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DDAH/ADMA pathway†
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Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease spread throughout the world.

The most frequent causes of death in NAFLD patients are due both to liver and cardiovascular damage.

Several pathways, including the dimethylarginine dimethylaminohydrolase (DDAH)/asymmetric

dimethylarginine (ADMA) pathway, are involved in the pathogenesis of NAFLD. It has been reported that

ADMA plasmatic levels are increased in patients with hepatic dysfunction such as NAFLD. Although many

studies demonstrated that some foods are effective in the treatment of NAFLD, few studies have

evaluated their effects with respect to the prevention of the disease. It has been reported that sweet

orange juice (OJ) consumption may be associated with potential health benefits. However, some

varieties of sweet orange are more effective than others. The aim of the present paper was to investigate

the effect of blond and blood sweet orange juice in prevention of NAFLD by evaluating its ability to

improve liver steatosis in mice with diet-induced obesity, reducing oxidative stress and affecting the

DDAH/ADMA pathway. Results obtained in our experimental conditions evidenced that blood orange

juice rather than blond orange juice was more effective. Blood orange juice or blond orange juice

enriched in anthocyanins may represent a promising dietary option for the prevention of fatty liver disease.
Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common
liver disease spread throughout the world.1,2 NAFLD mainly
affects the western population because of their more sedentary
lifestyle and dietary habits.3,4 Insulin resistance is a common
pathophysiological factor for many pathologies such as dysli-
pidemia, diabetes, metabolic syndrome and NAFLD.5–7 In
hepatocytes of patients with NAFLD are accumulated high levels
of triglycerides and consequently NAFLD can progress to stea-
tosis or to non-alcoholic steatohepatitis (NASH) which are
characterized by increased oxidative stress and inammation.
NASH in turn can lead to cirrhosis or to related complications,
such as hepatocellular carcinoma. The most frequent causes of
death in NAFLD patients are due both to liver and cardiovas-
cular damage.3,8 Endothelial dysfunction is a main event in the
pathogenetic cascade leading to cardiovascular damage.
Asymmetric dimethylarginine (ADMA) is an endogenous
inhibitor of nitric oxide synthase (NOS), which plays a key role
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tion (ESI) available. See DOI:
in endothelial dysfunction.9 Several pathways, including the
DDAH/ADMA pathway, are involved in the pathogenesis of
NAFLD. It has been reported that ADMA plasmatic levels are
increased in patients with hepatic dysfunction such as
NAFLD.2,10 Although many studies demonstrated that some
foods are effective in the treatment of NAFLD,11–15 few studies
have evaluated their effects with respect to the prevention of the
disease.16 The sweet orange (Citrus sinensis L. Osbeck) can have
a wide range of benecial effects on health.17,18 Sweet orange
juice contains potent bioactive compounds including avo-
noids (hesperidin and narirutin, predominantly as glycosides),
carotenoids (xanthophylls and carotenes), vitamin C and other
benecial phytochemicals. It has been reported that sweet
orange juice (OJ) consumption may be associated with potential
health benets. However, the different varieties of sweet
oranges do not have the same effects. For example, among the
two varieties of sweet orange Moro (a blood orange) and
Navelina (a blond orange), only the dietary supplementation of
sweet orange Moro juice, but not of sweet orange Navelina juice,
signicantly reduced body weight gain and fat accumulation in
mice. This different effect may be due to different polyphenols
content. Fruit juice analysis of the varieties sweet orange Moro
and Navelina fruits, evidenced that only Moro variety is rich in
anthocyanins.19 Moreover, Salamone et al.20 demonstrated that
blood orange consumption counteracts liver steatogenesis in
mice fed with diet-induced obesity (HFD) and thus this fruit
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Effects of blond and blood sweet orange juice on body weight
during the 12 weeks period. Body weight was markedly increased in
mice fed high-fat diet (HFD) and was decreased to the levels of low fat
diet mice by blood sweet orange juice. Values are mean � standard
deviation (S.D.) of at least three independent experiments. *p < 0.05 vs.
HFD + water.

Fig. 2 Effects of blond and blood sweet orange juice on liver
triglycerides content. Liver triglycerides content was markedly
increased in mice fed high-fat diet (HFD) and was decreased to the
levels of low fat diet mice by blood sweet orange juice. Values are
mean � standard deviation (S.D.) of at least three independent
experiments. #p < 0.05 vs. standard diet (SD) + water; *p < 0.05 vs.
HFD + water.
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View Article Online
may represent a promising dietary option for the prevention of
fatty liver. Aim of the present paper was to investigate the effect
of blond and blood orange juice in prevention of NAFLD by
evaluating their ability to improve liver steatosis in mice fed
HFD reducing oxidative stress and affecting DDAH/ADMA
pathway.

Results
Animals and diets

Food and beverage consumption was measured twice a week for
the entire duration of the experiments (12 weeks). To evaluate
the effect of blond and blood orange juice on food and liquid
intake, C57/BL6 mice were provided food and either water or
one of the varieties of orange juice ad libitum. Animals tolerated
enough the replacement of drinking water with orange juice
(100% orange juice, as the only drinking source). Under these
conditions the beverage intake of water was 4.05 � 0.80 ml per
day per mouse, comparable to the daily beverage intake of the
different orange juices, equal to 3.85 � 1.05 ml per day per
mouse. Despite the consumption of approximately 3.85 �
1.05 ml per day of blood or blond orange juice compared with
water corresponds to an excess of energy intake of around 1.5
kcal per day, none of the orange juices provided altered food
consumption, as indicated by the daily food intake that was
approximately 3.25 � 0.85 g per day per mouse in all the
experimental conditions examined.

Body weight and triglycerides content

All animals had similar body weight at the beginning of the
experiment. Aer 12 weeks, mice fed HFD + water had higher
body weight compared to SD group. Mice fed HFD + blond
oranges had a weak reduction of body weight, whereas mice fed
HFD + blood oranges had a body weight similar to mice fed SD
(Fig. 1).

Mice fed HFD for 12 weeks had increased liver triglycerides
levels compared to the SD group. Mice fed HFD + blond oranges
had a weak reduction of triglycerides levels, whereas mice fed
HFD + blood oranges had triglycerides levels similar to mice fed
SD (Fig. 2). The triglyceride content is similar to changes in liver
weight that is an important indicator for fatty liver. Liver weight
was among 20–22 mg for mice fed with SD + water, SD + blond
orange juice, SD + blood orange juice and for mice fed with HFD
+ blood orange juice, while it was among 25–30 mg for mice fed
with HFD + water and for HFD + blond orange juice.

Lipid hydroperoxide levels

Mice fed HFD for 12 weeks had increased liver LOOH levels
compared to the SD group. A weak reduction of LOOH levels was
evidenced in mice fed HFD + blond oranges, whereas a signi-
cant reduction of LOOH levels was showed in mice fed HFD +
blood oranges (Fig. 3).

Thiol group levels

Mice fed HFD for 12 weeks had decreased liver RSH levels
compared to the SD group. Mice fed HFD + blond oranges had
This journal is © The Royal Society of Chemistry 2019
a weak increase of RSH levels, whereas mice fed HFD + blood
oranges had RSH levels similar to mice fed SD (Fig. 4).

Reactive oxygen species levels

Mice fed HFD for 12 weeks had increased liver ROS levels
compared to the SD group. Even if decreased ROS levels were
measured in mice fed HFD + blond oranges, in mice fed HFD +
blood oranges ROS levels were signicantly decreased and were
similar to mice fed SD (Fig. 5).

SREBP-1c and DDAH-1 proteins levels

Mice fed HFD for 12 weeks had increased liver SREBP-1c
expression compared to the SD group. Mice fed HFD + blond
RSC Adv., 2019, 9, 11406–11412 | 11407
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Fig. 3 Effects of blond and blood sweet orange juice on liver lipid
hydroperoxide (LOOH) levels. LOOH levels weremarkedly increased in
mice fed high-fat diet (HFD), weremildly decreased to the levels of low
fat diet mice by blond sweet orange juice and were significantly
decreased to the levels of low fat diet mice by blood sweet orange
juice. Values are mean � standard deviation (S.D.) of at least three
independent experiments. #p < 0.005 vs. standard diet (SD) + water;
*p < 0.05 vs. HFD + water; **p < 0.005 vs. HFD + water.

Fig. 4 Effects of blond and blood sweet orange juice on liver non-
proteic thiol group (RSH) levels. RSH levels were markedly decreased
in mice fed high-fat diet (HFD), were mildly increased to the levels of
low fat diet mice by blond sweet orange juice and were significantly
increased to the levels of low fat diet mice by blood sweet orange
juice. Values are mean � standard deviation (S.D.) of at least three
independent experiments. #p < 0.005 vs. standard diet (SD) + water;
*p < 0.05 vs. HFD + water; **p < 0.005 vs. HFD + water.

Fig. 5 Effects of blond and blood sweet orange juice on liver reactive
oxygen species (ROS) levels. ROS levels were markedly increased in
mice fed high-fat diet (HFD), weremildly decreased to the levels of low
fat diet mice by blond sweet orange juice and were significantly
decreased to the levels of low fat diet mice by blood sweet orange
juice; #p < 0.005 vs. standard diet (SD) + water; *p < 0.05 vs. HFD +
water; **p < 0.005 vs. HFD + water.

Fig. 6 Effects of blond and blood sweet orange juice on liver sterol
response element binding protein-1c (SREBP-1c) expression. SREBP-
1c expression was markedly increased in mice fed high-fat diet (HFD)
and was significantly decreased to the levels of low fat diet mice by
blood sweet orange juice. Values are mean � standard deviation (S.D.)
of at least three independent experiments. #p < 0.05 vs. standard diet
(SD) + water; *p < 0.005 vs. HFD + water.
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oranges had SREBP-1c expression similar to mice fed HFD +
water, whereas mice fed HFD + blood oranges had SREBP-1c
expression similar to mice fed SD (Fig. 6).

Mice fed HFD for 12 weeks had decreased liver DDAH-1
expression compared to the SD group. Mice fed HFD + blond
oranges had DDAH-1 expression similar to mice fed HFD +
water, whereas mice fed HFD + blood oranges had DDAH-1
expression similar to mice fed SD (Fig. 7).
Liver DDAH activity

Mice fed HFD for 12 weeks had decreased liver DDAH activity
compared to the SD group. Mice fed HFD + blond oranges had
a weak increase of DDAH activity, whereas mice fed HFD +
blood oranges had DDAH activity similar to mice fed SD (Fig. 8).
11408 | RSC Adv., 2019, 9, 11406–11412
Liver ADMA levels

Mice fed HFD for 12 weeks had increased liver ADMA levels
compared to the SD group. Mice fed HFD + blond oranges had
ADMA levels similar to mice fed HFD + water, whereas mice fed
HFD + blood oranges had ADMA levels similar to mice fed SD
(Fig. 9).
Discussion

Asymmetric dimethylarginine (ADMA) is an endogenous
inhibitor of nitric oxide synthase (NOS) that reduces nitric oxide
(NO) levels23 with consequent increase of reactive oxygen
species (ROS) production.24 Methylation of arginine residues by
type I protein arginine methyltransferases (PRMTs; e.g., PRMT1
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Effects of blond and blood sweet orange juice on liver dime-
thylarginine dimethylaminohydrolase-1 (DDAH-1) expression. DDAH-1
expression was markedly decreased in mice fed high-fat diet (HFD)
and was significantly increased to the levels of low fat diet mice by
blood sweet orange juice. Values are mean � standard deviation (S.D.)
of at least three independent experiments. #p < 0.05 vs. standard diet
(SD) + water; *p < 0.05 vs. HFD + water.

Fig. 8 Effects of blond and blood sweet orange juice on liver dime-
thylarginine dimethylaminohydrolase-1 (DDAH-1) activity. Enzymatic
activity was determined by measuring L-citrulline formation. DDAH-1
activity was markedly decreased in mice fed high-fat diet (HFD) and
was significantly increased to the levels of low fat diet mice by blood
sweet orange juice. Values are mean � standard deviation (S.D.) of at
least three independent experiments. #p < 0.05 vs. standard diet (SD) +
water; *p < 0.05 vs. HFD + water.

Fig. 9 Effects of blond and blood sweet orange juice on liver asym-
metric dimethylarginine (ADMA) levels. ADMA levels were markedly
increased in mice fed high-fat diet (HFD) and was significantly
decreased to the levels of low fat diet mice by blood sweet orange
juice. Values are mean � standard deviation (S.D.) of at least three
independent experiments. #p < 0.005 vs. standard diet (SD) + water;
*p < 0.05 vs. HFD + water.
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and PRMT3) and subsequent proteolysis leads to ADMA
synthesis.25 ADMA is metabolized to citrulline and dimethyl-
amine by two isoforms of dimethylarginine dimethylaminohy-
drolase (DDAH) namely DDAH-1 and DDAH-2. The liver is
crucial to ADMA metabolism.26,27 In this organ, ADMA is mainly
metabolized by isoform DDAH-1.28 Li et al.29 demonstrated in
HepG2 cells that DDAH-1 deciency and consequently ADMA
increase, promote palmitic acid induced-steatosis and oxidative
stress, whereas overexpression of DDAH-1 attenuated palmitic
acid-induced steatosis and oxidative stress. Moreover, several in
vivo studies report that increased plasma levels of ADMA are
measured in patients with hepatic dysfunction, such as acute
liver disease30 cirrhosis,31 NAFLD2,10 and alcoholic hepatitis.32 It
This journal is © The Royal Society of Chemistry 2019
has been reported that oxidative stress induced by HFD diet is
responsible of increased levels of the transcription factor sterol
response element binding protein-1c (SREBP1c). This tran-
scription factor regulates the expression of genes involved in
hepatic triglycerides synthesis and therefore it is implicated in
the pathogenesis of NAFLD.33 Moreover, Ivashchenko et al. re-
ported that SREBP1c is a transcriptional repressor of the DDAH-
1 promoter and therefore it might be responsible of DDAH
dysregulation occurring in NAFLD. Therefore, the regulation by
SREBP-1c of the DDAH-ADMA system, may represent a potential
link between cellular lipid increase and endothelial dysfunction
observed in NAFLD.34 According to these evidences, Li et al.29

reported that ADMA/DDAH-1 pathway is involved in hepatic
lipogenesis and steatosis induced by HFD feeding. It has been
reported that natural compounds, such as epigallocatechin
gallate (EGCG), a polyphenolic catechin, was able to attenuate
endothelial dysfunction in diabetic models by decreasing
ADMA level via increasing DDAH activity and that silibinin,
a avonolignan, markedly improved endothelial function in
T2D mice by reducing circulating and vascular ADMA levels.35,36

In the present paper we investigated the effect of blond and
blood orange juice in prevention of NAFLD by evaluating their
ability to improve liver steatosis in mice fed HFD reducing
oxidative stress and affecting DDAH/ADMA pathway. Results
obtained in our experimental conditions evidenced that, blood
oranges juice rather than blond oranges juice, was more effec-
tive in reducing body weight and liver triglycerides content in
mice fed HFD. Moreover, a moderate antioxidant activity was
observed in mice fed HFD + blond orange juice respect to mice
fed HFD, while blood oranges juice was able to signicantly
decrease oxidative stress as demonstrated by reduction of ROS
and LOOH levels and by increase of RSH levels in liver of mice
fed HFD + blood orange respect to mice fed HFD. These data,
according to Titta et al.19 may be explained by the different
content in bioactive compounds present in two types of oranges
juices, respectively blood and blond oranges juices, and by the
high content in anthocyanins, particularly C3G, present in
blood orange juice respect to blond orange juice. SREBP-1c
downregulation and DDAH-1 upregulation with consequent
RSC Adv., 2019, 9, 11406–11412 | 11409
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ADMA increase was measured only in liver of mice fed HFD +
blood orange juice respect to mice fed HFD. The ability of blood
orange juice, but not of blond orange juice, to modulate SREBP-
1c/DDAH-1 expressions may be due to its high content in
anthocyanins. Suzuki et al. reported that anthocyanidins may
decrease adipocyte differentiation through modulation of key
adipocyte differentiation-associated marker SREBP-1c.37 More-
over, Jia et al.38 demonstrated that cyanidin is an agonistic
ligand for liver X receptor alpha (LXRa) and beta (LXRb) and
reduces cellular lipid accumulation in hepatocytes. According
to these data anthocyanidins present only in blood oranges,
may be responsible of SREBP-1c reduction through their direct
interaction with LXRa and LXRb, and then through modulation
of cellular LXR activity.
Experimental
Animals and treatments

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of “Catania
University” and experiments were approved by the Animal
Ethics Committee of “Ministry of Health (Directorate General
for Animal Health and Veterinary Medicines) (Italy)”. Eight-
week-old male C57BL6/J mice were purchased from Charles
River Labs (Lecco, Italy). Animals were maintained in
a temperature- and light-controlled facility for 12 weeks. Diets
were obtained by Harlan Teklad (Madison, WI, USA). The
standard diet (SD) provided 3.3 kcal g�1 with 60% carbohy-
drates, 23% proteins and 17% fat. The HFD provided 5.2 kcal
g�1 with 60% fat, 20% proteins and 20% carbohydrates (for
detailed diets composition see ESI†). Mice were distributed in
six groups: group I included six mice fed SD and permitted ad
libitum consumption of water (SD + water); group II included six
mice fed SD and permitted ad libitum consumption of blond
orange juice (SD + blond orange); group III included six mice fed
SD and permitted ad libitum consumption of blood orange juice
(SD + blood orange); group IV comprised six mice fed HFD and
permitted ad libitum consumption water (HFD + water); group V
comprised six mice fed HFD and permitted ad libitum
consumption of blond orange juice instead of water (HFD +
blond orange); group VI comprised six mice fed HFD and
permitted ad libitum consumption of blood orange juice instead
of water (HFD + blood orange). Fresh hand squeezed orange
juice were obtained from ripe oranges, harvested in the Plain of
Catania (Catania, Italy), of the Moro (a blood orange) and
Navelina (a blond orange) varieties. Fruits were immediately
stored at 4 �C and squeezed a few days later; the juice obtained
was pre-ltered and stored at�20 �C in aliquots of 0.5 L. Every 2
d, frozen juice aliquots were thawed, ltered and put in the
bottle of each cage. Food and beverage consumption was
recorded twice weekly; body weight was recorded weekly. Aer
sacrice by CO2 asphyxiation, liver samples were obtained,
processed and stored for further analysis. Livers (20–30 mg)
were collected from mice supplied with Moro orange Juice,
Navelina orange juice and water, and fed with a SD or HFD.
Tissues were immediately frozen and stored at �80 �C.
11410 | RSC Adv., 2019, 9, 11406–11412
Tissue processing

The frozen liver tissue was homogenized in nine volumes of
cold PBS. Aliquots of homogenate were used to evaluate hepatic
triglycerides content, ROS, RSH, LOOH and ADMA levels, DDAH
enzyme activity assay, DDAH-1, and SREBP-1c expressions.
Protein concentration was measured using TAKE 3 nanodrop.
Liver triglycerides content

Liver triglycerides content was measured using a serum/tissue
triglyceride colorimetric kit (Biovision, Milpitas, CA, United
States). Results are reported as mg triglycerides per g prot.
Determination of lipid hydroperoxide levels

Hepatic levels of lipid hydroperoxide were evaluated following
the oxidation of Fe2+ to Fe3+ in the presence of xylenol orange at
l ¼ 560 nm as previously described.21 Results are reported as
nmol LOOH per mg prot.
Thiol group determination

Hepatic levels of thiol groups were measured, in 200 ml of liver
homogenate, by using a spectrophotometric assay as previously
described.21 Results are reported as nmol RSH per mg prot.
Reactive oxygen species determination

Determination of ROS was performed in samples of tissue
homogenate by using a uorescent probe 20,70-dichloro-
uorescein diacetate (DCFH-DA) as previously described.22 The
uorescence [corresponding to the oxidized radical species
20,70-dichlorouorescein (DCF)] was monitored spectrouoro-
metrically (excitation, l ¼ 488 nm; emission, l ¼ 525 nm).
Results are reported as uorescence intensity per mg protein.
Western blotting

Tissue homogenates (30 mg proteins) containing a protease-
inhibitor cocktail were loaded onto 12% SDS-polyacrylamide
(SDS-PAGE) gels and subjected to electrophoresis (120 V, 90
min). The separated proteins were transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). Aer transfer, the
blots were incubated with Li-COR blocking buffer for 1 h, fol-
lowed by overnight incubation with a 1 : 1.000 dilution of
primary antibodies directed against DDAH-1 [Calbiochem EMD
Biosciences (Darmstadt, Germany)], SREPB1c (SantaCruz
Biotechnology, Santa Cruz, CA, USA) and b-actin (Cell Signaling
Technology, Inc., Danvers, MA, USA). Aer washing with TBS,
the blots were incubated for 1 h with the secondary antibody
(1 : 1.000). Protein detection was carried out using a secondary
infrared uorescent dye-conjugated antibody absorbing at l 800
and l 700 nm. The blots were visualized using an Odyssey
Infrared imaging scanner (LI-COR Biosciences) and quantied
by densitometric analysis performed aer normalization with b-
actin. Results are expressed as arbitrary units (A.U.).
This journal is © The Royal Society of Chemistry 2019
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DDAH activity assay

Hepatic homogenate was centrifuged at 5000g for 60 min at 4 �C
and supernatants were collected for DDAH activity assay, per-
formed by determining L-citrulline formation in 96-well micro-
titer plate, according to Knipp's method as previously
described.21 Results are expressed as nmol citrulline per min
per mg prot.

Liver ADMA

Liver ADMA concentration was determined by using
a commercially available enzyme linked immunosorbent assay
kit (DLD Diagnostika GmbH, Hamburg, Germany) according to
the manufacturer's instructions. Results are expressed as nmol
ADMA per mg prot.

Statistical analysis

Data are reported as mean � standard deviation (S.D.) values of
at least three independent experiments. The results were ana-
lysed for statistical signicance using ANOVA. A p-value < 0.05
was considered as signicant.

Conclusions

Our ndings suggest that strategies to increase DDAH-1
expression/activity in hepatocytes may provide a novel
approach to attenuate NAFLD development. Blood orange juice
or blond orange juice enriched in anthocyanins may represent
a promising dietary option for the prevention of fatty liver.
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