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systemic changes in nitric oxide and L-arginine
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Abstract Obesity is a risk factor for vascular endothelial cell
dysfunction characterized by low-grade, chronic inflamma-
tion. Increased levels of arginase I and concomitant decreases
in L-arginine bioavailability are known to play a role in the
pathogenesis of vascular endothelial cell dysfunction. In the
present study, we focused on changes in the systemic expres-
sion of arginase I as well as L-arginine metabolism in the pre-
disease state of early obesity prior to the onset of atheroscle-
rosis. C57BL/6 mice were fed a control diet (CD; 10% fat) or
high-fat diet (HFD; 60% fat) for 8 weeks. The mRNA expres-
sion of arginase I in the liver, adipose tissue, aorta, and mus-
cle; protein expression of arginase I in the liver and plasma;
and systemic levels of L-arginine bioavailability and NO2

−

were assessed. HFD-fed mice showed early obesity without
severe disease symptoms. Arginase I mRNA and protein ex-
pression levels in the liver were significantly higher in HFD-
fed obese mice than in CD-fed mice. Arginase I levels were
slightly increased, whereas L-arginine levels were significant-
ly reduced, and these changes were followed by reductions in
NO2

− levels. Furthermore, hepatic arginase I levels positively
correlated with plasma arginase I levels and negatively corre-
lated with L-arginine bioavailability in plasma. These results

suggested that increases in the expression of hepatic arginase I
and reductions in plasma L-arginine and NO2

− levels might
lead to vascular endothelial dysfunction in the pre-disease
state of early obesity.
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Introduction

The incidence and prevalence of obesity have increased
worldwide in recent decades and reached epidemic propor-
tions [2, 13]. The development of obesity is closely associated
with additional metabolic complications, including insulin re-
sistance, type 2 diabetes, cardiovascular disease, fatty liver
disease, airway disease, and some cancers [8, 10]. Therefore,
obesity and its related disorders are a global health issue, and
their effective prevention is urgently needed.

L-Arginine (Arg) metabolism is important in normal homeo-
stasis and is altered by various diseases. Arg is utilized by argi-
nase and nitric oxide (NO) synthase (NOS) [16, 22, 40].
Arginase metabolizes the hydrolysis of Arg into L-ornithine
(Orn) and urea and consists of two isoforms. Arginase I is
localized in the cytoplasm and mainly expressed in the liver,
but is present at lower levels in various extrahepatic organs.
Arginase II is localized in mitochondria and expressed at low
levels in extrahepatic tissues and cells [4, 16]. NOS converts
Arg to NO and L-citrulline (Cit) [16]. Previous studies report-
ed that arginase I levels in serum/plasma and lung tissue were
elevated in a murine asthmatic model [25, 36, 41] and asth-
matic patients [21, 28]. Furthermore, the inhibition of arginase
increased the production of NO in asthmatic lungs and ame-
liorated allergic airway inflammation [26, 35]. Animals with
obesity and its related metabolic disorders, including diabetes,
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atherosclerosis, and hypertension, were found to have in-
creased levels of arginase I, and these symptoms were ame-
liorated by the inhibition of arginase [5, 6, 9, 14, 19, 34].
Decreased NO production has been implicated in the patho-
genesis of these disorders [16, 18, 38]. Therefore, increased
levels of arginase I may decrease NO production due to com-
petitive consumption of Arg between arginase I and NOS and
may also promote the pathogenesis of vascular endothelial
dysfunction.

Our population studies on healthy Japanese individuals re-
vealed that serum arginase I was associated with inflammation
and oxidative stress [27, 29, 30]. Based on the negative inde-
pendent association of serum levels of arginase I with serum
levels of Arg in a healthy population [29, 30], serum levels of
arginase I have been suggested to regulate Arg and tissue NO
generation in pre-disease and disease states. Therefore, argi-
nase I may not only be a biomarker for the early prediction of
vascular endothelial dysfunction but also a target protein for
the prevention of vascular endothelial dysfunction-related dis-
eases. However, the organ or cell contributing to the increase
in arginase I levels in the circulation has not yet been
identified.

Obesity and its related disorders are characterized by
low-grade, chronic inflammation [8, 10]. Obesity is related
to the onset and development of fatty liver, leading to the
more severe inflammatory state of non-alcoholic
steatohepatitis [8] and liver cancer [1]. Since arginase I is
mainly expressed in the liver [4, 18] and induced by inflam-
matory factors and its related pathways [23, 31, 32], early
obesity may induce the upregulation of arginase I in the
liver, which contributes to systemic changes in arginase
and Arg metabolites.

High-fat diet (HFD) feeding is widely used in rodents to
induce obesity and its related metabolic disorders, which re-
semble metabolic syndrome in humans [3, 12, 24]. In the
present study, using HFD-fed obese mice, we investigated
alterations in the systemic expression of arginase and Arg
metabolism in the pre-disease state of early obesity prior to
the onset of vascular endothelial disease.

Materials and methods

Animals

Three-week-old male C57BL/6 mice were obtained from
Charles River Laboratories Japan (Yokohama, Japan). They
were acclimatized for 1 week before experiments. The care
and handling of animals were in accordance with the
Guidelines for the Care and Use of Laboratory Animals at
the Shikata Campus of Okayama University. This animal
study was approved by the Okayama University Institutional
Animal Care and Use Committee (OKU-2014322).

Experimental design

After acclimation for 1 week, mice were fed either a control
diet (CD; 10% fat, D12450B, Research Diets Inc., New
Brunswick, NJ, USA, CD group) or high-fat diet (HFD;
60% fat, D12492, Research Diets Inc., HFD group) for
8 weeks. Body weight and food intake were measured twice
a week. Blood glucose levels were measured using the
Glutest Neo Sensor (Sanwa Kagaku, Nagoya, Japan).
After 8 weeks, all mice were killed by exsanguination under
anesthesia with ketamine and xylazine. Blood was collect-
ed from the inferior vena cava and immediately centrifuged,
and separated plasma was stored at − 80 °C. After the col-
lection of blood, the liver, adipose tissue, aorta, and muscle
were harvested. A portion of liver tissue was fixed in 10%
neutral phosphate-buffered formalin for histological examina-
tions. Other parts of the liver and other tissue samples were
rapidly frozen using liquid nitrogen and stored at − 80 °C for
further analyses.

Histological evaluation

Fixed liver tissues were embedded in paraffin. Liver sections
were sliced and stained with hematoxylin and eosin and mi-
croscopically evaluated for hepatic steatosis according to a
scoring system described previously by Kleiner et al. [15].
Sections were observed under an Olympus IX70 light inverted
microscope (Olympus, Tokyo, Japan).

RNA extraction and real-time polymerase chain reaction

Total RNA from the liver, adipose tissue, aorta, and muscle
was extracted with ISOGEN (Nippon Gene, Tokyo, Japan).
Complementary DNA (cDNA) was reverse-transcribed from
total RNA using the PrimeScript 1st strand cDNA Synthesis
Kit (Takara Bio Inc., Shiga, Japan), according to the manufac-
turer’s instructions. cDNAwas subjected to quantitative real-
time polymerase chain reaction (PCR) using SYBR Premix
Ex Taq (Tli RNaseH Plus, Takara Bio Inc.) with ROX
Reference Dye on the StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The following
primers were used: Arg1, forward 5′-CTCCAAGCCAAAGT
CCTTAGAG-3′ and reverse 5′-AGGAGCTGTCATTA
GGGACATC-3′; Arg2, forward 5′-TCCTCCACGGGCAA
ATTCC-3′ and reverse 5′-GCTGGACCATATTCCACTCC
TA-3′; and Gapdh, forward 5′-AGGTCGGTGTGAAC
GGATTTG-3′ and reverse 5′-TGTAGACCATGTAG
TTGAGGTCA-3′. Relative mRNA expression levels were
calculated using the comparative Ct (ΔΔCt) method [17],
with the Gapdh gene as an internal control. Data are shown
as relative expression.
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Western blot analysis

A Western blot analysis was performed as previously de-
scribed [26, 35, 41]. Liver tissue was homogenized in a buffer
containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and
complete protease inhibitor mixture tablets (Roche,
Mannheim, Germany) and then centrifuged. Protein concen-
trations in the supernatant weremeasured using a BCA protein
assay reagent kit (Pierce Biotechnology, Rockford, IL, USA).
Equal amounts of protein from the liver or equal volumes of
plasma were subjected to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and proteins were subse-
quently transferred onto polyvinylidene fluoride membranes
(Millipore, Bedford, MA, USA). After blocking, these mem-
branes were incubated with antibodies to arginase I (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA), arginase II
(Santa Cruz Biotechnology Inc.), or β-actin (Abcam,
Cambridge, UK) as an internal control in the liver.
Corresponding horseradish peroxidase-conjugated secondary
antibodies (DakoCytomation Inc., Carpinteria, CA, USA)
were used as the second antibody. Membranes were incubated
with an enhanced chemiluminescence Western blot detection
system (Perkin-Elmer, Boston, MA, USA), and bands were
visualized using anMXJB-PLUSmedical X-ray film (Kodak,
Rochester, NY, USA). Each bandwas quantified using ImageJ
software (National Institutes of Health, USA). The expression
level of arginase I and arginase II in liver tissue was normal-
ized to that of β-actin. Data are shown as relative expression.

High-performance liquid chromatography analysis

The plasma concentrations of amino acids such as Arg, Cit,
and Orn were quantified using high-performance liquid chro-
matography (HPLC) with fluorescence detection, as previous-
ly described [41]. In brief, 10 μl of plasma was mixed with
50 μl of 1.5 MHClO4. After 2 min, 1 ml of H2O, 25 μl of 2 M
K2CO3, and 125 μl of 100 μM monomethyl-L-arginine, an
internal standard, were added. This mixture was vortexed
and centrifuged. The supernatant was mixed with an equal
amount of derivatization reagent (1 mg/ml ortho-
p h t h a l a l d e h y d e , 2% me t h a n o l , a n d 0 . 1% 3 -
mercaptopropionic acid in 200 mM borate buffer, pH 8.5)
and injected into a HPLC system consisting of a solvent de-
livery system and fluorometer (HITACHI Ltd., Tokyo, Japan).
Ascentis® C18 (15 cm × 4.6 mm, 3 μm; Supelco Inc.,
Bellefonte, PA, USA) and Ascentis® C18 Supelguard™
(2 cm × 4.0 mm, 3 μm; Supelco Inc.) were used as the ana-
lytical column and guard column, respectively. Separation
was performed by mobile phase A (0.1 M sodium acetate,
pH 7.2, containing 9% methanol and 0.5% tetrahydrofuran)
and mobile phase B (100% methanol). Fluorescence excita-
tion and emission wavelengths were 340 and 455 nm,
respectively.

Measurement of NO

In order to estimate NO production in plasma, the concen-
tration of nitrite (NO2

−) was measured by the ozone-
chemiluminescence method using an NO analyzer (Model-
280i NOAwith a Purge Vessel; Sievers, Boulder, CO, USA),
as previously described [26, 41].

Statistical analysis

All data are given as the mean ± standard error of the mean
(SEM). Comparisons between CD and HFD groups were per-
formed using an unpaired Student t test or Mann-Whitney test
after analyzing Gaussian distribution with the Shapiro-Wilk
normality test or Kolmogorov-Smirnov test. Correlation anal-
yses were assessed using Pearson’s correlation coefficients.
Differences were considered to be significant when
P < 0.05. All analyses were performed with GraphPad Prism
6 for Windows (GraphPad Software, Inc., San Diego, CA,
USA).

Results

Characteristics of early obese mice induced by HFD

Body weights after 8 weeks of feeding were significantly
higher in the HFD group (31.0 ± 0.9, n = 8) than in the CD
group (25.4 ± 0.4, n = 7) (P < 0.001, Fig. 1a). The average
energy of food intake (Kcal/week/mouse) was significantly
higher in the HFD group (79.9 ± 1.7, n = 8) than in the CD
group (63.1 ± 1.2, n = 7). However, no significant differences
were observed in blood glucose levels between the CD group
(177.7 ± 12.3, n = 7) and HFD group (173.0 ± 10.4, n = 8)
(Fig. 1c). We assessed histological changes in the liver.
Pathologically, fat deposition in the liver was approximately
5% in the HFD group, which indicates mild steatosis without
microvascular steatosis and ballooning degeneration, but was
negligible in the CD group (Fig. 1d). These results suggest
that HFD causes early and mild, but not severe obesity in the
pre-disease state prior to the onset of metabolic disorders.

The mRNA and protein expression of arginase I
and arginase II in the liver of HFD-fed early obese mice

We examined the mRNA expression of arginase isoforms in
the liver by real-time PCR. The mRNA expression of arginase
I was significantly stronger in the HFD group (relative values,
1.38 ± 0.09, n = 7) than in the CD group (n = 6) (P < 0.05,
Fig. 2a). No significant differences were observed in the
mRNA expression of arginase IΙ between the HFD group
(relative values, 0.81 ± 0.07, n = 7) and CD group (n = 7)
(Fig. 2b). Furthermore, we confirmed protein levels using a
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Western blot analysis and found that the protein expression of
arginase I and arginase II in the liver was significantly stronger
in the HFD group (relative value of arginase I, 1.86 ± 0.34,
n = 8; that of arginase II, 1.70 ± 0.12, n = 8) than in the CD
group (n = 7) (P < 0.05, Fig. 2c). These results indicate that
early obesity induces the expression of arginase I in the liver.

The mRNA expression of arginase I and arginase II
in the adipose tissue, aorta, and muscle of HFD-fed early
obese mice

We then measured the mRNA expression of the arginase iso-
forms in adipose, aortic, and muscle tissue by real-time PCR
(Fig. 3a–f). No significant differences were noted in the
mRNA expression of arginase I in the aorta between the
HFD group (relative value of arginase I, 1.63 ± 0.99, n = 5;
that of arginase II, 3.12 ± 1.16, n = 5) and CD group (n = 6) or
in the muscle between the HFD group (relative value of argi-
nase I, 0.29 ± 0.16, n = 5; that of arginase II, 1.02 ± 0.69, n = 5)

and CD group (n = 5). However, although the mRNA expres-
sion of arginase I in adipose tissue was not significantly dif-
ferent between the HFD group (relative value of arginase I,
1.79 ± 0.47, n = 6) and CD group (n = 6), a significant differ-
ence was observed for the mRNA expression of arginase II
between the HFD group (relative value of arginase II,
1.49 ± 0.12, n = 5) and CD group (n = 5).

The protein expression of arginase I in the plasma
of HFD-fed early obese mice

We measured protein levels of arginase I in plasma using a
Western blot analysis. Plasma arginase I levels were slightly
higher in the HFD group (relative value of arginase I,
1.44 ± 0.19, n = 7) than in the CD group (n = 7) (P = 0.0870,
Fig. 4a). We also assessed the relationship for arginase I be-
tween the liver and plasma. Pearson’s correlation analysis
showed that the expression of arginase I in the liver positively
correlated with that in the plasma (P = 0.0197, r = 0.6131,
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Fig. 2 Arginase I mRNA and
protein expression levels are
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early obese mice. Quantification
after normalization to Gapdh in
real-time PCR for Arg1 (a) and
Arg2 mRNA (b) in the liver of
CD and HFD-fed mice.
Representative images and
quantification after normalization
to β-actin in a Western blot anal-
ysis for arginase I (c) and arginase
II (d) protein levels in the liver of
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fed mice. ***P < 0.001 vs. CD-fed mice (n = 7). dRepresentative images

of hematoxylin and eosin-stained liver tissue from CD- and HFD-fed
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Fig. 4b). These results suggest that an elevated systemic level of
arginase I is related to the obesity-induced increased expression
of arginase I in the liver.

Systemic Arg metabolism in HFD-fed early obese mice

We measured the plasma concentrations of Arg metabolites
using HPLC. The concentrations of Arg and Cit were signif-
icantly lower in the HFD group (38.4 ± 1.4, n = 7, and
20.9 ± 0.9, n = 7, respectively) than in the CD group
(63.6 ± 3.1, n = 7, and 35.3 ± 1.9, n = 7, respectively)
(Fig. 5a, b). No significant difference was observed in the
concentration of Orn between the HFD (38.0 ± 3.4, n = 7)
and CD groups (35.9 ± 4.7, n = 7) (Fig. 5c). The ratio of Orn/
Cit was significantly higher in the HFD group (1.8 ± 0.2,
n = 7) than in the CD group (1.0 ± 0.2, n = 7) (Fig. 5d),
suggesting the metabolism of Arg by arginase than by NOS.
Furthermore, the Arg bioavailability ratio [Arg/(Orn + Cit)]
[20, 37] was significantly lower in the HFD group (0.7 ± 0.1,
n = 7) than in the CD group (0.9 ± 0.1, n = 7) (Fig. 5e).We also
measured the plasma concentration of NO2

−, a metabolite of
NO. The plasma concentration of NO2

−was significantly low-
er in the HFD group (176.7 ± 31.0, n = 7) than in the CD group
(282.0 ± 16.1, n = 7) (Fig. 5f). These results suggest systemic
changes in Arg metabolism including decreases in Arg bio-
availability and NO production in the early stage of obesity.

Relationship between hepatic arginase I and plasma Arg
metabolites

Pearson’s correlation coefficients between hepatic arginase I
protein levels in the liver or plasma and Arg metabolites in the
plasma are shown in Table 1. Hepatic arginase I levels posi-
tively correlated with the Orn/Cit ratio and negatively corre-
lated with Arg and Cit levels as well as the Arg bioavailability
ratio in plasma. A strong correlation was observed between
hepatic arginase I levels and Arg bioavailability. However, no
correlations were found between arginase I levels and Arg
metabolites in plasma. These results suggest that arginase I

Fig. 3 Arginase I mRNA
expression levels remain
unchanged in adipose tissue, the
aorta, and muscle of HFD-fed
early obese mice. Quantification
after normalization to Gapdh in
real-time PCR for Arg1 (a–c) and
Arg2 mRNA (d–f) in adipose tis-
sue (a, d), the aorta (b, e), and
muscle (c, f) of CD- and HFD-fed
mice (n = 5–7)
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Fig. 4 Plasma arginase I levels slightly increased and correlated with
hepatic arginase I levels in HFD-fed early obese mice. a Representative
images and quantification of a Western blot analysis for arginase I protein
levels in the plasma of CD- and HFD-fed mice (n = 7). b Correlation
analysis for arginase I between the plasma and liver (n = 14, 7 in each group)
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expression in the liver contributes to systemic changes in Arg
metabolism in early obesity.

Discussion

The results of the present study demonstrate that the expres-
sion of arginase I increased in the livers of early obese, pre-
diseased, HFD-fed mice. We also showed the induction of
hepatic arginase I in HFD-fed obese mice, which was follow-
ed by a decrease in Arg bioavailability and NO production.
Furthermore, hepatic arginase I expression was associated
with arginase I expression, Arg, Cit, the Orn/Cit ratio, and
the Arg bioavailability ratio in plasma.

HFD-fed mice are a useful model for obesity and its related
metabolic diseases. However, the obesity-induced onset or
offset of metabolic syndrome varies depending on the dura-
tion of feeding, the fat content in the diet, the composition of
dietary fat, and the rodent strain [3, 12, 24]. Since mice after
8 weeks of HFD feeding showed mild obesity without overt
symptoms of metabolic disorders, such as hyperglycemia and
severe fatty liver, HFD feeding in this study may be the pre-
disease state of early obesity, prior to the onset of vascular
endothelial dysfunction.

The results of the present study revealed increases in the
expression of arginase I in the liver without obvious steatosis
in early obesity. In contrast, arginase I mRNA levels remained
unchanged in adipose tissue, the aorta, and muscle. Based on
increases in arginase I levels after the onset of metabolic dis-
eases [5, 6, 8, 14, 19, 34], arginase I in the liver may be more
susceptible to early obesity-induced changes than that in other
tissues. Furthermore, plasma arginase I levels slightly increase
in early obesity. Previous studies reported that arginase is re-
leased from injured livers into the circulation [11, 33]. The
positive correlation for arginase I levels between the liver
and plasma in our HFD-fed mice indicates that increases in
arginase I levels in the liver during pre-disease obesity partly
contribute to elevated arginase I levels in the circulation.

Increasing evidence shows a reduction in Arg bioavailabil-
ity in patients [30, 37, 39] and animals with metabolic disor-
ders [6, 14]. Additionally, decreased NO production is a com-
mon feature of vascular endothelial cell dysfunction and the
subsequent onset of atherosclerosis [14, 16, 38]. We found
that systemic Arg bioavailability and NO production de-
creased even in the early pre-disease state of obesity. Our

Orn

Orn/Cit NO2
-

Cit

20

40

60

80

CD HFD
0

***

CD HFD
0

100

200

300

400

*

Arg

CD HFD
0

20

40

60

80

***

Arg/(Orn+Cit)

*

Pl
as

m
a 

A
rg

 (
M

)

Pl
as

m
a 

C
it 

(
M

)

Pl
as

m
a 

O
rn

 (
M

)

Pl
as

m
a 

O
rn

/C
it 

Pl
as

m
a 

A
rg

/(O
rn

+C
it)

Pl
as

m
a 

N
O

2-
(n

M
)

CD HFD
0

20

40

60

80

CD HFD
0.0

0.5

1.0

1.5

2.0

2.5
*

CD HFD
0.0

0.5

1.0

1.5

P = 0.722
a b c

fd e

Fig. 5 Systemic Arg metabolism
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Table 1 Correlation of arginase I with arginase-related and nitric oxide
synthase-related metabolites in the plasma and liver

Arginase I protein (relative expression)

Liver Plasma

r P r P

Arg (μM) − 0.6550 0.0110 − 0.2525 0.3838

Cit (μM) − 0.5864 0.0275 − 0.1751 0.5494

Orn (μM) 0.2605 0.3684 0.0856 0.7712

Orn/Cit ratio 0.6255 0.0167 0.2124 0.4661

Arg/(Orn + Cit) ratio − 0.7810 0.0010 − 0.4357 0.1194

NO2
− (nM) − 0.3523 0.2167 − 0.4018 0.1544

Significant correlations are denoted in italic
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results suggest that elevated arginase I levels in the liver and
plasma are responsible for these systemic changes.

Hepatic arginase I levels correlated with systemic levels of
Arg and Cit as well as the Orn/Cit and Arg bioavailability
ratios. These correlations may be explained by the release of
arginase I from the liver into the circulation.Moreover, chang-
es in Arg metabolites by arginase I within the liver and their
release into the circulationmay contribute to systemic changes
in Arg metabolites. Systemic changes in Arg metabolism may
predict the onset and development of subsequent obesity-
related liver diseases. A correlation was not observed between
arginase I and Arg metabolites in plasma in the present study;
however, plasma levels of arginase I were slightly elevated.
Although the reason for this currently remains unclear, argi-
nase I levels in plasma may reflect differences in its release
from the liver depending on the degree of obesity and its
related inflammation.

The results of the present study showing increased levels of
arginase and decreased Arg bioavailability in the pre-diseased
state of early obesity support the negative relationship be-
tween arginase and Arg in a healthy Japanese population
[30]. Therefore, our results indicate that systemic changes in
Arg metabolism including those in arginase I and their rela-
tionship with Arg bioavailability are early signs of the onset
and development of subsequent diseases. Although further
studies are needed in order to assess and compare systemic
changes in Arg metabolism in pre-obesity (prior to increases
in body weight) and disease states after the onset and devel-
opment of metabolic diseases, in addition to early obesity of
the pre-disease state, monitoring these systemic changes in
Arg metabolism may be effective for the early diagnosis and
prevention of obesity-associated metabolic disorders.

The mechanisms underlying the upregulation of arginase I
in the liver induced by HFD feeding are unclear. The expres-
sion of arginase I is inducible by various factors, including
interleukin (IL)-4, IL-10, IL-13, tumor necrosis factor-α, re-
active oxygen species, and glucose. The intracellular signaling
pathways responsible for the induction of arginase I are the
protein kinase C/RhoA/Pho kinase pathway and mitogen-
activated protein kinase. This upregulation of arginase I is
controlled by transcription factors, including signal transducer
and activator of transcription-6, CAAT-enhancer binding pro-
tein, purine box factor 1, and peroxisome proliferator-
activated receptor [23, 31, 32]. Furthermore, our previous
population studies revealed a relationship between arginase I
expression with increases in oxidative stress [27, 29, 30].
Previous studies showed that obesity is related to increased
oxidative stress [7, 10]. Therefore, our results demonstrated
that the upregulation of arginase I may be due to mild obesity-
related inflammation in the liver induced by HFD; however,
further experiments are needed in order to elucidate the mech-
anisms by which obesity induces the expression of arginase I
in the liver in more detail.

In conclusion, the present study proposes that HFD
feeding-induced early obesity may lead to the upregulation
of arginase I expression in the liver, and this may be related
to systemic changes in Arg metabolism. Although further
studies are needed in order to clarify the contribution of argi-
nase I and Arg metabolism to obesity and its related metabolic
diseases, arginase I and Arg metabolites have potential as
biomarkers for the early diagnosis and prevention of obesity
and its related metabolic disorders.
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