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Aims Arginase II (ArgII) plays a key role in the regulation of Ca2þ between the cytosol and mitochondria in a p32-depen-
dent manner. p32 contributes to endothelial nitric oxide synthase (eNOS) activation through the Ca2þ/CaMKII/
AMPK/p38MAPK/Akt signalling cascade. Therefore, we investigated a novel function of ArgII in the regulation of
p32 stability.

....................................................................................................................................................................................................
Methods
and results

mRNA levels were measured by quantitative reverse transcription-PCR, and protein levels and activation were con-
firmed by western blot analysis. Ca2þ concentrations were measured by FACS analysis and a vascular tension assay
was performed. ArgII bound to p32, and ArgII protein knockdown using siArgII facilitated the ubiquitin-dependent
proteasomal degradation of p32. b-lactone, a proteasome inhibitor, inhibited the p32 degradation associated with
endothelial dysfunction in a Ca2þ-dependent manner. The amino acids Lys154, Lys 180, and Lys220 of the p32 pro-
tein were identified as putative ubiquitination sites. When these sites were mutated, p32 was resistant to degrada-
tion in the presence of siArgII, and endothelial function was impaired. Knockdown of Pink/Parkin as an E3-ubiquitin
ligase with siRNAs resulted in increased p32, decreased [Ca2þ]c, and attenuated CaMKII-dependent eNOS activa-
tion by siArgII. siArgII-dependent Parkin activation was attenuated by KN93, a CaMKII inhibitor. Knockdown of
ArgII mRNA and its gene, but not inhibition of its activity, accelerated the interaction between p32 and Parkin and
reduced p32 levels. In aortas of ArgII-/- mice, p32 levels were reduced by activated Parkin and inhibition of CaMKII
attenuated Parkin-dependent p32 lysis. siParkin blunted the phosphorylation of the activated CaMKII/AMPK/
p38MAPK/Akt/eNOS signalling cascade. However, ApoE-/- mice fed a high-cholesterol diet had greater ArgII activity,
significantly attenuated phosphorylation of Parkin, and increased p32 levels. Incubation with siArgII augmented p32
ubiquitination through Parkin activation, and induced signalling cascade activation.

....................................................................................................................................................................................................
Conclusion The results suggest a novel function for ArgII protein in Parkin-dependent ubiquitination of p32 that is associated

with Ca2þ-mediated eNOS activation in endothelial cells.
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1. Introduction

Arginase is important for ammonia detoxification, acting in the final
reaction of the urea cycle to catalyze the lysis of L-arginine (L-Arg) to
L-ornithine and urea. The production of L-ornithine, a polyamine-
synthesis precursor, is important for inducing cell proliferation and differ-
entiation.1,2 Arginase II (ArgII), the extrahepatic isoform, is localized to
mitochondria and is the major isoform expressed in aortic endothelial
cells (ECs) in both humans and mice. Hypoxia, lipopolysaccharides, and
tumour necrosis factor-a induce ArgII expression.3–5 Upregulated ArgII
activity has been demonstrated in blood vessel disorders related to age-
ing,6 ischaemia/reperfusion,7,8 hypertension,9,10 balloon injury,11 and ath-
erosclerosis.12 This upregulation may also contribute to decreased nitric
oxide (NO) bioavailability.6,12,13 In the reciprocally regulated mechanism
of ArgII-dependent NO production, ArgII translocation to the cytosol
causes a reduction in L-Arg concentration and endothelial NO synthase
(eNOS) inactivation. This has been demonstrated in studies with L-Arg
as the common substrate for both ArgII and eNOS.14 We previously
reported that ArgII regulates p32-dependent Ca2þ translocation from
the cytosol to mitochondria by two distinct mechanisms.13 First, ArgII
downregulation decreased the level of spermine, which can bind to p32
and enhance Ca2þ movement from the cytosol to mitochondria.
Second, reducing the amount of ArgII protein (either via ArgII
gene knockout or ArgII siRNA), resulted in reduced levels of p32 protein
and increased cytosolic concentrations of Ca2þ ([Ca2þ]c).13

We therefore suggested the following novel mechanism: ArgII
regulates Ca2þ-dependent eNOS activity that is also dependent on
p32. Accordingly, ArgII-dependent Ca2þ regulation via p32 participates
in the activation of the signalling cascade, CaMKII/AMPK/p38 MAPK/
Akt/eNOS Ser1177 phosphorylation.15 However, a mechanism linking
ArgII protein and p32 stability has not, to our knowledge, been
investigated.

The p32 protein, also known as hyaluronan-binding protein 1
(HABP1), is exclusively restricted to mitochondria.16 However, it is also
present on cell membranes as a receptor for both globular head domains
complement 1q (gC1qR) and complement 1q-binding protein
(C1qbp).17 This is primarily demonstrated as an SF2 (pre-mRNA splicing
factor)-binding protein in the nucleus.18 In functional studies, p32 plays
an essential role in mitochondria-mediated cell death.19,20 Furthermore,
p32 knockdown has been shown to induce less tumorigenic conditions
by shifting from an oxidative phosphorylation towards aerobic glycoly-
sis.21 p32 has also been shown to be involved in morphological changes
for both mitochondria and the endoplasmic reticulum. It may influence
cellular metabolism and stress responses,22 and affect the maturation of
dendrites by the positive regulation of pyruvate dehydrogenase activ-
ity.23 To date, a number of potential p32-binding partners have been
identified. For example, interactions between Parkin and p32 control mi-
tochondrial dynamics and morphology by promoting autophagy-depen-
dent Parkin degradation. However, p32 has been shown not to be a
substrate of Parkin in p32-myc-transfected SHSY5Y cells.22 We have
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shown that p32 is crucial in the Ca2þ-dependent activation of eNOS in
ArgII-downregulated ECs. This led us to suggest p32 as a therapeutic tar-
get against endothelial dysfunction-associated vascular diseases.13

NO from eNOS is important for the maintenance of vascular homeo-
stasis primarily by modulating vascular tone, but also for the proliferation
and migration of vascular smooth muscle cells. Although eNOS activity
can be regulated by a variety of factors (e.g. its subcellular localization,
extracellular signals, protein–protein interactions, and substrate/cofactor
availabilities), [Ca2þ]c is also an important contributor to eNOS activity.
The activation of calmodulin (Ca2þ/CaM) by increased [Ca2þ]c pro-
motes the alignment of the reductase and oxygenase domains, and pre-
vents the phosphorylation of eNOS Thr495 through direct binding to
the CaM-binding domain in eNOS. Ca2þ/CaM also induces Ca2þ/CaM-
dependent protein kinase II (CaMKII) activation, which phosphorylates
eNOS Ser1177 to enhance NO production.24,25 We believe that under-
standing the stability of p32 as a regulator of Ca2þ translocation between
mitochondria and the cytosol will advance the understanding of vascular
homeostasis. This led us to identify ArgII as a novel binding partner for
p32. Furthermore, we observed that knockdown of the ArgII protein,
but not its activity, induced Parkin-dependent proteasomal degradation
of p32. Despite the downregulation of ArgII, knockdown of Parkin atten-
uated Ca2þ-mediated eNOS phosphorylation at Ser1177 in a p32-de-
pendent manner, and the translocation of Parkin to mitochondria was
dependent on activated CaMKII caused by ArgII downregulation. A role
for ArgII protein in Parkin-dependent p32 degradation was also sup-
ported by two animal model studies: ArgII gene knockout (ArgII-/-) mice
and ApoE-null (ApoE-/-) mice fed a high-cholesterol diet (HCD) demon-
strated increased ArgII activity.

2. Methods

2.1 Materials
We purchased 2(S)-amino-6-boronohexanoic acid (ABH, Cat. No.
194656-75-2) and 2-[N-(2-hydroxyethyl)]-N-(4-methoxybenzenesulfo-
nyl)]amino-N-(4-chlorocinnamyl)-N-methylbenzylamine (KN-93; Cat.
No. 422711-1MGCN) from Calbiochem Corp. (La Jolla, CA, USA).
Carbobenzoxy-Leu-Leu-Leucinal (MG132, Cat No. 1211877-36-9),
clasto-lactacystin b-lactone (b-lactone, Cat. No. 154226-60-5), and chlo-
roquine diphosphate salt (CQ, Cat. No. 50-63-5) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Antisera against eNOS (Cat. No.
610297) and phospho-eNOS (Ser1177, Cat. No. 612392 and Thr495,
Cat. No. 612707) were acquired from BD Biosciences (San Jose, CA,
USA). Antisera against p32 (Cat. No. ab24733) and Parkin (Cat. No.
ab15494) were obtained from Abcam (Cambridge, MA, USA). Akt (also
called protein kinase B, Cat. No. #9272), phospho-Akt (Ser473, Cat. No.
#9271 and Thr308, Cat. No. #9275), CaMKII (Cat. No. #3362), phos-
pho-CaMKII (Thr286, Cat. No. #12716), AMPK (Cat. No. #2532), phos-
pho-AMPK (Thr172, Cat. No. #2535), and pan-actin (Cat. No. #4968)
antisera were purchased from Cell Signaling Technology (Beverly, MA,
USA). Phosphoserine (Cat. No. AB1603) antiserum was purchased from
Millipore Sigma (Burlington, MA, USA). PTEN-induced Kinase 1 (PINK1,
Cat. No. #PA5-13402) and ubiquitin (Cat. No. #13-1600) antibodies
were purchased from Invitrogen (Carlsbad, CA, USA). Antisera against
Flag (Cat. No. sc-807), ArgII (Cat. No. sc-271443), and heat shock pro-
tein 60 (HSP60, Cat. No. sc-13115) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA).

2.2 Cell culture and animals
Human umbilical vein endothelial cells (HUVECs) were purchased from
Cascade Biologics (Cat. No. C0035C, Portland, OR, USA) and were
maintained according to the supplier’s instructions. Ten-week-old male
C57BL/6J wild-type (WT) and male ApoE-/- mice (Daehan Biolink Co.,
Korea) were fed a normal diet (ND, Cat. No. 38057133-27, Nara
Biotech. Co., Korea) or a HCD (Cat. No. D12108C, Research Diets,
New Brunswick, NJ, USA) for 8 weeks. ECs were isolated from the aorta
of anaesthetized mice (100 mg/kg ketamine and 10 mg/kg xylazine, once
intraperitoneal injection) as described previously.12 The ArgII-/- and
p32flox/flox Tie2-Creþ (p32-/-) mice were generous gifts from Professors
Jaye P.F. Chin-Dusting and Kazuhito Goto, respectively. ArgII-/- mice on a
C57BL/6J background, and p32-/- mice on a C57BL/6 background, were
maintained at the Kangwon National University Animal Services Facility
using a 12-h dark-12-h light cycle and had free access to both food and
water. The housing temperature and humidity were 24.2± 1.5�C and
51.2 ± 3.9% (mean ± SD), respectively. These studies were performed in
accordance with the Guide for the Care and Use of Laboratory Animals
(Institutional Review Board, Kangwon National University, KW-17229-
2) and were performed in accordance with the US National Institute of
Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH
Publication, 8th edition). Mice were euthanized with CO2 at the end of
the experiments.

2.3 Quantitative reverse transcription-PCR
analysis
Total RNA was extracted using TRIzol reagent (Cat. No. 15596026,
Thermo Fisher Scientific, Waltham, MA, USA), and precipitated with iso-
propyl alcohol. The RNA pellet was washed with 75% ethanol and then
dissolved in diethyl pyrocarbonate-treated distilled water. Extracted
RNA was equalized among all groups to 2 lg and used to synthesize
cDNA (5 min at 37�C, 60 min at 42�C, 10 min at 72�C, 3 min at 4�C) in a
thermal cycler (Thermo Fisher Scientific). qPCR was performed with
specific primer sets for p32, ArgII, and GAPDH (15 s at 94�C, 30 s at
55�C, 30 s at 72�C for 40 cycles in a real-time quantification thermal cy-
cler; Thermo Fisher Scientific). PCR primers for p32 (Forward: 50-CTG
GCG AGT CTG AAT GGA AGG-30, Reverse: 50-GAG CTC CAC
CAG CTC ATC TGC-30), ArgII (Forward: 50-CUA UCA GCA CUG
GAU CUU CUU G-30, Reverse: 50-GGG AGU AGG AAG UUG GUC
AUA G-30) were used with GAPDH (Forward: 50-ACC ACA GTC CAT
GCC ATC AC-30, Reverse: 50-TCC ACC ACC CTG TTG CTG TA-30)
as a reference.

2.4 Western blot analysis
Western blotting was performed using both cultured cells and aortic tis-
sue. The cells were lysed in SDS sample buffer (62.5 mM Tris–HCl, pH
6.8, 2% SDS, 10% glycerol, 50 mM DTT, 0.01% bromophenol blue).
Aortic segments were placed in SDS sample buffer, homogenized 10
times for 2 min each time, and boiled at 100�C for 10 min. The prepared
samples from both sources were then centrifuged and used for SDS–
polyacrylamide gel electrophoresis. After electrophoresis, the proteins
were transferred to polyvinylidene difluoride (PVDF) membranes for
12 h at 4�C (Cat. No. IPVH00010, Millipore). Membranes were blocked
with 5% skim milk for 1 h at room temperature, incubated with primary
antibody (1:1000) at 4�C for 12 h, and then incubated in horseradish per-
oxidase-conjugated secondary antibody at room temperature for 2 h.
The PVDF chemiluminescence signals were then captured using X-ray
film, and band intensities were analysed using NIH ImageJ software (Fiji).
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2.5 Co-immunoprecipitation analysis
The cells were washed twice with ice-cold phosphate buffer saline (PBS),
lysed with 1x RIPA buffer (Cat No. 20-188, Millipore) containing prote-
ase inhibitors (Cat. No. P3100-010, GenDEPOT, Katy, TX, USA), and in-
cubated on ice for 30 min. The lysate was then centrifuged at 15 000 g
for 15 min at 4�C. The lysate supernatant was pre-cleared by incubating
30lL of protein A/G bead at 4�C for 6 h (Cat. No. sc-2003, Santa Cruz
Biotechnology). After centrifugation at 1000 g for 1 min at 4�C, the su-
pernatant was collected and stirred for 24 h at 4�C with 3 lg of IP anti-
body. Then, the protein A/G bead was incubated for 6 h at 4�C and
centrifuged at 1000 g for 1 min at 4�C. The supernatant was carefully re-
moved, the protein A/G bead was collected and suspended in PBS and
2x SDS sample buffer, and immunoblotting was performed.

2.6 Measurement of Ca2þ concentration
[Ca2þ] in the cytosol and mitochondrial
matrix using flow cytometry
[Ca2þ] in the cytosol ([Ca2þ]c) and mitochondrial matrix ([Ca2þ]m)
were determined using flow cytometry (FACS Calibur, BD Biosciences).
The fluorescence intensity of each sample was measured using
CellQuest software 5.1 (BD Biosciences). We measured [Ca2þ]c over
1 h with 1 lM Fluo-4 AM (Cat. No. F14201, Thermo Fisher Scientific)
with an FL1-H-specific fluorescence range, and [Ca2þ]m over 1 h with
2 lM Rhod-2 AM (Cat. No. R1244, Thermo Fisher Scientific) with an
FL2-H-specific fluorescence range. Changes in [Ca2þ] were evaluated by
determining fold changes in fluorescence intensities compared to control
values.

2.7 Mitochondrial fractionation
Mitochondria were fractionated from HUVECs with 10 mM HEPES buf-
fers (pH 7.6, 1 mM EDTA) having different tonicities: hypotonic, isotonic,
and hypertonic conferred by 50 mM, 250 mM, and 450 mM sucrose, re-
spectively. Cells were washed with PBS and homogenized in 100 lL of
hypotonic buffer with protease inhibitors, followed by the addition of
100 lL of hypertonic buffer and centrifugation at 1000 g for 10 min at
4�C. The supernatant was centrifuged again for 45 min at 21 000 g at
4�C. The resulting precipitate was dissolved in isotonic buffer and con-
sidered to be the mitochondrial fraction, while the supernatant was con-
sidered to be the cytosolic fraction.

2.8 siRNA and p32 plasmid transfection
For transfections of HUVECs with siRNAs, the cells were incubated in
starvation medium (DMEM, 5% FBS, and antibiotics) containing an
siRNA targeting either Parkin (1989: 50-UUU ACA GAG AAA CAC
CUU GUC AAU G-30, 2551: 50-CCG ACU CUC UCC AUC AGA
AGG GUU U-30, Invitrogen), Pink1 (50-AAG GAU GUU GUC GGA
UUU C-30, Cat. No. D-004030-02-0010, 50-UUC AUA GGC GAU
GGC UCC-3, Cat. No. D-004030-04-0010, Dharmacon, Lafayette,
CO), mouse ArgII (siArgII, Cat. No. sc-29729, Santa Cruz
Biotechnology), human siArgII (50-UCU CGA UAG GUU AGU CCC
CCG-30, Bioneer Co., Korea), or scrambled siRNA (scmRNA, Cat. No.
sc-37007, Santa Cruz Biotechnology) at 100 nM for 24 h without a re-
agent. HUVECs were transfected with either 1 lg of the pCMV6-XL5-
p32 plasmid (Cat. No. SC107905, OriGene, Rockville, MD, USA), mu-
tated (K154R, K180R, and K220R) p32 plasmid (Macrogen Co., Korea),
or the empty plasmid of pCMV6-XL5 using Lipofectamine 3000 (Cat.
No. L3000075, Thermo Fisher Scientific). After incubation for 6 h, the
cells were cultured for another 24 h in fresh growth medium.

2.9 Preparation of p32-expressing
adenovirus
The p32 plasmid, pCMV6-XL5, was purchased from OriGene Co.
(Rockville, MD, USA) and subcloned into the Bgl II/Kpn I restriction sites
of the pCMV-Tag1 plasmid. For virus generation, full-length p32 was
cloned into the BamHI and XhoI sites of the pENTR-CMV vector that
had attL sites for site-specific recombination with a Gateway destination
vector and entry vector (Invitrogen). The site-specific recombination be-
tween the pENTR-CMV/p32 and the adenovirus vector, pAd/PL-DEST,
was conducted using LR Clonase II. The WT Adp32 is an adenovirus
encoding full-length human p32. This adenovirus was amplified in 293A
cells and purified using an Adeno-XTM purification kit (Takara, Mountain
View, CA, USA) and infection multiplicity was determined using an
Adeno-XTM titre kit (Takara). HUVECs were treated with 1�106 pfu/
mL Adp32. For in vivo experiments with mice, we injected 5�109 par-
ticles of the purified recombinant adenovirus into the tail vein.
Adenovirus only (Ad-) was used as a control.

2.10 Measurement of NO
We used 5 lM (final concentration) 4-amino-5-methylamino-20,70-
difluorofluorescein diacetate (DAF-FM DA; Cat. No. 254109-22-3,
Sigma-Aldrich) to measure NO in aortic rings from 10-week-old male
WT mice for 5 min with 30 s intervals. Images were acquired using an
Olympus BX51 epifluorescence microscope. NG-nitro-L-arginine methyl
ester (L-NAME, Cat. No. 15190-44-0, Sigma-Aldrich) served as the neg-
ative control. Fluorescence intensity was measured using Metamorph
software 7.6.

2.11 Statistical methods
All experiments were performed using five biological replicates,
reported for each experiment. Statistical significance was determined us-
ing a one-way ANOVA (mean ± SEM) with Bonferroni post hoc tests or
using unpaired Student’s t-tests (mean ± SEM), or using a two-way
ANOVA (mean ± SD, GraphPad Prism software 8, GraphPad Inc., San
Diego, CA, USA) with Bonferroni correction. P-value <0.05 was consid-
ered statistically significant.

3. Results

3.1 ArgII protein, as a p32 binding partner,
impedes the ubiquitin-dependent
proteasomal degradation of p32
A decrease in ArgII protein reduced the amount of mitochondrial p32
protein amount in both siArgII-treated HUVECs and in the aortas of
ArgII-/- mice in our previous study.13 We therefore tested whether
siArgII treatment also influenced p32 mRNA levels. As shown in
Figure 1A, siArgII had no effect on the level p32 mRNA, but siArgII incu-
bation reduced p32 protein levels in a time-dependent manner
(Figure 1B), increased p32 ubiquitination, and decreased the amount of
p32 protein (Figure 1C). The proteasome inhibitor MG132 prevented
the siArgII-induced degradation of p32 (Figure 1D), an effect that we con-
firmed with b-lactone, another proteasome inhibitor (Figure 1E). From
the immunoprecipitation analysis, we concluded that ArgII protein was a
p32 binding partner in mitochondria (Figure 1F). However, ABH, an ArgII
inhibitor, had no effect on p32 protein levels (Figure 1G). As shown in
Supplementary material online, Figure S1, we measured [Ca2þ]m and
[Ca2þ]c because p32 accelerated Ca2þ movement from the cytosol to

Arginase II-dependent p32 ubiquitination 1347
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Figure 1 ArgII protein regulates the ubiquitination-dependent proteasomal degradation of p32, and binds to p32 in mitochondria of endothelial cells.
(A) Quantitative reverse transcription-PCR was performed using p32 and ArgII mRNA after siArgII incubation at 100 nM for 24 h. GAPDH served as the
control. (B) Western blot analysis of ArgII and p32 proteins in the mitochondria and cytosolic fractions from HUVECs incubated with siArgII at different
time points. HSP60 and actin were used as marker proteins for the mitochondrial and cytosolic fractions. *vs. 0 h, P < 0.0001 by Student’s t-test, P < 0.001
by one-way ANOVA. (C) p32 proteins were immunoprecipitated using an antibody against p32 and immunoblotted using an ubiquitin-detecting antibody af-
ter pretreatment with siArgII (100 nM, 24 h). Whole-cell lysates were used as input protein. Representative western blot images from n = 5 experiments.
(E) The preincubation of proteasome inhibitors, MG132 (D, 10 lM, 12 h) and clasto-Lactacystin b-lactone (E, b-lactone, 10 lM, 12 h) restored mitochon-
drial p32 level decreased by siArgII treatment. *vs. untreated, P < 0.001 by Student’s t-test; **vs. siArgII, P < 0.0001 by Student’s t-test.
(F) Immunoprecipitations were performed using antisera against ArgII and p32 and immunoblotted with p32 and ArgII, respectively. Total protein was
prepared from cell lysates and the fractionated lysates and their levels were used as inputs. Representative western blot images from n = 5 experiments.
(G) The lysates of HUVECs treated with ABH (10 lM, 18 h) were fractionated and p32 protein in mitochondria was immunoblotted. For all data, n = 5
experiments. ns, not significant; scm, scrambled siRNA.

1348 B.-H. Koo et al.
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.
mitochondria and inhibited Ca2þ-dependent eNOS activity.13 siArgII
treatment decreased [Ca2þ]m and increased [Ca2þ]c, and these were
reversed by incubating with b-lactone and MG132 (Supplementary ma-
terial online, Figure S1A and B). We also noted that b-lactone and MG132
abolished the CaMKII-dependent eNOS activation induced by siArgII
treatment through decreased phosphorylation at Ser1177 and increased
phosphorylation at Thr495 in HUVECs (Supplementary material online,
Figure S1C). In the siArgII-treated aortas of WT mice, b-lactone inhibited
the siArgII-dependent reduction in p32 levels (Supplementary material
online, Figure S1D), attenuated acetylcholine (Ach)-dependent vasorelax-
ation responses (Supplementary material online, Figure S1E), and aug-
mented phenylephrine-dependent vasoconstriction (Supplementary
material online, Figure S1F). However, there were no differences in the
responses to KCl (Supplementary material online, Figure S1G) or in SNP,
an NO donor, responses (Supplementary material online, Figure S1H). In
addition, b-lactone abolished the siArgII-induced CaMKII/AMPK/Akt/
eNOS signalling cascade for eNOS activation (Supplementary material
online, Figure S2). On the other hand, CQ, a lysosomal inhibitor, had no
effect on the decreased p32 levels caused by siArgII treatment
(Supplementary material online, Figure S3).

3.2 P32 mutations of Lys154, Lys180, and
Lys220 to L-Arg enhance p32 stability and
attenuate Ca2þ-dependent eNOS
phosphorylation
We mutagenized (MT) three lysine residues (Lys154, Lys180, and
Lys220) to L-Arg in the flag-tagged p32 plasmid encoding p32 cDNA,
and confirmed them as putative ubiquitin-binding sites. Transfection of
MT p32 plasmid into HUVECs resulted in a decrease in p32 ubiquitina-
tion, an increase in p32 protein level (Figure 2A), and an increase in p32-
bound ArgII protein (Figure 2B). Furthermore, transfection of p32 plas-
mid partially restored the amount of p32 in siArgII-treated HUVECs
(Figure 2C). p32 overexpression increased the [Ca2þ]m that was reduced
by siArgII treatment in untransfected and in WT-transfected cells, but
the [Ca2þ]m in MT-transfected cells was not decreased by siArgII treat-
ment (Figure 2D). In contrast, the [Ca2þ]c was significantly reduced in
both WT- and MT-plasmid-transfected cells overexpressing p32, al-
though siArgII treatment augmented the [Ca2þ]c in untransfected and
WT-plasmid-transfected cells. The [Ca2þ]c was not increased by siArgII
in MT p32-expressing cells (Figure 2E). These changes of [Ca2þ]c influ-
enced CaMKII-dependent eNOS activation. The overexpression of p32
attenuated CaMKII/eNOS Ser1177 phosphorylation, and this was re-
versed by incubation with siArgII, but MT p32 expression impaired
CaMKII-dependent eNOS activation even in the presence of siArgII
(Figure 2F). Next, we wanted to confirm the stability of both the WT and
MT p32 proteins. The WT p32 protein level was decreased by siArgII in-
cubation in a time-dependent manner, but the MT p32 protein amount
was not changed by siArgII treatment (Supplementary material online,
Figure S4). Further tests for the susceptibility of three Lys residues
(Lys154, Lys180, and Lys220) in p32 to ubiquitination showed that all
three were similarly susceptible to the process (Supplementary material
online, Figure S5).

3.3 Activated Parkin drives ubiquitin-
dependent p32 degradation and mediates
eNOS activation through increased [Ca2þ]c
We next examined which E3-ubiquitin ligase was involved in the ubiquiti-
nation of p32 in the absence of ArgII protein. siArgII incubation resulted

in Parkin phosphorylation that was blocked by siRNA against Parkin
mRNA (siParkin). siParkin treatment only slightly increased the amount
of p32 protein, and siArgII-dependent p32 degradation was prevented
by siParkin (Figure 3A). siArgII treatment induced the movement of
Parkin to mitochondria and siPink and siParkin inhibited p32 degradation
by siArgII (Figure 3B). The ubiquitination of WT p32 protein was mark-
edly reduced in the presence of siParkin, but siParkin had no effect on
the ubiquitination of MT p32 protein (Figure 3C). As Pink/Parkin regu-
lated p32 stability, we also measured [Ca2þ]m and [Ca2þ]c. Both siPink
and siParkin reversed the [Ca2þ]m decrease caused by siArgII
(Figure 3D), and this reversal was accompanied by [Ca2þ]c increase
(Figure 3E). The Ca2þ-dependent signalling cascade induced by siArgII
(CaMKII/AMPK/Akt/eNOS activation) was attenuated by a siParkin-de-
pendent increase in the amount of p32 protein (Figure 3F). Consistent
with the western blot analysis, enhanced NO production by siArgII was
reduced by siParkin incubation (Figure 3G). Unlike our observation with
siArgII, the use of ABH, an arginase inhibitor, resulted in both Parkin
phosphorylation and its translocation to mitochondria, but, p32 protein
levels were not changed (Supplementary material online, Figure S6).

3.4 CaMKII-dependent translocation of
Parkin to mitochondria regulates
p32-dependent Ca2þ concentration
Since ArgII downregulation, inhibition, and mRNA knockdown, induced
Parkin activation and its translocation, we tested whether activated
CaMKII participated in Parkin translocation to mitochondria. The
CaMKII inhibitor, KN93, prevented siArgII-mediated Parkin translocation
to mitochondria and also increased p32 stability (Figure 4A) through
reduced p32 ubiquitination (Figure 4B). Consistently, CaMKII inhibition
prevented the decreases in [Ca2þ]m (Figure 4C) and increases in [Ca2þ]c
(Figure 4D), caused by siArgII.

3.5 The interaction between p32 and
Parkin is physically mediated by ArgII
rather than enzymatically
To clarify the function of ArgII protein in Parkin-dependent p32 ubiquiti-
nation, we tested for interactions between two proteins, Parkin and p32,
under two different conditions: knockdown of ArgII protein using siArgII
treatment, and inhibition of ArgII activity with ABH without affecting
ArgII protein levels. The decrease in ArgII protein from siArgII treatment
enhanced the interaction between p32 and Parkin and reduced the
amount of p32 protein. However, ABH neither had an effect on the in-
teraction between p32 and Parkin nor on p32 stability (Figure 5A).
Likewise, in the aortas of ArgII-/- mice, the interaction of p32 with Parkin
was greater and the level of p32 in mitochondria was less compared to
those in WT mice (Figure 5B). We also investigated the interactions
among the three proteins, p32, ArgII, and Parkin. Immunoprecipitation
assay showed that Parkin and ArgII precipitated together in both
untreated- and scmRNA-treated groups. However, when we treated
with sip32, no binding between ArgII and Parkin was detected
(Supplementary material online, Figure S7A and B). We also confirmed
the interactions between ArgII and Parkin in ECs from both WT and
p32-/- mice (Supplementary material online, Figure S7C and D). In con-
trast, siParkin treatment had no effect on the interaction between p32
and ArgII proteins (Supplementary material online, Figure S7E). From
these results, we conclude that ArgII and Parkin proteins are not directly
bound to each other, and that p32 is important for their recruitment.
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Figure 2 Lys154, Lys180, and Lys220 of p32 are putative ubiquitination sites for ArgII protein knockdown that are involved in Ca2þ-dependent eNOS ac-
tivation. Three Lys residues (Lys154, Lys180, and Lys220) were mutated to L-Arg in a plasmid encoding p32 cDNA, and both flag-tagged WT and mutant
(MT) plasmids were transfected into HUVECs. Immunoprecipitations were performed using antisera against the flag. (A) Western blotting was performed
with anti-ubiquitin antibody. Ubiquitination of flag-tagged p32 was decreased, and the amount of flag-tagged p32 protein was increased in MT-plasmid trans-
fected HUVECs. Representative western blot images from n = 5 experiments. (B) Western blotting was performed with anti-ArgII antibody. The amount of
p32-bound ArgII protein was increased in MT-plasmid transfected HUVECs. Representative western blot images from n = 5 experiments. (C) Cells lysates
were fractionated after the plasmids were transfected and then siArgII was treated. In mitochondrial fractions, siArgII treatment (100 nM, 24 h) decreased
p32 protein in both untransfected and WT-plasmid transfected HUVECs. However, p32 protein level was not changed in MT-plasmid transfected HUVECs.
In cytosolic fractions, the p32 protein increases due to WT- and MT-plasmid transfections were reduced by siArgII in untransfected and WT-plasmid trans-
fected HUVECs. However, siArgII had no effect on p32 protein level in MT-plasmid transfected HUVECs. *vs. control, P < 0.0001 by Student’s t-test; **vs.
untreated (no siArgII), P < 0.01 by Student’s t-test; ns for MT p32-plasmid transfection without siArgII by Student’s t-test. HUVECs were prepared for FACS
analyses after plasmids transfection and siArgII treatment. (D) In the analyses for measuring [Ca2þ]m using Rhod-2 AM, WT- and MT-plasmid transfections
increased [Ca2þ]m, and siArgII reduced [Ca2þ]m in both untransfected and WT-plasmid transfected HUVECs. However, siArgII had no effect on [Ca2þ]m
in MT-plasmid transfected HUVECs. *vs. untransfected without siArgII, P < 0.0001 by Student’s t-test; **vs. no siArgII, P < 0.001 by Student’s t-test; ns to no
siArgII by Student’s t-test. (E) For the [Ca2þ]c measurements using Fluo-4 AM, WT- and MT-plasmid transfections reduced [Ca2þ]c, and siArgII increased
[Ca2þ]c in untransfected and WT-plasmid transfected HUVECs. siArgII had no effect on [Ca2þ]c in MT-plasmid transfected HUVECs. *vs. untransfected
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3.6 Activated Parkin in ArgII�/�mice
increases ubiquitin-dependent p32
degradation and eNOS Ser1177
phosphorylation
We next tested whether ArgII protein was involved in Parkin-dependent
p32 degradation in aortic tissue from ArgII-/- mice. Parkin phosphoryla-
tion at Ser65 was significantly increased, and p32 protein levels were de-
creased in the aortas of ArgII-/- mice (Figure 6A). Phosphorylated Parkin
was also translocated to mitochondria in ArgII-/- mice (Figure 6B). In
ArgII-/- mice, the ubiquitination of p32 was also augmented and accompa-
nied by a decrease in p32 that was restored after siPink and siParkin
treatments (Figure 6C). A CaMKII inhibitor, KN93, prevented Parkin
phosphorylation and increased the p32 amount (Figure 6D). In ArgII-/-

mice, the enhanced CaMKII/AMPK/Akt/eNOS Ser1177 phosphorylation
was attenuated by siParkin incubation (Figure 6E). Additionally, b-lac-
tone/MG132 treatments and adenovirus encoding p32 cDNA (adp32)
transfection impaired endothelial function through attenuated phos-
phorylation of CaMKII and eNOS Ser1177 (Supplementary material on-
line, Figure S8A and B). Therefore, these results suggest that ArgII
downregulation via gene knockout restore endothelial function through
Parkin-dependent p32 downregulation, resulting in CaMKII-dependent
eNOS activation.

3.7 siArgII restores eNOS Ser1177
phosphorylation through Parkin-mediated
p32 ubiquitination in ApoE�/�HCD mice
As ArgII downregulation improved endothelial function in an athero-
genic animal model (i.e. ApoE-/- HCD mice), we next examined whether
decreased ArgII protein could restore endothelial function through
Parkin-dependent p32 downregulation. In the aortas of ApoE-/- HCD
mice, Pink and Parkin localization in mitochondria was less, the level of
p32 was greater (Figure 7A), and Parkin phosphorylation was significantly
attenuated (Figure 7B). The reduction in p32 ubiquitination was reversed
by siArgII incubation (Figure 7C), which also reduced the amount of p32
protein (Figure 7C), and increased Parkin phosphorylation (Figure 7D).
The attenuation of CaMKII/AMPK/Akt/eNOS Ser1177 phosphorylation
signalling cascade in ApoE-/-þ HCD mice was ameliorated by siArgII in a
p32-dependent manner that was blocked by siParkin treatment
(Figure 7E). Therefore, we suggest that p32 regulation is dependent on
ArgII protein through a mechanism of Parkin-dependent proteasomal
degradation, and this regulation is crucial for endothelial function in
ApoE-/- HCD mice.

4. Discussion

The present results have demonstrated that ArgII protein bound to p32
and prevented the ubiquitin-dependent proteasomal degradation of p32;

b-lactone and MG132 inhibited p32 lysis, which impaired the endothelial
function that was improved by ArgII knockdown; p32 mutations of
Lys154, Lys180, and Lys220 enhanced its stability and attenuated Ca2þ-
dependent eNOS phosphorylation; CaMKII activation (via downregula-
tion of ArgII) induced Parkin phosphorylation, Parkin translocation to mi-
tochondria, and Parkin-mediated ubiquitination of p32; the amount of
ArgII protein, not its activity, regulated the interaction between p32 and
Parkin; in ArgII-/- mice, activated Parkin accelerated both ubiquitin-de-
pendent p32 degradation and eNOS Ser1177 phosphorylation; and in
ApoE-/-þHCD mice, siArgII treatment recovered eNOS Ser1177 phos-
phorylation through Parkin-mediated p32 degradation.

Previous studies have identified binding partners for p32. The p32 pro-
tein has been shown to interact with alpha 1B- and alpha 1D-adrenore-
ceptors to control their expression and cellular localization,26 and with
PKCl, which is a regulator of kinase activity and intracellular compart-
mentalization.27 The p32 protein has also been shown to interact with
nuclear components such as the lamin B receptor, as a linker between
the nuclear membrane and intranuclear substructures,28 and with com-
ponents of the extracellular matrix, hyaluronic acid,29 and vitronectin.30

In addition, p32 interacted with the viral proteins, HIV Tat,31 and EBV
EBNA-1,32 to augment the transcriptional activation of other viral pro-
teins, and with the bacterial surface protein, InlB, to regulate bacterial in-
vasion into mammalian cells.17 In addition to these investigations focused
on the functional regulation of p32-binding proteins, we suggest a novel
ArgII mechanism for Parkin-mediated p32 stability. Although Parkin has
been shown to interact with p32,22 p32 ubiquitination by Parkin has not
been demonstrated. As described here, ArgII protein interacted with
p32 and prevented Parkin-dependent ubiquitination of p32, and this af-
fected p32 stability. Increased p32 amounts were previously associated
with a decrease in [Ca2þ]c and impaired Ca2þ-dependent eNOS activa-
tion.13 We therefore distinguished the effect of the ArgII protein and its
activity on the mechanism of [Ca2þ]c regulation. Inhibition of ArgII activ-
ity increased [Ca2þ]c through a decrease in spermine level, without af-
fecting the amount of p32 protein, and spermine has been identified as a
p32-binding molecule that can augment [Ca2þ]m.13 Together with the
regulation of spermine production, the knockdown of ArgII resulted in
increased [Ca2þ]c by reducing the amount of p32. Taken together, ArgII
is crucial both for the regulation of p32 stability and for p32-dependent
Ca2þmovement.

Parkin, an E3-ubiquitin ligase, is activated by phosphorylation at Ser65
(Figure 6A)33 and is crucial both for initiating mitophagy and for mito-
chondrial homeostasis. Parkin mutation has been associated with
Parkinson’s disease.34 Its expression in vascular ECs has also been
noted,35 and its activation was reported to have a protective effect on
blood vessels in obese, diabetic, and atherosclerotic mice.36 In addition,
the downregulation of ArgII has also been reported to have restored en-
dothelial function in these diseases.12,37,38 It is well known that Parkin ac-
tivation can be attributed to activated CaMKII.36,39 Accordingly, we
showed that ArgII downregulation, inhibition of its activity, knockdown

Figure 2 Continued
without siArgII, P < 0.0001 by Student’s t-test; **vs. no siArgII, P < 0.0001 by Student’s t-test; ns for no siArgII by Student’s t-test. (F) HUVECS were
transfected with the plasmids and then treated with siArgII. WT- and MT-plasmid transfections decreased CaMKII and eNOS Ser1177 phosphoryla-
tion, and increased eNOS Thr495 phosphorylation. Treatment with siArgII augmented CaMKII and eNOS Ser1177 phosphorylation and attenuated
eNOS Thr495 phosphorylation in untransfected and WT-plasmid transfected HUVECs. However, MT-plasmid transfection reduced the siArgII ef-
fect on CaMKII and eNOS phosphorylation. *vs. untransfected, P < 0.0001 by Student’s t-test; # vs. no siArgII, P < 0.0001 by Student’s t-test; **vs.
WTþ siArgII, P < 0.0001 by Student’s t-test. For all data, n = 5 experiments. ns, not significant.
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Figure 3 siArgII induces eNOS activation through Pink/Parkin-dependent p32 degradation. (A) Parkin was immunoprecipitated, and immunoblotting was
performed using anti-phosphoserine antibody in cell lysates from siArgII-treated HUVECs. siArgII treatment (100 nM, 24 h) enhanced Parkin phosphoryla-
tion (upper bar graph) and p32 protein was increased by siParkin treatment (lower bar graph). *vs. scm, P < 0.0001 by Student’s t-test; **vs. scm, P = 0.0001
by Student’s t-test; #vs. siArgII, P < 0.0001 by Student’s t-test. (B) The lysates of cells treated with siArgII were fractionated. siArgII incubation caused Pink/
Parkin translocation to mitochondria and a reduction in p32 protein. Both siPink and siParkin prevented the siArgII-dependent degradation of p32 in mito-
chondrial fraction. *vs. scm, P = 0.0004 by Student’s t-test; #vs. siArgII, P < 0.0001 by Student’s t-test. (C) HUVECs were transfected with either WT- or MT-
plasmids and incubated with siParkin for 24 h. p32 ubiquitination was attenuated by siParkin in both untreated and WT-plasmid transfected HUVECs.
However, p32 ubiquitination was not changed in MT-plasmid transfected HUVECs. Representative western blot images from n = 5 experiments. (D) In the
FACS analyses to measure [Ca2þ]m, decreased [Ca2þ]m caused by siArgII treatment was reversed by incubation with both siParkin and siPink. *vs. scm, P =
0.0005 by Student’s t-test; #vs. siArgII, P < 0.0001 by Student’s t-test. (E) In the measurement of [Ca2þ]c, increased [Ca2þ]c caused by siArgII was reduced by
both siParkin and siPink. *vs. scm, P = 0.0001 by Student’s t-test; #vs. siArgII, P < 0.0001 by Student’s t-test. (F) In western blotting analyses, siParkin incuba-
tion reduced the phosphorylation of CaMKII/AMPK/Akt/eNOS Ser1177 evoked by siArgII. *vs. scm, P < 0.0001 by Student’s t-test; #vs. siArgII, P < 0.0001 by
Student’s t-test. For all data, n = 5 experiments. (G) In aortic endothelia of WT mice, increased NO production by siArgII was blocked by siParkin. *vs.
untreated, P < 0.0001 by Student’s t-test; #vs. siArgII, P < 0.0001 by Student’s t-test. n = 6 aortic rings from three mice.
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of the protein, and gene knockout, induced the phosphorylation and trans-
location of Parkin to mitochondria through the activation of CaMKII by in-
creased [Ca2þ]c. In contrast, increased ArgII activity in ApoE-/- þ HCD
mice showed attenuated Parkin activation and endothelial dysfunction,
which was reversed by siArgII treatment (Figure 7). This result was attrib-
uted to the HCD because oxidized low-density lipoprotein has been
shown to increase the amount of p32.13 Thus, ArgII protein may be a use-
ful tool for the development of a novel strategy to elicit Parkin activation.

We observed that p32 may be ubiquitinated at three lysine residues
(Lys154, Lys180, and Lys220); this was demonstrated using the UbPred
prediction software (http://www.ubpred.org/). When these amino acids
were mutated to L-Arg, ubiquitination of p32 was reduced (Figure 3).
Although we did not determine that each individual Lys residue was sus-
ceptible to ubiquitination, we demonstrated that the three were related
to ubiquitination and p32 stability (Supplementary material online,

Figures S4 and S5). Predicted by the PyMOL software program, p32 pro-
tein could interact with ArgII and Parkin (Supplementary material online,
Figure S7F and G), and the common binding site was located from Lys179
to Tyr188 of p32. This result is consistent with our experimental data
(Figure 5 and Supplementary material online, Figure S5). Taken together,
we can schematically describe the interaction of p32, ArgII, and Parkin
(Figure 8). ArgII downregulation, ABH, and siArgII, increased [Ca2þ]c and
then induced CaMKII-dependent Parkin activation. However, ABH inhib-
ited enzyme activity without affecting the amount of ArgII protein. The
interaction between ArgII and p32 was not changed in the presence of
ABH, and ArgII bound to the p32 ubiquitination sites (Lys154, Lys180,
and Lys220) and prevented Parkin-dependent p32 ubiquitination
through steric hindrance. In contrast, siArgII treatment decreased ArgII
protein amount and exposed the p32 ubiquitination sites that increased
Parkin-dependent degradation of p32.

Figure 4 CaMKII, activated by siArgII treatment, elicited Parkin translocation to mitochondria. HUVECs were treated with siArgII and CaMKII inhibitor,
KN93. (A) siArgII treatment resulted in Pink/Parkin translocation to mitochondria and a reduction in p32 protein that were reversed with KN93. *vs. scm, P
< 0.0001 by Student’s t-test; #vs. siArgII, P < 0.001 by Student’s t-test. (B) p32 protein was immunoprecipitated and immunoblotted using anti-ubiquitin anti-
body. Increased p32 ubiquitination by siArgII was decreased by KN93. Representative western blot images from n = 5 experiments. (C) Reduced [Ca2þ]m
by siArgII was reversed by KN93. *vs. scm, P = 0.0001 by Student’s t-test; #vs. siArgII, P < 0.0001 by Student’s t-test. (D) Increased [Ca2þ]c by siArgII was pre-
vented by KN93. *vs. scm, P < 0.0001 by Student’s t-test; #vs. siArgII, P = 0.0018 by Student’s t-test. For all data, n = 5 experiments.
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Figure 5 Knockdown of ArgII protein, not inhibiting its activity, enhanced p32-Parkin binding. (A) The lysates from siArgII- and ABH-treated HUVECs
were immunoprecipitated using p32 antibody and immunoblotted using ArgII and Parkin antibodies. siArgII treatment resulted in an increase in the amount
of p32-interacted Parkin, although the amount of p32 protein decreased. *vs. scm, P < 0.0001 by Student’s t-test; #vs. untreated, ns by Student’s t-test.
(B) Mitochondria fractions were obtained from aortic tissue from WT and ArgII-/- mice, and p32 protein was immunoprecipitated. p32-bound Parkin amount
was high, but p32 amount was low in ArgII-/- mice. *vs. WT, P < 0.001 by Student’s t-test. For all data, n = 5 experiments. ns, not significant.
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Figure 6 Activated Pink/Parkin negatively regulates p32 stability that activates eNOS in the aortas of ArgII-/- mice. (A) Parkin phosphorylation was assessed by
immunoprecipitation and western blotting with anti-phosphoserine and phospho-Parkin Ser65 antibodies, respectively. In aortic vessels of ArgII-/-, p32 protein
level decreased, and Parkin phosphorylation at Ser65 increased. *vs. WT, P = 0.0019 by Student’s t-test. Representative western blot images from n = 5 experi-
ments. (B) Aortic lysates were fractionated into mitochondria and cytosol. Pink/Parkin was localized in mitochondria in ArgII-/- mice. *vs. WT, P < 0.0001 by
Student’s t-test. (C) SiPink and siParkin were incubated with aortas and p32 was immunoprecipitated. p32 ubiquitination was enhanced, and siPink and siParkin
reduced p32 ubiquitination in ArgII-/- mice. Representative western blot images from n = 5 experiments. (D) In ArgII-/- mice, KN93 attenuated Parkin phosphory-
lation and restored p32 protein amount. Representative western blot images from n = 5 experiments. (E) Isolated aortas from WT and ArgII-/- mice were incu-
bated with siParkin. siParkin blunted increased CaMKII/AMPK/Akt/eNOS Ser1177 phosphorylation in aortas of ArgII-/- mice. *vs. untreated (WT), P < 0.001 by
Student’s t-test, **vs. untreated (WT), P < 0.001 by Student’s t-test, #vs. untreated (ArgII-/-), P < 0.0001 by Student’s t-test. For all data, n = 5 experiments.
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..The conserved eukaryotic p32 protein is both multifunctional and
multicompartmental (targeted to different organelles). A functional p32
study using heterozygous mice fed a high-fat diet (HFD) reported lower
body weights, fat, and blood glucose levels, but higher fatty acid

oxidation/glycolysis, energy expenditure, and resistance to hepatostea-
tosis.40 In addition, the partial suppression of p32 reduced lipid accumu-
lation through downregulation of lipogenic genes such as srebp1, Fasn,
and Acc.41 Moreover, severe disruption to the mitochondrial respiratory

Figure 7 siArgII increases Parkin-dependent ubiquitination of p32 that activates eNOS in aortas of ApoE-/- HCD mice. Aortic lysates from ApoE-/- HCD
and WT ND mice were fractionated. (A) In mitochondria, Pink/Parkin proteins were reduced and p32 protein was increased in aortas of ApoE-/- HCD mice.
*vs. WT ND, P < 0.001 by Student’s t-test. (B) In immunoprecipitation experiments, Parkin phosphorylation was reduced in ApoE-/- HCD mice.
Representative western blot images from n = 5 experiments. (C) p32 ubiquitination was decreased and siArgII enhanced p32 ubiquitination. Representative
western blot images from n = 5 experiments. (D) siArgII increased Parkin phosphorylation and reduced p32 protein amount. Representative western blot
images from n = 5 experiments. (E) Immunoblotting was performed with aortas treated with siArgII and siParkin. In aortas of ApoE-/- HCD mice, siArgII
restored the CaMKII/AMPK/Akt/eNOS Ser1177 phosphorylations that were attenuated by siParkin. *vs. untreated (ApoE-/- HCD), P < 0.001 by Student’s
t-test, # vs. siArgII (ApoE-/- HCD), P < 0.0001 by Student’s t-test. For all data, n = 5 experiments.
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.
chain has been reported in p32-/- embryos.42 Interestingly, the metabolic
properties of p32 heterozygous HFD mice were similar to those of
ArgII-/- mice fed a high-fat high-sucrose diet.37 The ArgII-/- mice had
lower blood glucose levels, higher energy expenditures, upregulated
genes associated with fatty acid oxidation, and activated AMPK. Another
ArgII-/- HFD mouse study showed lower hepatic steatosis, lower levels
of a lipogenic transcription factor, SREBP-1c, lower activity/expression
of lipogenic enzymes, and higher AMPK activation.38 These studies
revealed the same metabolic shift in both p32 heterozygous and ArgII-/-

mice, which is consistent with changes in mitochondrial Ca2þ levels.
Mitochondrial Ca2þ influx serves as a rapid signal for the allosteric activa-
tion of select matrix dehydrogenases of the tricarboxylic acid cycle, as
well as for mitochondrial ATP synthase, to collectively enhance energy
output.43,44 In our previous study, we reported that ArgII downregula-
tion and p32 knockdown with siRNA resulted in CaMKII-dependent
AMPK activation through increased [Ca2þ]c.15 Lower [Ca2þ]m inhibits
mitochondrial respiration (= reduced glucose oxidation), shifts it to-
wards fatty acid metabolism, and reduces body fat.45 Consistent with
this demonstration, abrogation of mitochondrial Ca2þ influx disrupts ox-
idative phosphorylation and AMPK activation.46 Therefore, our finding
that ArgII protein regulated [Ca2þ]m through Parkin-dependent ubiquiti-
nation of p32 protein may explain the metabolic similarities between the
two mice models. In addition, the present study may contribute to the
understanding of diseases such as Parkinson’s and Alzheimer’s, which are
characterized by perturbations in Ca2þ homeostasis and mitochondrial
dysfunction.47 With this in mind, we also examined mitochondrial func-
tion (Supplementary material online, Figure S9). Mitochondrial content
was not different among the three groups (WT, ArgII-/-, and p32f/f

Tie-Creþ). Mitochondrial fragmentation was increased, and ATP levels
decreased, in ArgII-/- and p32f/f Tie-Creþ mice compared to WT.
Additionally, mitochondrial membrane potential was decreased in the
p32f/f Tie-Creþ group. The protein levels, MFN2 and DRP1, associated
with mitochondrial fusion and fission were not different, but the levels of
LC3-II, which was associated with autophagy, were higher in the ArgII-/-

group.
The ArgII enzyme catalyzes L-Arg to L-ornithine and urea, an impor-

tant step both in the urea cycle and in the regulation of L-Arg bioavail-
ability. The latter may contribute to eNOS activation through increased
substrate accessibility.6 Moreover, we have reported that ArgII protein
and its activity participate in the Ca2þ flux between mitochondria and
the cytosol in a p32-dependent manner.13,48 Here, we propose two
novel functions for ArgII: First, that ArgII regulates CaMKII-dependent
Parkin activation and its translocation to mitochondria (Figure 4); and
second, that ArgII protein negatively regulates Parkin-dependent p32
ubiquitination (Figure 8). However, we did not determine the mechanism
by which ArgII downregulation increased [Ca2þ]c, although p32 knock-
down did increase [Ca2þ]c. We conclude that Ca2þ moved into the cy-
tosol from elsewhere, as p32 facilitated Ca2þ movement from the
cytosol to mitochondria. We suggest that L-Arg may be associated with
increased [Ca2þ]c because L-Arg itself increases [Ca2þ]c in our previous
study.13 This postulation may be applied to explain the L-Arg paradox.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
In many vascular disorders, the downregulation of arginase II (ArgII) has been shown to be beneficial. This enzyme plays a crucial role in the regula-
tion Ca2þ concentrations in a p32-dependent manner and activates the endothelial nitric oxide synthase activation signalling cascade. In this study,
we discovered that ArgII downregulation, inhibition of its activity, and gene knockout/down, induced the activation of Parkin (an E3-ubiquitin ligase)
through a CaMKII-dependent mechanism. ArgII protein, as a p32 binding partner, prevented Parkin-dependent p32 ubiquitination, but inhibition of
ArgII activity had no effect on ubiquitination. These novel findings have the potential to be translated into future therapeutic strategies to treat vascu-
lar diseases.
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