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Exosomes, abundant in blood, deliver various molecules to re-
cipient cells. Endothelial cells are directly exposed to circulating
substances. However, how endothelial cells respond to serum
exosomes (SExos) and the implications in diabetes-associated
vasculopathy have never been explored. In the present study,
we showed that SExos from diabetic db/db mice (db/db SExos)
were taken up by aortic endothelial cells, which severely impaired
endothelial function in nondiabetic db/m™ mice. The exosomal pro-
teins, rather than RNAs, mostly account for db/db SExos-induced
endothelial dysfunction. Comparative proteomics analysis showed
significant increase of arginase 1 in db/db SExos. Silence or over-
expression of arginase 1 confirmed its essential role in db/db
SExos-induced endothelial dysfunction. This study is a demonstra-
tion that SExos deliver arginase 1 protein to endothelial cells, rep-
resenting a cellular mechanism during development of diabetic
endothelial dysfunction. The results expand the scope of blood-
borne substances that monitor vascular homeostasis.

exosome | arginase 1 | endothelium | nitric oxide | diabetes

Exosomes are endosome-derived nanoscale membrane vesicles
released into the extracellular fluid compartment via exo-
cytosis (1). Exosomes are secreted by many cell types, including
B lymphocytes (2), T lymphocytes (3), epithelial cells (4), tumor
cells (5), and hepatocytes (6). A surge of research interest has
been recently directed to exosomes because exosomes transport
their encircled contents such as proteins, mRNA, and miRNAs
to recipient cells via bloodstream, representing a new commu-
nication route between cells (7). Through some of these func-
tional molecules, exosomes participate in a broad spectrum of
physiological and pathological processes, including immune re-
action (2), tumor metastasis (8, 9), neurodegeneration (10), in-
fectious disease (11), and cardiovascular disorder (12). Growing
evidence has revealed alterations of exosomal contents, mostly
miRNAs, in diabetes and obesity, indicating a pathogenic role of
such alterations (13, 14).

The development of cardiovascular complications in diabetes
is commonly initiated by endothelial dysfunction, although the
underlying mechanisms are still not fully understood. Most
studies have primarily emphasized the pathological involvement
of cytokines and chemokines, such as angiotensin II (15), oxidized-
LDL (16), and advanced glycation end products (17). However, it
has never been examined whether tissue-derived exosomes that
are present on the order of 10" exosomes/mL in human and ro-
dent blood (12, 18) carry yet-to-be-defined substances to partici-
pate in diabetes-related endothelial dysfunction. Endothelial cells
are the known recipient cells for exogenous exosomes. Mouse
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endothelial cells can be stimulated to express endothelial growth
factors upon taking up A431 human carcinoma cell-derived exo-
somes (19). Endothelial cells are in direct and constant contact
with autologous serum exosomes (SExos), raising the possibility
that endothelial cells upon taking up SExos might evoke a
functional response. Therefore, we hypothesize that SExos de-
liver exosomal molecules to endothelial cells, and SExos are
involved in development of endothelial dysfunction in diabetes
and obesity.

The present study demonstrates that autologous SExos were
able to cross into endothelial cells. We purified and character-
ized exosomes from the serum of diabetic db/db mice and ob-
served that these SExos entered endothelial cells of intact aortas
and profoundly impaired endothelium-dependent relaxations in
aortas of nondiabetic db/m* mice. Further investigation reveals
that exosomal arginase 1 (Argl, an enzyme that reduces the
availability of vr-arginine, which is the substrate for eNOS-
mediated NO production in endothelium) was most likely to be
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the mediator, as the vaso-harmful effect of db/db SExos was
markedly diminished following Argl silencing. The present study
unravels a cellular mechanism by which diabetic mouse SExos
induce endothelial dysfunction through delivering exosomal Argl
to reduce NO bioavailability in endothelial cells in obese and
diabetic mice.

Results

Characterization of SExos and Their Incorporation into Endothelial
Cells of db/m* Mouse Aortas. SExos from db/m™* mice were iso-
lated from serum by ultracentrifugation and visualized by trans-
mission electron microscopy after negative staining. Most of the
SExos appeared intact with diameters less than 100 nm (Fig. 14),
consistent with the proposed size for exosomes (40-100 nm in
diameter) (20). To characterize the properties of SExos, real-time
assessment was performed by Delta Nano C particle analyzer
(Beckman—Coulter). The size of SExos was 75.0 = 37.9 nm
(mean + SD) (Fig. 1B). Western-blotting analysis showed intense
CD63 and CD81 (exosome markers) signals in the exosomal
fraction but not in the whole serum or in the supernatant without

exosomes (Fig. 1C). Moreover, 77.5% SExo proteins identified
by mass spectrum were recorded in ExoCarta protein database
(81 Appendix, Table S1), suggesting a high purity of the isolated
SExos. Immunofluorescence results showed that PKH67-stained
db/m™ mouse SExos were incorporated into mouse aortic en-
dothelial cells, which increased with prolonged incubation time
(Fig. 1D). It is reported that such incorporation always occurs
through forming multivesicular endosomes (21), and indeed we
observed that SExos colocalized with intracellular endosome
marker Rab5 in primary mouse aortic endothelial cells (SI
Appendix, Fig. S1), indicating that SExos are likely to have
entered endothelial cell rather than simple adhesion to the
cell surface.

SExos from Diabetic Mice Impaired Endothelial Function in Nondiabetic
Mouse Conduit and Resistance Arteries. First, we determined the
concentration of SExos from db/db mice and diabetic patients to-
gether with their metabolic indexes (SI Appendix, Fig. S2 and Table
S2). The concentration of SExos from db/db mice or diabetic pa-
tients was higher compared with respective nondiabetic controls
(Fig. 2 A and B). Forty-eight-hour incubation of db/m* mouse
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Fig. 1. SExos isolated from db/m™ serum and absorbed
by aortic endothelial cells. (A) Electron microscopic
30 min image of whole-mounted exosomes purified from
db/m™ SExo. (Bar,100 nm.) (B) The size of SExos was
analyzed by Delta Nano C particle analyzer. (C)
Different serum protein fractions were processed
. for Western-blotting assay with indicated exosome
60 min marker antibodies against CD63 and CD81. Silver
staining showed the protein-loading amount and
protein profile of each sample. (D) The en face confocal
. microscopic images showed uptake of SExos by db/m™
120 min mouse aortic endothelial cells in a time-dependent
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manner. Nuclei stained by DAPI in blue and SExos
stained by PKH67 in green. (Bar, 20 pm.)
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mesenteric arteries. (F) EDRs in the aortas of db/m™
mice were impaired 2 d after tail vein injection of db/
db SExos. (G) Heparin (0.3 pg/mL, 48 h) inhibited the
uptake of db/db SExos by db/m* mouse aortic endo-
* thelial cells. Nuclei stained with DAPI in blue and SExo
stained with PKH67 in green. (Bar, 20 pm.) (H) Heparin
(0.3 pg/mL, 48 h) ameliorated endothelial dysfunction
induced by db/db SExos. Results are means + SEM (n =
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Heparin
(0.3 pg/ml)
aortas with db/db mouse serum (serum from 1 mL of blood
added with exosome-free DMEM to make up a final volume
of 1 mL) severely inhibited acetylcholine-induced endothelium-
dependent relaxations (EDRs), whereas exosome-free serum did
not produce such harmful effects (Fig. 2C), suggesting that exo-
somes from db/db mouse serum can impair endothelial function.
Indeed, exposure of db/m™ mouse aortas to db/db SExos (exosomes
prepared from 1 mL of blood suspended in 1 mL of exosome-free
culture medium) attenuated EDRs (Fig. 2D) in both time- and
dosage-dependent manner (S Appendix, Fig. S3 A-D). Likewise,
db/db SExos also impaired flow-mediated dilatation (FMD) in re-
sistance mesenteric arteries from db/m* mice (Fig. 2E and SI Ap-
pendix, Fig. S3 E-G). By contrast, SExos from db/m* mice did not
affect EDRs or FMD in db/m™ mouse arteries (Fig. 2 D and E). In
addition, SExos from db/m™* mice did not affect EDRs in db/db
mouse aortas (SI Appendix, Fig. S3H). Next, SExos from db/m™
mice or db/db mice were injected into db/m ™ mice via tail vein. Two
days after injection, the aortas of db/m™* mice receiving db/db SExos
showed impaired EDRs compared with those receiving db/m*
SExos (Fig. 2F). Importantly, exosomes from diabetic patients, but
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ACh (log mol/L)

4-5). *P < 0.05 vs. db/m* (A), nondiabetes (B), db/m™
serum (C), db/m™ mouse SExo (E and F), or db/db mouse
SExo (H).

7 6 -5

not healthy subjects, also impaired EDRs in db/m™ mouse aortas in a
time-dependent manner (SI Appendix, Fig. S4). Heparin was
reported to block absorption of exosomes by recipient cells (22).
Treatment with heparin (0.3 pg/mL) inhibited the SExos uptake
by endothelial cells (Fig. 2G) and reversed db/db SExos-impaired
EDRs in db/m™ mouse aortas (Fig. 2H). Taken together, these
results clearly indicate that exosomes, or most likely the sub-
stances they carried, from diabetic mouse serum impaired en-
dothelial function.

Exosomal Proteins Played a Pivotal Role in db/db SExos-Induced
Impairment of Endothelial Function. To identify whether proteins
or RNAs are responsible for the db/db SExos-induced endothe-
lial dysfunction, a series of treatments was designed (Fig. 34).
The transmission electron microscopic images showed that intact
exosomes were loosened, ruptured, and aggregated following a
freeze-thaw cycle procedure (Fig. 3B). The results of silver
staining showed similar profiles between the following treat-
ments: Boil+RNase and Boil (exosomal proteins were inacti-
vated by 100 °C heating); RNase+Proteinase and Proteinase

PNAS | vol. 115 | no.29 | E6929
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(most of the exosomal proteins were degraded by 0.5 mg/mL of
proteinase at 37 °C for 120 min); and RNase and 37 °C (intact
exosomal protein profile without treatment of 100 °C heating
and proteinase) (Fig. 3C). Some previously reported exosomal
miRNAs were chosen as representatives of the RNA fraction
and detected by real-time PCR. The miRNAs in the ruptured
SExos were successfully degraded by RNase A (Fig. 3D). We
next examined which above described preparations retained
the ability to impair EDRs in db/m™* mouse aortas. The results
showed that only the RNase- and 37 °C-treated samples im-
paired EDRs to a comparable degree as did db/db SExos, while
the other four preparations (free of active proteins) did not
affect EDRs (Fig. 3E), suggesting that SExos-induced EDR
impairment was most likely attributed to exosomal proteins,
but less likely to RNAs. Nevertheless, we cannot completely
exclude the possible physiological role of SExo RNAs under
the in vivo situation, which may not be recapitulated by the
above described ex vivo treatment with different exosomal
fractions. In addition, SExo-free medium that underwent var-
ious treatments (boiling, RNase A plus RNase A inhibitor or
proteinase) did not affect EDRs in db/m™ mouse aortas (SI
Appendix, Fig. S5).

E6930 | www.pnas.org/cgi/doi/10.1073/pnas.1721521115

and RNase fraction contains proteins and trace
RNAs. Results are means + SEM (n = 4). *P < 0.05 vs.
db/m* SExo.
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Elevated Arg1 Level in db/db Mouse SExos Mediated db/db SExo-
Induced Endothelial Dysfunction and Exosomal Arg1 Reduced NO
Production in Endothelial Cells. To identify the responsible protein(s),
we performed a comparative proteomics analysis. Twenty-eight
proteins were found to be altered in db/db SExos compared with
db/m* SExos, with 17 proteins down-regulated and 11 proteins up-
regulated (SI Appendix, Table S3). Consistently, Western-blotting
results showed that the levels of arginase 1 (Argl), apolipoprotein
A-II, and apolipoprotein C-1II were elevated, whereas the amount
of clusterin was reduced in db/db SExos compared with db/m*
SExos (Fig. 44 and SI Appendix, Fig. S6 A-D). Of note, SExos
Argl in diabetic patients was also higher than that in healthy
subjects (Fig. 4B and SI Appendix, Fig. S6F), whereas the level of
CD63 was similar between the two groups (Fig. 4 A and B and SI
Appendix, Fig. S6 E and G). Western blotting also showed that
Argl was mainly enriched in SExos rather than other components
of serum (SI Appendix, Fig. S7), and the levels of Argl in db/db
serum and SExos were significantly higher than those in db/m™
serum and SExos, respectively (SI Appendix, Fig. S7 A-C). Fur-
thermore, Argl activity was significantly higher in db/db SExos
compared with db/m* SExos (Fig. 4C). Arginase converts arginine
to ornithine and thereby decreases NO production (23) and affects
endothelial function (24-28). Hence, exosomal Argl was selected

Zhang et al.
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as our target molecule for further investigation. We found that db/
db SExos-induced impairment of EDRs was inhibited by arginase
inhibitor S-(2-boronoethyl)-l-cysteine (BCE, 100 pumol/L) (Fig.
4D), suggesting that the exosomal source of Argl is most likely
to mediate db/db SExos-induced endothelial dysfunction.
Meanwhile, BCE alone (100 umol/L, 24 h) did not affect EDRs
in db/m* mouse aortas (SI Appendix, Fig. S8). Next, we pre-
pared the Argl-overexpressing adeno-associated virus (AAV)
construct (Argl OE) (SI Appendix, Fig. S94). Ex vivo 48-h
transduction of Argl OE dose-dependently reduced EDRs in
db/m™ mouse aortas (SI Appendix, Fig. S104), and this effect
was reversed by BCE (100 pmol/L, added 24 h after transduction)
(SI Appendix, Fig. S10B). Moreover, Argl overexpression sup-
pressed A23187-stimulated NO generation in human umbilical
vein endothelial cells (HUVECs), and these effects were reversed
by cotreatment with BCE or L-arginine (300 pmol/L, the substrate
for both nitric oxide synthase and arginases) (S Appendix, Figs.
S10C and S114).

Twenty-four-hour treatment with db/db SExos increased Argl
protein content in HUVECs, which was inhibited by heparin

Zhang et al.
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(Fig. 4FE). However, Argl mRNA was not changed by exosome
treatment (SI Appendix, Fig. S10D). Furthermore, arginine con-
centration in db/db SExos-treated endothelial cells was signifi-
cantly decreased, while ornithine concentration was increased
correspondingly (Fig. 4F). These results suggest that Argl plays a
functional role upon being taken up by endothelial cells. Con-
sistently, db/db SExos exposure (48 h) suppressed A23187-
stimulated NO generation in HUVECs, which were reversed by
cotreatment with BCE, L-arginine (300 pmol/L), or heparin
(0.3 pg/mL) (Fig. 4G and SI Appendix, Fig. S11B).

Exosomes Were the Major Source for the Elevated Arg1 Content in
db/db Mouse Endothelial Cells. Argl signal was more intense in db/
db mouse endothelium compared with the barely visible signal in
db/m™ mouse endothelium as shown by en face immunofluores-
cence staining (Fig. 54), whereas arginase 2 (Arg2) was equally
expressed (SI Appendix, Fig. S124). Next, qPCR analysis showed
that Argl mRNA was extremely low in endothelial cells isolated
from both db/db and db/m™* mouse aortas (Fig. 5B). The identity
of endothelial cells was confirmed by the high mRNA level of the
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(B) qPCR analysis showed the mRNA expression levels
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level of Arg1 was determined using antisense probe
and indicated by the intensity of blue color. Sense
probe of Arg1 mRNA was used as the negative con-
trol. The images in the rightmost column were fluo-
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the locations of aortic endothelial cells. (Bar, 50 pm.)
(D) GW4869 (1 mg/kg/d), a well-known agent for pre-

-9

db/m* aorta (ex vivo)

501 < db/m*sEx

db/db SExo

-»- Control shRNA

-Il- Arg1lshRN5 . ,

9 8 -7 -6 -5
ACh (log mol/L)

Relaxation T
(% Phe tone)

endothelial cell marker VE-cadherin and the extremely low
mRNA level of the vascular smooth muscle marker a-SMA (S
Appendix, Fig. S12B). Furthermore, in situ hybridization showed
that Argl mRNA was undetectable in the endothelium in either
db/m* or db/db mouse (Fig. 5C).

Next, db/db mice were treated with neutral sphingomyelinase
inhibitor GW4869 (a widely used agent to inhibit exosome release)
for 2 wk. As expected, the amount of serum exosomes was reduced
significantly (SI Appendix, Fig. S13). Intriguingly, endothelial Argl
protein expression also decreased dramatically (Fig. 5D), suggest-
ing that endothelial Argl signals are mainly from SExos.

Furthermore, Argl shRNA expressing AAV (Argl shRNA) (57
Appendix, Fig. S9B) did not rescue EDRSs in db/db mouse aortas
(Fig. 5E). This result further supports the exogenous origin of in-
creased Argl in db/db mouse endothelium. Otherwise, Argl sShRNA
should improve endothelial function ex vivo if Argl were produced

E6932 | www.pnas.org/cgi/doi/10.1073/pnas.1721521115

ACh (log mol/L)

venting exosome release, was intraperitoneally in-
jected into db/db mice for 2 wk, and Arg1 in aortic
endothelial cells was detected by immunofluorescence.
(Left) The aorta from db/db mice. (Right) The aorta
from GWA4869-treated db/db mice. Red, Arg1l; blue,
nucleus; green, elastic fibers. White arrows pointed the
location of endothelial cells. (Bar, 10 pm.) (E) Ex vivo
knockdown of Arg1 by Arg1 shRNA did not rescue
endothelial function in db/db mouse aortas. (F) Lack of
the effect of Arg1 shRNA on db/db SExos-induced en-
dothelial dysfunction. Results are means + SEM (n = 4).
*P < 0.05 vs. db/m™ SExos.

7 6 5

in endothelial cells. Similarly, Argl shRNA did not improve EDRs
in db/db SExos-treated db/m* mouse aortas (Fig. 5F).

Arg1 Knockdown in Vivo Restored Endothelial Functions in db/db
Mice. Seven days after tail i.v. administration of Argl shRNA
(108 pfu) to db/db mice, the Argl protein level was decreased in db/
db aortic endothelium (en face immunofluorescence staining) and
liver compared with control shRNA group (Fig. 64 and SI Ap-
pendix, Fig. S154), while Arg2 expression was unaltered (SI Ap-
pendix, Fig. S15B). Vascular functional analysis showed markedly
improved EDRs in aortas and FMD in mesenteric arteries (Fig. 6
B and C) and increased nitrite generation in aortas challenged by
1 pmol/L ACh in Argl shRNA-treated db/db mice (Fig. 6D). In
addition, fasting plasma glucose and insulin sensitivity were not
affected in these mice (SI Appendix, Fig. S15C). More importantly,
SExos prepared from Argl shRNA-treated db/db mice have
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decreased Argl protein content (Fig. 6E and SI Appendix, Fig. S144),
and these SExos no longer impaired endothelial function ex vivo in
db/m* mouse aortas (Fig. 6F), although they were still absorbed by
endothelial cells (SI Appendix, Fig. S15D). It is intriguing to note
that the preserved EDRs in the aortas of Argl shRNA-treated db/
db mice were impaired again upon exposure to SExos from non-
treated db/db mice (SI Appendix, Fig. S1SE). Just like db/db SExos,
SExos prepared from diet-induced obese (DIO) mice also con-
tained an elevated level of Argl (SI Appendix, Fig. S16A4). Again,
silencing Argl by Argl shRNA in vivo reduced serum exosomal
Argl content and rescued the impaired EDRs in DIO mouse
aortas (SI Appendix, Fig. S16 B and C).

In Vivo Arg1 Overexpression Led to Endothelial Dysfunction in db/m™
Mice. En face immunofluorescence staining showed an increased
protein content for Argl in SExos and liver 7 d following tail iv.
injection of Argl OE (10° pfu) to db/m™ mice (Fig. 74 and SI Ap-
pendix, Fig. S174). By contrast, the protein expression of Arg2 was
not changed in the same preparations (SI Appendix, Fig. S17B). Argl
OE attenuated EDRs in db/m™ mouse aortas, which was reversed by
L-arginine treatment (300 pmol/L) (Fig. 7B). In addition, Argl OE
reduced FMD in db/m™ mouse mesenteric arteries (Fig. 7C) and
lowered the nitrite content in db/m* mouse aortas (Fig. 7D). As
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expected, Western-blotting analysis showed an increased protein
content of Argl in SExos from Argl OE-treated mice (Fig. 7E and S
Appendix, Fig. S14B), and these SExos impaired EDRs in nontreated
db/m* mouse aortas after being taken up by endothelial cells; the
effects were reduced by the arginase inhibitor BCE (100 pmol/L) or
by the exosome absorption inhibitor heparin (0.3 pg/mL) (Fig. 7F and
SI Appendix, Fig. S17C). Importantly, myc-tagged Argl was detected
by en face staining in endothelial cells of nontreated db/m* mouse
aortas after incubation with SExos isolated from Argl OE-treated
mice, again demonstrating that exosomal Argl was able to be de-
livered to recipient endothelial cells (S Appendix, Fig. S17D).

Discussion

This study highlights the role of serum exosomes as a blood-
borne regulator of vascular function and pinpoints Argl as a
critical exosomal component that participates in endothelial
dysfunction in diabetic and obese mice after its delivery to en-
dothelial cells (Fig. 7G).

Exosomes are defined as microvesicles of 40-100 nm in di-
ameter. To evaluate the purity of SExos we isolated, a combina-
tion of methods was employed, including transmission electron
microscopy (TEM), Nano C particle analyzer, mass spectrum, and
Western blotting. The size distribution (75.0 +37.9 nm) and the
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(n = 4-5). *P < 0.05 vs. control. (G) The proposed role of SExos in diabetes-associated endothelial dysfunction. db/db mouse serum exosomes are absorbed by
endothelial cells and subsequently impair endothelium-dependent relaxations through inhibiting NO generation via transfer of exosomal Arg1 (probably

delivered mainly from liver) to endothelial cells.

enrichment of the tetraspanins CD63 and CDSI1 in isolated vesi-
cles concurs with the criteria for defining exosomes (1). About
77.5% of the serum exosomal proteins identified by mass spec-
trum are documented in the ExoCarta protein database (29),
suggesting that the vesicle population we isolated from mouse
serum shares exosome-like characteristics.

Exosomes, previously thought to be merely cell debris, have
attracted increasing attention in recent years as a novel mecha-
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nism for cell-to-cell communication (20). In the present study,
autologous SExos isolated from mice were taken up by the
mouse aortic endothelium ex vivo in a time-dependent manner.
We further demonstrated that db/db mouse SExos attenuated
EDRs in db/m* mouse aortas. Of note, SExos isolated from di-
abetic patients also impaired EDRs in db/m* mouse aortas,
suggesting that human SExos have a similar property to alter
endothelial function as SExos from db/db mice.
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To identify whether proteins or miRNAs mediate the effect of
exosomes, db/db SExos were treated with proteinase or RNase A
to remove proteins or miRNAs, respectively. We observed that
only the protein fraction participated in db/db SExo-induced
endothelial dysfunction. The comparative proteomics analysis
assisted us to focus on Argl among a total of 28 proteins with
altered levels in db/db SExos because arginase is the critical
enzyme regulating the turnover of L-arginine, the substrate for
endothelial NOS-mediated NO production in endothelial cells.
Meanwhile, Argl triggers the generation of reactive oxygen
species (30). Besides, increased expression and activity of Argl
were reported in the serum of diabetic patients, implying a po-
tential value of serum Argl as a prognostic or diagnostic marker
for diabetic vasculopathy (31, 32). More importantly, we found
that the Argl content in SExos was increased in diabetic patients
compared with SExos from healthy subjects. Based on the clin-
ical background and our observations, we hypothesized that
exosomal Argl contributed to db/db SExo-induced endothelial
dysfunction. We therefore constructed Argl-silencing virus
(Argl shRNA) and Argl-overexpressing virus (Argl OE) to
validate the critical role of Argl. First, knocking down Argl via
in vivo viral transduction lowered the content of serum exosomal
Argl, reduced Argl level in native aortic endothelial cells, and
restored EDRs in conduit aortas and FMD in resistance arteries
in db/db mice. Importantly, SExos from Argl shRNA-transduced
db/db mice no longer impaired endothelial function in db/m™
mouse aortas. Second, overexpression of Argl by Argl OE in
db/m™ mice elevated Argl levels in both SExos and native en-
dothelial cells and impaired endothelial function in db/m™ mouse
arteries to a similar degree as that in db/db mouse arteries.
Furthermore, similar to db/db SExos, SExos from Argl OE-
transduced db/m™ mice were able to impair EDRs in control
mice. Treatment with Argl OE or db/db SExos decreased the
capacity of HUVECsS to generate NO in response to A23187, and
this effect was reversed by cotreatment with either L-arginine or
arginase inhibitor BCE.

Previous Western-blotting and immunochemistry analysis
showed that Argl protein could be detected in vascular endo-
thelium of bovine coronary artery (33) and rat aorta (34), but not
in HUVEC:S (35). Our qPCR results showed little expression of
endogenous Argl mRNA in HUVECs and MAECs. In contrast,
substantial expression of Argl mRNA was detected in bovine or
porcine endothelial cells and rat aortic endothelial cells (S/
Appendix, Fig. S18), which is consistent with the previously
published data (33-36). These results clearly suggest differential
endogenous expression levels of Argl in endothelial cells from
different species. Our results showed that mRNA expression of
endogenous Argl was virtually undetectable in mouse aortic
endothelial cells by gPCR and in situ hybridization, whereas
Argl protein was detected by immunofluorescence, suggesting
that most of Argl protein in endothelial cells is likely to be ex-
ogenous at least in mouse endothelial cells. Functional study
showed that ex vivo Argl shRNA treatment cannot rescue the
impaired EDRs in aortas from diabetic mice, whereas SExos
from Argl shRNA-treated db/db mice fail to impair EDRs in
nondiabetic mouse aortas, further confirming the foreign origin
of Argl protein detected in mouse endothelial cells. Based on a
previous study (37) and our present results (SI Appendix, Fig.
S19), liver is probably the main tissue that expresses Argl, and
Argl can be detected in exosomes secreted by hepatocytes (6).
These results indicate that Argl-containing exosomes are prob-
ably mainly from liver, as indicated in a recent report on extra-
cellular vesicles released by cultured rat primary hepatocytes
(38). In addition, we also observed a moderate expression of
Argl in mouse lung and spleen. Unless new reliable methods are
developed, it remains difficult to sort out the precise origin(s) of
serum exosomal Argl.

Due to technical constraints, serum proteins, other particles
(such as HDL), or protein aggregates may still be present in our
exosomal preparations. We cannot exclude the possible in-
volvement of a nonexosomal source of Argl, albeit to a lesser
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degree. Because the detailed mechanism underlying secretion
and uptake of circulating exosomes is largely unknown, no spe-
cific tools are at present available to inhibit exosome release or
uptake. Heparin is reported as a general inhibitor for exosome
uptake, and here we used heparin to inhibit SExo uptake by
endothelial cells in ex vivo and in vitro studies. Nevertheless, new
specific interfering tools and more rigorous studies are required
to further explore the clinical relevance of SExos in development
of diabetic vasculopathy. In addition, the present study cannot
discount the possibility that other exosomal proteins with altered
levels, such as apolipoprotein C-III, might play a minor role in
db/db SExos-induced impairment of endothelial function, which
requires future examination.

In summary, here we report a detailed study revealing that
SExos contain functional Argl that is deliverable to endothelial
cells to inhibit NO production and thus impair endothelial
function. We demonstrate that serum exosomal Argl is elevated
in db/db mice and in diabetic patients, which is critically involved
in endothelial dysfunction under diabetic and obese conditions.
The present study unravels, with potential clinical relevance, the
previously undefined importance of SExos in the regulation of
endothelial function and vascular homeostasis. This novel cell-
to-cell communication mechanism may also contribute to vas-
cular dysfunction under various pathogeneses such as hyperten-
sion and hyperlipidemia, which warrants further investigation.

Materials and Methods

SI Appendix includes the details of the materials and methods used in the
present study.

Experimental Animals. All animal protocols were approved by the Chinese
University of Hong Kong Animal Experimentation Ethics Committee and are in
compliance with the Guide for the Care and Use of Laboratory Animals (39).

Human Blood Samples. The study design was approved by the Chinese Uni-
versity of Hong Kong-New Territories East Cluster Clinical Research Ethics
Committee (CREC Ref. No. 2013.304) and by the Beijing Anzhen Hospital
Medical Ethics Committee (No. 2017005). Written informed consent was
obtained from all participants.

SExos Isolation and Identification. SExos were isolated as reported (40) and
assessed by transmission electron microscopy (TEM) and Delsa Nano C par-
ticle analyzer (Beckman-Coulter).

Western Blotting. Protein samples were separated on SDS/PAGE, transferred
to a PVDF membrane, and then incubated with indicated antibodies and
detected by ECL system.

Fluorescent Labeling of SExos and Confocal Microscopy. Mouse SExos were
labeled with the fluorescent dye PKH67 (Sigma) and resuspended in exosome
free-culture medium in which mouse aortas were submerged. The aortas
were hereafter cut open and visualized under confocal microscope (FV1000;
Olympus).

Vascular Functional Study. Mouse aortas were dissected out and suspended in
wire myograph (Danish Myo Technology) to record isometric force. Second-
order resistance mesenteric arteries were cannulated onto pressure myo-
graph to measure flow-mediated dilatation (41).

Detection of mRNAs in Endothelial Cells or microRNAs in SExos. The endo-
thelial cell RNAs were isolated using RNeasy mini kit (QIAGEN), and mRNA
expression for VE-cadherin, a-SMA, arginase 1, arginase 2, and GAPDH were
detected by gPCR. SExo miRNA was extracted using mirVana miRNA Iso-
lation Kit (Ambion), and miRNA expression levels were determined by Ap-
plied Biosystems Tagman miRNA Assay system (42).

Protein Digestion, iTRAQ Labeling, LC-MS/MS Analysis, Protein Identification,
and Quantification Analysis. The samples for iTRAQ quantitative analysis were
prepared according to the iTRAQ Reagents Protocol (Applied Biosystems). The
labeled proteins were analyzed by nanoLC-MS/MS using a Q Exactive equipped
with an Easyn-LC 1000 HPLC system (Thermo Scientific). The raw data and
protein quantification were analyzed with Proteome Discovery version 1.4. The
fold-change threshold for up- or down-regulation was set as mean + 1.960c.
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AAV Construction. Mouse arginase 1 was PCR-amplified from the pcDNA3.1-
mArg1-Flag (a gift from Peter Murray, St. Jude Children’s Research Hospital,
Memphis, TN, Addgene plasmid #34574) and subcloned into pAAV-MCS
(Clontech) to generate pAAV-mArg1. Mouse arginase 1 (Arg1) shRNA se-
quence was cloned into the pAAV-ZsGreen-shRNA (YRGene) shuttle vector to
construct pAAV-Arg1 shRNA plasmid. Adeno-associated viral particles were
harvested (43).

Arginine and Ornithine Detection by LC-MS/MS. H5V cells (endothelial cell line)
treated with SExos for 48 h and then arginine and ornithine level were
analyzed on Ultimate 3000 rapid separation liquid chromatography coupled
with TSQ Quantiva triple quadrupole mass spectrometry (MS). The MS pa-
rameters of Quantiva were described (44).

In Situ Hybridization. In situ hybridization was performed as previously de-
scribed (45). Briefly, an Arg1 fragment was cloned into pGEM-T Easy vector
sense and antisense probes were then generated. Cryostat sections were
acetylated, permeated, prehybridized, and then incubated in hybridization
buffer probes at 55 °C overnight. The sections were blocked and incubated
with anti-DIG-alkaline phosphatase antibody (1:2,000) (ab119345; Abcam) in
blocking buffer at 4 °C overnight. The sections then were incubated with
alkaline phosphatase substrates NBT/BCIP (1383221/1383213; Roche) for
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appropriate time to develop the Arg1 mRNA signal. The images were cap-
tured by Spot digital camera and Leica AS LMD microscope.

Measurement of Nitrite and NO. Nitrite level in mouse aortas was measured
using a Griess reagent kit (Molecular Probes). The results were presented
relative to protein content. For NO measurement, human umbilical vein
endothelial cells (HUVECs; Lonza) were incubated in NO-sensitive fluorescent
dye 4-amino-5-methylamino-2,7'-difluorofluorescein diacetate, and NO
production was detected under a FV1000 confocal microscope (Olympus).

Statistics. Results represent means + SEM of n separate experiments. Stu-
dent'’s t test (two-tailed) was used when two groups were compared. One-
way ANOVA followed by the Bonferroni post hoc test was used when more
than two treatments were compared.
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