-independent relaxations to 

SNP (C, D) were comparable regardless of the presence and absence of catalase in both arteries.  

Indo, indomethacin.  Results are expressed as means ± SEM.  
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Online Figure III.  Endothelium-independent relaxations of mesenteric arteries and the aorta.   

Endothelium-independent relaxations to NS1619 (a direct opener of KCa channel) (A) and sodium 

nitroprusside (SNP, an NO donor) (B) were comparable between eNOS
-/-

 mice transplanted with 

WT-BM and those with eNOS
-/-

-BM.  This was also the case for the aorta (C, D).  (A) Catalase had 

no effects on the responses.  Results are expressed as means ± SEM. 
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Online Figure IV.  Immunofluorescence staining of mesenteric arteries and the aorta in 

GFP
+
BM eNOS

-/- 
mice and immunohistochemical stainings for F4/80, CD3 and Ly6G. 

(A) GFP-positive BM derived cells (blue arrows) were noted in the adventitia of mesenteric artery, 

but not in endothelium, intima or media of mesenteric artery (left) and the aorta (right).  Red 

indicates α-smooth muscle actin, green GFP, blue DAPI.  (B) Immunohistochemical stainings with 

F4/80, CD3 and Ly6G were performed.  F4/80-positive cell (blue arrows) was noted in the adventitia.  

Bar, 25 μm. 
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Online Figure V.  Immunofluorescence staining of mesenteric arteries. 

(A) eNOS was not stained at all and CD31 was stained only in the endothelium in WT-BM eNOS
-/-

 

mice.  (B) nNOS was stained in all layer of mesenteric artery and co-localized with CD31.  (C) WT 

mice were stained with CD31 (eNOS as a positive control).  (D) eNOS
-/-

/nNOS
-/-

 mice were stained 

with CD31 (nNOS as a negative control).  Bar, 25 μm. 
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Online Figure VI.  FACS analysis for circulating Sca-1
+
/Flk-1

+
 EPC in WT, WT-BM eNOS

-/-
 

and eNOS
-/- 

-BM eNOS
-/- 

mice. 

(A) Representative dot plots of forward scatter (FSC) and side scatter (SSC) of circulating blood cells 

and a gate of mononuclear cells.  (B) Representative 2-color (Sca-1 and Flk-1) flow cytometry dot 

plots of mononuclear cells.  (C) There was no difference in the number of Sca-1+/Flk-1+ EPC 

among the 3 groups.  Results are expressed as means ± SEM. 
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Online Figure VII.  Endothelium-independent relaxations of mesenteric arteries from 

eNOS
-/-

/adiponectin
-/-

 mice.   

Endothelium-independent relaxation responses to NS1619 (A) and those to SNP (B) were comparable 

between control eNOS
-/-

/adiponectin
-/-

 mice and those transplanted with WT-BM.  Results are 

expressed as means ± SEM. 
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Online Figure VIII.  Endothelium-independent relaxations of mesenteric arteries from 

eNOS
-/-

/nNOS
-/-

 mice.   

Endothelium-independent relaxations to NS1619 (A) and SNP (B) were comparable between control 

eNOS
-/-

/nNOS
-/-

 mice and those transplanted with WT-BM.  Results are expressed as means ± SEM. 
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Online Figure IX.  Endothelium-independent relaxations of mesenteric arteries from 

adiponectin- or PBS-treated eNOS
-/-

 mice.   

Endothelium-independent relaxations to NS1619 (A) and SNP (B) were comparable between 

adiponectin-treated and PBS-treated groups.  Results are expressed as means ± SEM. 
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Supplemental Tables 

 

Online Table I.  Characteristics of the 4 Experimental Groups of Mice 

 

Groups Control WT 
Control 

eNOS
-/-

 

WT-BM 

eNOS
-/-

  

eNOS
-/-

-BM 

eNOS
-/-

  

BW (g)  week 0 (n=16~18) 23.2±0.3 25.6±0.6* 25.8±0.5* 25.5±0.5* 

week 6 (n=16~18) 27.2±0.7 28.8±0.7 26.7±0.5 27.3±0.6 

BP (mmHg) week 0 (n=7) 98±2 116±3* 115±5* 116±3* 

week 6 (n=7) 102±1 123±2* 123±4* 123±4* 

Blood cell counts     

WBC (x10
3
/mm

3
) (n=12) 7.4±0.7 12.6±0.5* 7.8±0.8 7.8±0.8 

RBC (x10
6
/mm

3
) (n=12) 10.2±0.3 12.4±0.2* 10.4±0.2

†
 11.4±0.1*

†
 

Hemoglobin (g/dl) (n=12) 15.1±0.2 17.6±0.1* 15.4±0.3
†
 16.5±0.2*

†
 

Platelets (x10
3
/mm

3
) (n=12) 90±6.6 65±1.8* 62±3.7* 58±2.5* 

Lipid levels     

Total cholesterol (mg/dl) (n=5~6) 61±2.5 115±3.8* 94±6.4*
†
 119±2.9* 

LDL cholesterol (mg/dl) (n=5~6) 6.8±0.7 12.8±1.2* 7.6±0.8
†
 10.1±0.8 

HDL cholesterol (mg/dl) (n=5~6) 53±2.0 97±4.2* 84±5.9* 107±2.6* 

Triglyceride (mg/dl) (n=5~6) 12±1.5 30±4.6* 18±2.7 21±4.3 

Results are expressed as mean ± SEM. 

WT, C57BL/6 mice; eNOS
-/-

, eNOS
-/- 

mice; Control, vehicle-injected; WT-BM eNOS
-/-

, eNOS
-/- 

mice 

transplanted with WT-BM; eNOS
-/-

-BM eNOS
-/-

, eNOS
-/- 

mice transplanted with eNOS
-/-

-BM.  

*P<0.05 vs. control WT, 
†
P<0.05 vs. control eNOS

-/-
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Online Table II.  Contractions of mesenteric artery to prostaglandin F2α in the 8 Experimental 

Groups of Mice 

 

 

 
Control Indo Indo + L-NNA 

Indo + L-NNA 

+ CTx + Apm 

Control WT (n=8) 438±43 337±39 354±32 388±50 

Control eNOS
-/-

 (n=7) 365±44 293±34 338±34 269±42 

WT-BM eNOS
-/-

 (n=8) 394±63 370±38 360±30 391±36 

eNOS
-/-

-BM eNOS
-/-

 (n=8) 408±38 389±32 326±26 379±52 

Control eNOS
-/-

/APN
-/-

 (n=3) 315±14 286±27 311±15 416±3 

WT-BM eNOS
-/-

/APN
-/
 (n=3) 290±62 338±14 347±58 317±18 

Control eNOS
-/-

/nNOS
-/-

 (n=5) 347±45 407±47 422±39 323±33 

WT-BM eNOS
-/-

/nNOS
-/-

 (n=5) 390±17 432±96 418±64 432±69 

Results are expressed as mean ± SEM and unit is mg. 

eNOS
-/-

/APN
-/-

, eNOS
-/-

/adiponectin
-/-

 mice; eNOS
-/-

/nNOS
-/-

, eNOS
-/-

/nNOS
-/- 

mice; WT-BM, 

transplanted with WT-BM; Indo, indomethacin; CTx, charybdotoxin; Apm, apamin. 
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