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Aims. Oxidative stress (OS) plays a major role in type 2 diabetes and its vascular and hepatic complications, and novel therapeutic
approaches include natural antioxidants. Our previous chemical and biological studies demonstrated the antioxidant activities of
red cabbage (RC), and here, we aimed to determine the in vivo effects of 2-month long RC consumption using a high-fat/high-
fructose model of diabetic rats. Results. This vegetable, associated with lifestyle measurement, was shown to decrease OS and
increase vascular endothelial NO synthase expression, ensuring vascular homeostasis. In the liver, RC consumption decreased
OS by inhibiting p22phox expression and Nrf2 degradation and increasing catalase activity. It inhibited the activation of SREBP
(1c, 2), ChREBP, NF-κB, ERK1/2, PPARγ, and GS and SIRT1 decrease, as observed in diabetic rats. Conclusion/innovation. RC
consumption led to metabolic profile improvement, together with hepatic function improvements. Although lifestyle changes
are not sufficient to prevent diabetic complications, enrichment with RC avoids progression hepatic complications. This
antioxidant strategy using RC does not only able to increase antioxidant defense, such as classical antioxidant, but also able to
assure a metabolic and energetic balance to reverse complications. Whereas traditional medical therapy failed to reverse NASH
in diabetic patients, consumption of RC should be a natural therapy to treat it.

1. Introduction

In the last World Health Day organised by World Health
Organization in 2016, it was reported that diabetes represents
one of the main killers in the world characterised by an
alarming explosion. In 2015, 415 million people worldwide
were reported to have diabetes (1/11) and estimated at 642
million (1/10) in 2040, while 1/3 is expected to be overweight
and 1/10 obese [1]. Key actions suggested to individuals are
to avoid excessive weight gain, check blood glucose, follow

medical advice, be physically active, and most importantly
eat healthy [1], with the main objective of decreasing hyper-
glycaemia and avoiding diabetic complications.

Physiopathology of diabetes includes multiple distur-
bances, such as hyperglycaemia, glucose fluctuations, hyper-
insulinaemia, hyperlipidaemia, and inflammation, all leading
to the formation of reactive oxygen species (ROS) and
exacerbation of oxidative stress (OS). OS is due to an imbal-
ance between endogenous antioxidants (enzymes, vitamins,
and proteins) and prooxidants (UV, alcohol, smoking, and
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endogenous enzymes) [2]. Many epidemiological and clinical
studies strongly support ROS involvement in the genesis and
evolution of chronic diseases, including diabetes and its com-
plications [3]. Vascular complications are an important path-
ological issue leading to the further functional deterioration
of several organs and caused microangiopathy and macroan-
giopathy [3]. Endothelial dysfunction, the loss of the balance
vasodilator/vasoconstrictor factors, has been associated with
type 2 diabetes (T2D) in several regions of the vasculature
in animals and humans [4]. Due to defects in nitric oxide-
(NO-) mediated relaxation [4], endothelial dysfunction has
been associated with diabetic complications and recently
with cardiovascular and all-causemortality in diabetic patients
[5]. Mechanisms underlying these processes are complex,
and current research focuses on their aetiology, but OS is
common for all [4, 6]. We have recently demonstrated in a
T2D-model that OS is closely associated with vascular dys-
function and with the initial step and the progression of stea-
tosis, especially in nonalcoholic steatohepatitis (NASH) [7].
Therefore, OS plays an important role in both cardiovascular
[2] and liver complications [8] associated with diabetes.

The prevalence of nonalcoholic fatty liver disease
(NAFLD) constantly increases; it represents the most com-
mon chronic liver diseases worldwide affecting up to 30%
of the adult population and closely linked to obesity and dia-
betes development. It was reported that 20% of obese individ-
uals present NASH compared with 3% of the nonobese
whereas NAFLD affects 70–80% of obese and diabetic indi-
viduals [9]. Some of the most important issues in the current
research are NASH pathogenesis and its underlying mecha-
nisms. A growing body of evidence demonstrated that the
primary abnormality involves metabolic disturbances, but
the pathogenesis of NAFLD is multifactorial and includes
lipid metabolism alterations, accumulation of triglycerides,
inflammation, and OS, together with multiple closely related
pathways [8]. Several studies reported an association between
NAFLD and cardiovascular disease-related complications
[10], and we have previously demonstrated that OS is
involved in the induction of hepatic and peripheral vascular
alterations in a T2D model [7]. However, no approved
NASH therapies are currently available [10], highlighting
the urgent need to develop effective therapeutic strategies
for this condition.

The use of natural bioactive compounds may present a
novel promising approach. Biological activities and beneficial
properties of dietary polyphenols have been reported such as
antioxidant, anti-inflammatory, antimicrobial, and immu-
nomodulatory properties, in addition to protect β-cells from
OS-induced loss of viability in vitro [11] and in vivo [12] and
endothelial cells from OS-associated aging [13]. Moreover,
preclinical and phase II clinical trials recently investi-
gated natural therapy efficacy on hepatic signalling path-
ways [14], and several reports highlighted an inverse
correlation between cardiometabolic mortality/morbidity
risk and the consumption of polyphenol-rich products in
animal diabetic models and human [6], especially fruits and
vegetable consumption and reduction of diabetes [15, 16].
However, although the WHO estimates that the adequate
consumption of fruits and vegetables may help save 1.7

million lives annually, the inadequate food consumption
causes nearly 19% of gastrointestinal cancers, 31% of ische-
mic heart disease cases, and 11% stroke cases [17].

Our recent biological and chemical studies are aimed at
studying polyphenolic composition of fruit and vegetable
extracts and comparing their antioxidant properties. Using
high-performance liquid chromatography (HPLC) coupled
to the detection of free radical scavenging, we identified poly-
phenolic profile of red cabbage (RC) (Brassica oleracea) [18]
and demonstrated its antioxidant activities. RC is rich in
anthocyanin [19], one of the subclasses of phenolic phyto-
chemicals, in the form of glycoside while anthocyanidin is
known as the aglycone. Many studies have examined the
effects of antioxidants on different aspects of diabetes, such
as glucose metabolism, lipid profiles, or OS markers. How-
ever, no previous study has simultaneously examined multi-
ple parameters in a diabetes model established by feeding
healthy young rats with high-fat/high-fructose diet (HFHF)
[7]. We aimed to assess the effects of chronic RC consump-
tion in the T2D model and NAFLD complications. Here,
the rats were administered HFHF for 2 months to induce dia-
betes, and afterward, one group was fed RC in addition to
HFHF for the additional 2 months, while in the second
group, HFHF was replaced by normal diet (ND) enriched
with RC. The effects of these treatments on metabolic, oxida-
tive, and inflammatory parameters and on the vessel and
hepatic functions were assessed and compared with those of
the rats fed ND for 4 months.

2. Materials and Methods

The study was performed in accordance with the “Guide
for the Care and Use of Laboratory Animals” published
by the National Institutes of Health (NIH publication no.
85-23, revised 1996) and approved by the regional committee
(CREMEAS; approval AL/65/72/02/13).

2.1. Experimental Protocols. After 2 months of Western RD
diet (Special Diets Services, Saint Gratien, France) plus 25%
of fructose in water (HFHF) to induce T2D [7] on 8 weeks
male Wistar rats (Depré, Saint Doulchard, France), HFHF
rats (528± 7.2 g; 1.31± 0.05 g/L fasting glycaemia) were ran-
domly divided into four groups for two more months: HFHF
or HFHF plus red cabbage (RC) (HFHF/HFHFRC) repre-
sented “nutraceutical approach”; changed to normal diet
(SAFE, Augy, France), plus water (HFHF/ND), or ND plus
RC (HFHF/NDRC) represented “lifestyle measures,” in
comparison to ND rats (494± 9.9 g; 0.97± 0.03 g/L). RC
(var. Lectro) was given by the Interprofession des Fruits et
Légumes d’Alsace (IFLA, Ste-Croix-en-Plaine, France), fro-
zen after picking and lyophilised by the Centre d’Étude et
de Valorisation des Algues (CEVA, Pleubian, France),
crushed by Technopoudre (Ancenis, France), and incorpo-
rated in both diets at 10% by SDS (sodium dodecyl sulfate)
for oral intake (Supplementary Table S1). Six rats were
sacrificed at each time as previously described [7].

2.2. Plasmatic Metabolic and Oxidative Parameters. All
the procedures to determine fasting glucose, c-peptide,
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insulin resistance, leptin, triglycerides, FFAs, adiponectin,
γ-GT, total antioxidant capacity (TAOC), TBARS, and cata-
lase and SOD activities are described in Supplementary
Materials [7].

2.3. Vascular Analyses. The NO-mediated component of
relaxation was determined in the main superior mesen-
teric artery rings suspended in organ baths to determine
the changes in isometric tension [20] and described in
Supplementary Materials. Vascular oxidative fluorescent
dye dihydroethidine (DHE) was used to evaluate in situ
formation of ROS [20]. eNOS and nitrotyrosine expressions
were determined using immunohistochemical staining,
described in Supplementary Materials.

2.4. Liver Analyses. All the procedures to determine the
degree of hepatic histological changes were described above
[7, 20]. Briefly, the degree of hepatic histological changes
was assessed on 10μm cryosections fixed with 4% parafor-
maldehyde by eosin/hematoxylin coloration and Oil Red O
staining (steatosis). Steatosis was evaluated according to the
standard Kleiner Classification. In situ hepatic inflammation
was on 10μm cryosections fixed and incubated with rabbit
anti-Iba-1 (rat, 1 : 1000, Wako Chemicals GmbH, Germany).
Hepatic oxidative stress was performed with a dihydroethi-
dine (DHE) on unfixed 10μm thick sections that were
treated with DHE (2.5μM) and incubated in a light-
protected humidified chamber at 37°C for 30min. Extraction
and quantification of triglyceride (Abcam) and cholesterol
(Cholesterol RTU™, Biomérieux) were performed on a piece
of fresh liver (100mg) according to the manufacturer’s
instructions. Extraction and quantification of glycogen con-
tent were also performed on a piece of fresh liver (100mg)
according to the manufacturer’s instructions and expressed
as glycogen/mg of liver.

Immunoblotting of target proteins was made through a
traditional Western blot technic [21], on total protein
extraction of the liver (80μg). SOD and catalase activities
were determined on liver tissue supernatants [21]. All were
presented in Supplementary Materials.

2.5. Statistical Analyses. Values are expressed as means±
standard error of mean (SEM), and n indicates the number
of rats per group. Statistical analysis was performed with
Student’s t-test for unpaired data or analysis of variance
(ANOVA) followed by Tukey’s least significant difference
(LSD) test after normality test validation, where appropri-
ate (Statistica® version 12, StatSoft, France). p values< 0.05
were considered statistically significant (∗ vs. ND; $ vs.
HFHF; and # vs. HFHF/ND).

3. Results

3.1. RC Ameliorates Plasmatic Metabolic Disorders Associated
with HFHF-Induced Diabetes. As previously described [7],
HFHF induced obesity characterised by higher body weight,
increase in BMI, abdominal circumference, and abdominal
fat, compared with ND. HFHF/NDRC and HFHF/HFHFRC
significantly limited this body weight gain (p < 0 05) with a

BMI and abdominal fat levels in HFHF/NDRC rats similar
to ND rats (Table 1, Figure 1(a)).

Furthermore, HFHF induced changes in metabolic con-
trol and diabetes development. HFHF rats presented fasting
glycaemia higher than 1.26 g/L from 1 month after treat-
ment onward (1.31± 0.04 g/L vs. 0.93± 0.05 g/L, data not
shown), glucose intolerance with a high area under the
curve (AUC) after intraperitoneal glucose tolerance test
(ipGTT), hyperinsulinaemia and insulin resistance with an
increase of C-peptide levels, and HOMA-IR higher than
that in the observed ND group. HFHF induced dyslipidae-
mia as well, characterised by increased triglyceride, total
cholesterol and free fatty acid (FFA) levels, associated with
hyperleptinaemia, and increased adiponectin secretion
(Table 1, Figure 1(b)).

HFHF/HFHFRC was shown to have no effects on
hyperglycaemia, slightly decreased HOMA-IR, despite C-
peptide decrease, improved dyslipidaemia (normalises FFA
and decreases triglyceride, without affecting cholesterol),
decreased leptin and adiponectin levels, and normalised glu-
cose tolerance. HFHF/NDRC stabilized the fasting glycaemia
to levels under 1.26 g/L, normalised dyslipidaemia and glu-
cose tolerance, with the AUC after ipGTT and C-peptide
comparable to ND rats, and decreased leptin and adiponectin
(Table 1, Figure 1(b)).

3.2. RC Reduces Plasma OS Parameters by Increasing Total
Antioxidant Capacity. HFHF led to increased plasma OS
levels, which is characterised by an increase in TBARS and
SOD activity and a decrease in catalase activity associated
with an increase of vascular oxidative stress (Table 2).

Introduction of lifestyle measurement HFHF/ND sig-
nificantly reduced total oxidative stress (TBARS, p < 0 01).
Addition of CR did not improve this reduction but
induced a slight increase of plasma total antioxidant capacity
(p < 0 05) associated with an increase of catalase activity
(p < 0 05). Finally, nutraceutical approach alone (HFHF/
HFHFRC) led only to decreased TBARS (p < 0 05) (Table 2).

3.3. RC Reduces HFHF-Induced Endothelial Dysfunction
by Decreasing Vascular OS Levels and Promotes NO
Bioavailability by Increasing eNOS Expression. Endothelium
plays a key role in vascular homeostasis by regulating the bal-
ance between relaxing and contracting factors. The addition
of acetylcholine leads to NO-mediated concentration-
dependent relaxation in mesenteric artery rings with endo-
thelium of ND group (at 10−5M, 67± 7%). However, this
relaxation was reduced twofold in the HFHF group (40±
11%) (Figure 1(c)). Moreover, HFHF induced a twofold
increase of ROS levels and a decrease of eNOS expression
in comparison to the ND group, without the formation of
peroxynitrites, as assessed by nitrotyrosine immunofluores-
cence (quantification of vascular oxidative stress Table 2,
Figure 1(d)).

HFHF/HFHFRC presented also blunted NO relaxation
(at 10−5M, 50± 16%) associated to an increase of ROS and
nitrotyrosine staining in arteries. But, eNOS expression was
equal to the ND group. HFHF/NDRC showed more pro-
nounced effects, restored the relaxation more than the
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administration of ND (78± 8%), increased eNOS expression
without the formation of peroxynitrites, and decreased ROS
across the entire vasculature (Table 2, Figures 1(c) and 1(d)).

3.4. RC Ameliorates HFHF-Induced NASH. Histological
analysis of hepatic tissue from ND rats showed that the
cytoplasm of hepatocytes was homogeneously coloured
pink, the nuclei were well defined by violet staining, and
cells were organised radially around centro-lobular veins
without fibrosis, resulting in a steatosis score of 0, accord-
ing to Kleiner et al. [22]. However, HFHF liver showed
vacuolar degeneration with ballooned vacuoles and many
droplet accumulation with nuclei less visible and which
were at the edge of the cytoplasm. These results suggested
hepatic fat accumulation confirmed by elevenfold increase
in hepatic triglyceride levels, together with fourfold increase
in hepatic cholesterol contents (Table 2). Maximum hepatic
steatosis score was observed in HFHF rats, unlike that in
ND rats (3± 0 vs. 0.67± 0.21) (Figure 2). Hepatic glycogen
contents were shown to decrease twofold following the
administration of HFHF (data not shown), while the levels
of glycogen synthase (GS) were involved in the conversion
of glucose into its polymeric form glycogen and were shown
to decrease more than twofold with HFHF (Table 2). Steato-
sis was associated with macrophage infiltration, and some
collagen fibres started growing from the portal system as
assessed by Masson’s Trichrome staining (Figure 2). One
of the crucial factors involved in the damaging of hepato-
cytes is OS [8], and, similar to the results obtained in our
previous study [7], HFHF was shown to induce hepatic

ROS levels (221.6±31.33%) in comparison with those in
the ND group (100±7.75%) (Figure 2). This led to the
development of hepatomegaly and hepatic dysfunction with
an increase in γ-GT (Table 2), without affecting alanine ami-
notransferase (data not shown).

HFHF/HFHFRC was shown to lead to a slight amelio-
ration of steatosis (2.33± 0.2), without beneficial effect on
triglyceride content and hepatic dysfunction (high triglyc-
eride and γ-GT). Furthermore, macrophage infiltration
and OS levels did not change, since hepatic ROS levels
were shown to be 176± 1.26%. However, HFHF/HFHFRC
maintained glycogen content through maintaining the
physiological levels of GS and decreasing cholesterol. No
fibrosis was detected, despite the presence of hepatomeg-
aly. Histological analysis of hepatic tissue from HFHF/
NDRC rats showed that the hepatocyte cytoplasm regions
were homogeneously stained, nuclei were well defined by
violet staining, and cells were organised radially around
centro-lobular veins without fibrosis, triglyceride accumu-
lation, or cholesterol, resulting in a steatosis score of 0.5±
0.22. Glycogen storage and GS expression did not differ
from those observed in the ND group, while the OS was
shown to be completely abolished following the consump-
tion of RC (97.07± 17.31%), together with macrophage
infiltration, leading to improvement in hepatomegaly
(Table 2, Figures 2 and 3(a)).

3.5. RC Promotes Oxidative Balance and Decrease
Inflammation in the Liver. Despite HFHF-induced hepatic
ROS formation, the activity of SOD and catalase did not differ

Table 1: Anthropomorphic and metabolic characteristics of rats after 4 months of the administration of different diets.

Variables ND HFHF HFHF/ND HFHF/NDRC HFHF/HFHFRC

Physiological variables

Weight gain from 2 to 4 months (g) 63.4± 6.9 97.5± 4.60∗ 13± 12.14∗∗∗$$$ 15.67± 12.77∗∗$$$ 64.58± 6.7$

Final body weight (g) 558± 15.3 628± 12.6∗ 570± 13.4$$ 533± 19.8$$$ 574.25± 10.43$

Body mass index (BMI; g/cm2) 0.78± 0.003 0.86± 0.02∗ 0.76± 0.02$$ 0.77± 0.01$ 0.83± 0.03
Abdominal circumference (cm) 22.14± 0.59 24.9± 0.78∗ 22.08± 1.34$ 22.50± 0.87$ 23.08± 0.61
Abdominal fat (g)
(% vs. total weight)

12.22± 1.74
2.17± 0.27

34.60± 1.38∗∗∗
4.37± 0.96∗∗∗

18.33± 3.39$$$
3.17± 0.49$$$

15.38± 2.81$$$
2.84± 0.45$$$

21.65± 3.01∗$$
2.55± 0.90∗$$

Plasmatic metabolic variables

Fasting blood glucose (g/L) 1.10± 0.04 1.34± 0.04∗∗∗ 1.24± 0.02∗∗$ 1.21± 0.3∗$$ 1.28± 0.04∗∗∗

Area under the curve during IpGTT 244.5± 18.3 343.2± 29.3∗ 274.5± 16.22$ 243.2± 10.32$$$ 273.5± 13.47$

Plasma C-peptide (pmol/L)
fasting 60min post ipGTT

583± 80.47
2274± 283.9

1954± 266.7∗∗
4398± 298.6∗∗∗

1179± 91.03
3167± 783.5$$

1081± 68.94
2479± 197.6$$$

1163± 172.6
2944± 334.7$$

Insulin resistance (HOMA-IR) 1.43± 0.15 4.84± 0.63∗∗∗ 2.87± 0.23∗∗∗$$$ 2.57± 0.15∗∗∗$$$ 2.87± 0.44∗∗∗$$

Fasting plasma leptin (ng/mL) 13.23± 0.99 37.24± 5.39∗∗∗ 15.88± 1.08$$$ 14.98± 1.99$$$ 27.48± 4.42∗∗$

Plasma triglycerides (μmol/L) 805.2± 175.2 1523± 184.6∗∗ 878± 199.7$ 565.1± 96.7$$ 1066± 282.6
Plasma adiponectin (ng/mL) 4184± 221 6005± 359∗∗∗ 4439± 197$$$ 4893± 279$$ 5000± 134.8∗$$

Plasma free fatty acids (FFA; μmol/L) 82.11± 10.64 234.4± 29.39∗∗∗ 155.3± 14.12∗$$ 11.95± 4.13∗$$$ 55.27± 24.84$$$

Plasma total cholesterol (mmol/L) 1.37± 0.12 2.21± 0.30∗∗ 1.71± 0.25 1.58± 0.08$ 2.485± 0.19∗∗∗
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from that in the ND group. The level of the polyubiquitinated
form of Nrf2, which regulates the expression of antioxi-
dant and cytoprotective genes in response to the increased

levels of electrophiles and OS [23], increased 1.5-fold fol-
lowing the administration of HFHF. Moreover, the expres-
sion of p22phox, NADPH oxidase (Nox) subunit and a
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Figure 1: Weight, fasting glycaemia, and vascular function. (a) Weight and (b) fasting glycaemia levels during the study. (c) NO-mediated
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major source of glucose-induced ROS production in the
liver [21], was twofold increase (Table 2, Figures 4(a) and
4(b)). The degradation of Nrf2 and p22phox expression was
inhibited only with HFHF/NDRC whereas HFHF/HFHFRC
tended to decrease them (p = 0 06 vs. HFHF). Moreover,
HFHF/NDRC increased catalase activity andHFHF/HFHFRC
decreased it, all in accordance with the different effects of
these two diets on hepatic ROS formation (Table 2, Figures 2
and 4(b)).

HFHF led to a twofold reduction of SIRT1 expression,
which regulates glucose/lipid metabolism, OS, and inflam-
mation, partially by physical interaction with the p65 subunit
of NF-κB [24], and increased threefold the levels of its phos-
phorylation leading to macrophage infiltration (Figure 2).
HFHF led to a threefold increase in the phosphorylation of
ERK1/2, where extracellular kinases were frequently acti-
vated by mitogens and growth factors [25] (Figures 4(c)–
4(e)). HFHF/HFHFRC maintained SIRT1 and ERK1/2
expression levels at those observed in the ND group, and
the phosphorylation of NF-κB showed the tendency to
decrease in comparison to the HFHF group (p = 0 078 vs.
HFHF). However, HFHF/NDRC led to the stabilization of
physiological levels of NF-κB and (p)-NF-κB and ERK1/2
(Figures 4(c)–4(e)).

3.6. RC Promotes Hepatic Metabolism Pathways. HFHF
increased SREBP-1c and ChREBP, two major transcription
factors implicated in liver lipogenesis [8], and SREBP2,

the master regulator of intracellular cholesterol homeo-
stasis [14]. Both RC treatments decreased SREBP-1c and
ChREBP levels and assured an intermediate SREBP2 level
(Figures 3(b)–3(d)).

HFHF induced the phosphorylation of PPARγ, which
plays a role in the process of lipid storage [14], while it led
to a threefold decrease in PPARα phosphorylation, which
was suggested to be involved in the process of fat catabolism
[14]. HFHF/HFHFRC or HFHF/NDRC led to a decrease in
PPARγ levels to the levels lower than those observed in ND
rats, while maintaining normal PPARα phosphorylation
levels (Figures 3(e) and 3(f)).

Figure 5 presents signalling pathways of beneficial effects
of RC on hepatic glucose and lipid metabolism.

4. Discussion

Many previous studies reported that antioxidants have
protective effects against diabetes and its complications [6].
The ISA-FRUIT Project financed by the European Union in
2008 and the EPIC-Norfolk Study have demonstrated an
inverse correlation between the consumption of “unpro-
cessed” F&V and health outcomes, including obesity and dia-
betes [6]. F&V plays an important role in the redox status
maintenance, regulating OS levels [6]. RC, an endemic Med-
iterranean region vegetable consumed as coleslaw, salad, or
beverage, has antioxidant properties in vitro [19], cooked or
uncooked (Supplementary Materials, Figure S1), and in vivo

Table 2: Oxidative stress levels and rat hepatic functions at 4 months after the administration of different diets.

Variables ND HFHF HFHF/ND HFHF/NDRC HFHF/HFHFRC

Plasma oxidative stress parameters

Plasma total antioxidant capacity
(mM trolox equivalent)

5.75± 0.18 5.75± 1.167 5.99± 0.131 6.43± 0.35∗$ 6.18± 0.26

Plasma lipid peroxide, TBARS
(μM malondialdehyde)

35± 1.14 66.98± 9.57∗∗ 34.7± 0.925$$ 34.67± 3.097$$ 41.93± 6.02$

Catalase activity (μmol/L)
SOD activity (% inhibition)

0.0516± 0.03
57.52± 5.83

0.022± 0.004∗
71.43± 4.22∗

0.039± 0.011
81.11± 1.98∗∗

0.044± 0.010$
80.9± 1.36∗∗

0.043± 0.006
81.11± 2.49∗∗

Vascular oxidative stress

DHE fluorescence (% vs. ND) 100± 18.5 183.3± 7.1∗∗∗ 160.9± 17.1∗∗ 124.2± 7.4$$ 200.2± 17.1∗∗∗

eNOS fluorescence (% vs. ND) 100± 10.7 53.3± 7.2∗∗∗ 78± 3.01$ 131.5± 10∗$$$ 111.05± 18.05$

Nitrotyrosine fluorescence (% vs. ND) 100± 8.3 113.5± 15 107.4± 7.8 100.3± 11.2 162.1± 31.3∗

Hepatic oxidative stress

Catalase activity (g/mL)
SOD activity (% inhibition)

0.50± 0.01
99.9± 0.39

0.49± 0.01
105.4± 5.09

0.53± 0.012∗$$
103.3± 1.84

0.53± 0.006∗$$
99.75± 1.33

0.47± 0.003∗
103.3± 0.78

Hepatic function

Liver weight (g)
(% vs. rat weight)

17.12± 0.45
3.07± 0.03

22.28± 2.01∗∗
3.50± 0.28

17.83± 0.78$
3.13± 0.12

17.53± 1.12$
3.28± 0.13

21.37± 1.25∗
3.71± 0.16∗∗#

Triglycerides (nmol/mg of liver) 1.8± 0.1 19.9± 2.4∗∗∗ 2.7± 0.3$$$ 2.2± 0.3$$$ 6.1± 1.1∗$$$

Cholesterol (mg/mg of liver) 7.8± 0.7 32.7± 9.9∗∗∗ 10.6± 1.6$$ 13.9± 1.6$ 14.2± 2.5$

Glycogen storage (mg/mg of liver) 0.0417± 0.0034 0.02405± 0.0027∗ 0.04615± 0.0071$ 0.0335± 0.001 0.0446± 0.0084$

Plasma γGT (U/L) 17.3± 0.58 34.1± 11.08∗ 25.9± 0.35 27.2± 0.69∗ 28.78± 2.85∗
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[26]. Anthocyanins, natural pigments present in dark-
coloured F&V such as RC, have the strongest antioxidant
properties among 150 examined flavonoids [27]. Therefore,

we investigated the potential of RC consumption for the
prevention of vasculature and liver complications associated
with T2D using HFHF rats.

3

2

1

0

1.5

1.0

0.5

0.0

N
D

H
FH

F

H
FH

F/
N

D
RC

H
FH

F/
N

D

H
FH

F/
H

FH
FR

C

N
D

H
FH

F

H
FH

F/
N

D
RC

H
FH

F/
N

D

H
FH

F/
H

FH
FR

C

Re
lat

iv
e s

co
re

 o
f s

te
at

os
is

H
ep

ta
tic

 m
ac

ro
ph

ag
es

 (%
 o

f a
re

a)

⁎⁎⁎

⁎⁎

⁎⁎$

⁎ ⁎

$$$$$
$$$

300

200

100

0

N
D

H
FH

F

H
FH

F/
N

D
RC

H
FH

F/
N

D

H
FH

F/
H

FH
FR

C

H
ep

ta
tic

 D
H

E 
flu

or
es

ce
nc

e
(%

 v
s. 

N
D

)

⁎⁎⁎

⁎⁎

$$

$$$

ND HFHF HFHF/NDRCHFHF/ND HFHF/HFHFRC

Hepatic structure
(Haematoxylin eosin)

Steatosis
(Oil red O staining)

Fibrosis
(Masson’s Trichrome staining)

Inflammation
(Macrophages IHC)

Oxidative stress
(DHE fluorescence)

Figure 2: Hepatic complications. Severity of hepatic complications was visualised in the representative liver images (bar, 1.5 cm),
haematoxylin/eosin, Oil-Red O and Masson’s Trichrome stainings, macrophage immunohistochemical, and DHE fluorescence.
Bar = 100 μm. All results are presented as mean± SEM of the results obtained in six experiments. ∗ significant difference vs. ND; $ vs. HFHF.

7Oxidative Medicine and Cellular Longevity



We demonstrated that RC administered together with
HFHF or ND and HFHF/ND decreased weight, BMI, and
abdominal circumference, which may indicate that this vege-
table helps induce the use of fat and may induce lipid

trafficking away from the abdomen reducing the severity of
associated complications, mainly NAFLD and cardiovascular
remodelling. Moreover, HFHF/NDRC was shown to be the
only diet leading to the long-term normalisation of all
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metabolic parameters, such as hyperglycaemia, hyperinsuli-
naemia, hyperleptinaemia, dyslipidaemia, and hypercholes-
terolaemia, and to decrease insulin resistance.

Recent clinical intervention studies showed that anthocy-
anin decreases them [15, 16, 28] leading to 15% reduction in
T2D risk [15]. In spite of the observed beneficial effects of

HFHF/HFHFRC on the reduction of weight, it induced con-
siderable hyperleptinaemia associated with the decrease in
food intake, most likely due to the effects of leptin on satiety
[29]. According to previous studies, anthocyanins have a
suppressive role in the development of adipocyte hyper-
trophy and reduce hyperglycaemia in HF mice [30], and
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cyanidins induced leptin and adiponectin production in
isolated adipocytes [31]. All these processes limit the accu-
mulation of FFAs, as observed in HFHFRC rats. However,
this hyperleptinaemia is induced only when RC is con-
sumed in the presence of hypertrophied adipocytes, since
HFHF/NDCR rats have physiological levels of leptin and
adiponectin. RC was shown to reduce glycaemia and cho-
lesterol [15, 32] leading to a reduction in diabetes and
heart disease risk [15].

We showed that the consumption of RC with HFHF or
ND and HFHF/ND led to the reduction in the plasmatic
OS-related complications such as TBARS, by increasing
SOD and normalising catalase activities. However, only
HFHF/NDCR led to an increase in TAOC and inhibited OS
pathway activation in vessels and the liver, which indicates
that RC promotes oxidative homeostasis. In the mesenteric
artery, HFHF/NDCR decreased HFHF-induced OS and
increased eNOS expression leading to physiological NO-
mediated relaxations. However, OS signalling was shown to

persist in the vessels of HFHF/ND or HFHF/HFHFRC rats,
which was not accompanied by alterations in eNOS expres-
sion but an increase peroxynitrite levels and a decrease in
relaxations. RC was shown to promote vascular homeostasis,
as demonstrated by the improved NO bioavailability. The
blunted NO availability is believed to be the primary defect
linking insulin resistance and endothelial dysfunction [4]
and to be associated with OS [7]. This link between endothe-
lial dysfunction, insulin resistance, and OS was also identified
as a cause underlying cardiovascular and all-cause mortality
in diabetic patients [5]. However, a recent extensive meta-
analysis including 136,846 participants showed that adher-
ence to the Mediterranean diet, rich in polyphenol-derived
products, is associated with a 23% reduction in T2D risk con-
firming its beneficial effects on endothelial function and
inflammation rates [33]. Beneficial effect of HFHF/NDCR
may be explained by the long-term decrease in blood glucose,
plasma FFA, and cholesterol levels. Hyperglycaemia, OS,
and diabetic complications have been linked previously,
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since endothelial cells were shown to be permeable to glu-
cose, and its metabolism leads to the generation of high
quantities of superoxide anions [3, 6]. Moreover, the induc-
tion of hepatic OS, through the activation of NADPH oxidase
pathway, leads to decrease in glycogen and GS levels [7, 34].
All pathological alterations were shown to be improved by
HFHF/NDCR, which induced partial decrease in fasting
glycaemia. RC, through the inhibition of superoxide accumu-
lation and/or by the modulation of blood glucose levels,
prevented disorders, as shown with anthocyanins [35].
Therefore, we demonstrated that only the simultaneous con-
trol of glycaemia and OS can help normalise endothelial
function, as previously described in T1D patients, while early
hyperglycaemia or long-lasting poor glycaemic control can
result in the long-term endothelial dysfunction due to
the metabolic memory [36]. Metabolic memory is the idea
that early glycaemic environment is remembered in the tar-
get organs and thus diabetic vascular stresses persist after
complete glucose normalisation. One of the principal mech-
anisms highlighted was OS [37, 38] that is why glycaemic and
oxidative control were needed to assure a great endothelial
function as shown with HFHF/NDRC.

Moreover, FFAs induced impaired fasting glucose
levels, insulin resistance, increased inflammation, and OS
leading to vascular dysfunction [7, 39]. All of these param-
eters were normalised only following the administration of
RC and HFHF/ND.

Furthermore, we showed that HFHF/NDRC consump-
tion decreases body weight/liver weight ratio and sup-
presses hepatic steatosis, fibrosis, inflammation, and OS
complications. We observed that RC intake was able to
normalise the expression of prooxidant enzymes such as
p22phox, inhibited Nrf2 degradation, and prevented the
impairment of enzymatic antioxidant leading to increased
catalase activity and decreased ROS. Moreover, superoxide
and H2O2 have been described to activate MAPK family cas-
cade at MEK (MAPK/ERK kinase) and ERK1/2 levels [25]
confirming our results highlighting an increase of ROS and
ERK1/2, but not p38 kinase activity (data not shown).
RC decreased ERK1/2 activation as shown in vitro with cya-
nidins [40]. While all these disorders were also reported in
NAFLD patients [8] and fibrosis [41], traditional therapeutic
approach using ND without RC failed to decrease p22phox
expression and fibrosis. So, our results showed that RC adds
to standard lifestyle measures promoting hepatic homeosta-
sis, normalising hepatic oxidant pathway, and improving
NASH symptoms.

During increased OS levels and MAPK activation, or in
the presence of other diabetogenic factors, such as FFAs
and hyperinsulinaemia, several serine/threonine kinases
may be activated, IRS1 is phosphorylated, and protein degra-
dation rates increase [42]. RC was shown to protect against
the activation of these processes, but it was not able to pre-
vent the inhibition of a downstream molecule, AMPK
induced by HFHF and obesity (Supplementary Materials,
Table S1). Therefore, RC consumption seems to preferentially
affect the downstream pathway. However, certain OS-
related defects in oxidative phosphorylation machinery
and mitochondrial β-oxidation lead to the excessive

accumulation of hepatic triglycerides and subsequent
development of insulin resistance [43], and the results
obtained here show that RC consumption and ND prevent
insulin resistance development. The abnormal expression
profiles of hepatic lipogenic transcription factors and
enzymes induced by HFHF indicate that high-energy and
high-carbohydrate diets, especially sugars, increase de novo
lipogenesis in the liver and decrease insulin sensitivity, due
to fructose lipogenic potential during liver metabolism
[44]. Moreover, changes in adipocytokine secretion in
fat tissue such as the production of leptin, cholesterol,
and triglycerides, as shown in our study, lead to the
development of proinflammatory and profibrotic states
[8, 45, 46]. Adiponectin which generally negatively
correlates with the body fat, fasting insulin, and oral glucose
tolerance were increased in our HFHF model as observed in
obese patients with liver dysfunction and insulin resistance
[47]. The consumption of RC and ND helped in
maintaining physiological levels of leptin and adiponectin
which are associated with better hepatic environment.

In our model, hyperglycaemia led to the activation of
ChREBP, which partially controls hepatic lipogenesis, while
hyperinsulinaemia activates SREBP1c which regulates a dif-
ferent set of genes involved in hepatic lipogenesis. Addition-
ally, SREBP2 levels were shown to be increased as well, and
SREBP2 regulates intracellular cholesterol homeostasis and
was recently associated with NASH [14]. A number of
in vitro and in vivo studies investigating polyphenols such
as anthocyanin showed that the expression of SREBP1c and
its main targets is downregulated during lipogenesis [48].
In our study, RC consumption, together with ND or HFHF
intake, allowed the normalisation of the levels of these lipo-
genic factors, followed by a decrease in hepatic triglyceride
and cholesterol contents and steatosis.

Studies reported that SIRT1 is a key regulator of de novo
lipogenesis, insulin sensitivity, mitochondrial fatty acid oxi-
dation, and lipolysis [24]. It can affect Nrf2 expression and
may protect liver against an injury, and we showed that
RC is responsible for the normalisation of SIRT1, SREBP1,
and PPARα levels suggesting their potentially important role
in RC-mediated protection against the development of
NASH. Previously, it was reported that a decrease in SIRT1
expression inhibits SREBP1 and lipogenesis [49], decreases
PPARα levels which leads to the reduced use of fat as an
energy source, and induces fat accumulation and hepatic
steatosis [14, 49]. RC maintained the physiological levels
of the components of these pathways, promoting their
improved balance through lipogenesis, adipogenesis, and
gluconeogenesis. As shown in HF mice, anthocyanin-rich
juice supplementation stimulated PPARα upregulation in
parallel with the downregulation of de novo expression of
lipogenic genes in the liver [50]. Simultaneously, PPARγ
levels were shown to be upregulated in HFHF rats with severe
hepatic steatosis. PPARγ plays an important role in the pro-
cess of lipid storage, and it is involved in SREBP1 activation
and SIRT1 inhibition leading to fat accumulation and β-fatty
acid oxidation decrease. These results are in accordance with
those obtained in two mouse models with the liver-specific
gene deletions of PPARγ, ob/ob, and A-ZIP/F-1, where
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hepatic steatosis was shown to be markedly attenuated [51].
Finally, SIRT1 was shown to inhibit NFκBp65 and inflamma-
tion [24]. However, SIRT1 inhibition in HFHF rats may
lead to an increase in NF-κB phosphorylation and macro-
phage infiltration. RC and ND normalised SIRT1 levels,
which improved glucose tolerance, enhanced systemic insu-
lin sensitivity, and normalised the levels of tissue markers
of inflammation [52].

If the notion of oxidative stress and antioxidant therapy
were very controversial a fortnight ago [53] with chemical
and cellular beneficial effect without impact on animals
[54], results should stimulate, rather than discourage, impor-
tant research in this field. Quideau et al. [55] and others
reviewed the chemical perspective of polyphenol com-
pounds, summarise the state of the art, and highlight the
most significant advances. Increasing endogenous antioxi-
dant levels may be a better approach to therapeutics and dis-
ease prevention than consuming large doses of “dietary
antioxidants” [56] as showed with RC. Today, several studies
in animal models and human subjects have demonstrated
that phenols are bioavailable and exert a protective role
against oxidative stress and free radical damage [6, 57].
Moreover, epidemiological studies suggest that consumption
of fruits, vegetables, and plants [6] may be associated with a
reduced risk of diabetes or have a protective effect [58].

Finally, our results are in accordance with the results of a
recent report that analysed data obtained in three prospective
cohort studies involving 200,000 USA men and women,
which reported an inverse association between the consump-
tion of anthocyanins/anthocyanin-rich foods and diabetes,
while the strongest association was observed for cyanidins,
one of the six most common anthocyanidins studied (cyani-
din, delphinidin, malvidin, pelargonidin, peonidin, and petu-
nidin) [16] present in RC. Antioxidants found in nature may
represent promising therapeutics for the treatment of diabe-
tes, or improvement of the complications associated with it.
Moreover, two recent reviews summarised current and
emerging therapeutic approaches to NAFLD treatment [14,
59] and highlighted the importance of novel targets, such as
PPARs, Nrf2, SREBP2, and SIRT1, in the treatment of fat
accumulation, inflammation, and OS. Lifestyle changes are
certainly essential in the management of diabetes, but they
seem to be insufficient. However, diet enrichment with rich
sources of bioactive compounds, such as RC, would ensure
optimum efficacy. We showed that RC can normalise the
levels of many of these potential therapeutic targets, which
supports the importance of its consumption as an adjuvant
in the therapy of T2D patients with metabolic, vascular,
and hepatic complications.
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AMPK: AMP-activated protein kinase
AUC: Area under the curve
ChREBP: Carbohydrate-responsive element-

binding protein
DHE: Dihydroethidine

eNOS: Endothelial nitric oxide synthase
ERK: Extracellular signal-regulated kinases
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TBARS: Thiobarbituric acid reactive substances
TG: Triglycerides
T2D: Type 2 diabetes.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

SD conceived the study, acquired data, interpreted the
results, and drafted the manuscript. RV, CW, ES, and CM
performed the experiments. WB and CP assisted technicians

12 Oxidative Medicine and Cellular Longevity



with animal sacrifice. JL and DW determined food composi-
tion. SE, FD, EMP,MP,NJ, and EMapproved the final version
of the manuscript. SS designed and revised the manuscript.
All authors read and approved the final manuscript.

Acknowledgments

We are grateful to the CRA (Conseil Regional d’Alsace),
Foundation “Vaincre le Diabète”, and ASDIA (Assistance
Service Diabète) for funding this project.

Supplementary Materials

Table S1: food composition and consumption. Figure S1:
HPLC-AOx profile of the sugar-free polar extract of RC
uncooked (A) and cooked (B). Upper chromatogram:
280nm. UV-absorbance; lower chromatogram: detection of
the ABTS +radical cation decolorization at 412nm after post
column reaction. (C) Graphical representation of the sum-
ming peak TEAC values. (Supplementary Materials)

References

[1] World Health Organization, Global Report on Diabetes, World
Health Organization, 2016.

[2] M. Valko, D. Leibfritz, J. Moncol, M. T. D. Cronin, M. Mazur,
and J. Telser, “Free radicals and antioxidants in normal phys-
iological functions and human disease,” The International
Journal of Biochemistry & Cell Biology, vol. 39, no. 1, pp. 44–
84, 2007.

[3] F. Giacco and M. Brownlee, “Oxidative stress and dia-
betic complications,” Circulation Research, vol. 107, no. 9,
pp. 1058–1070, 2010.

[4] C. M. Sena, A. M. Pereira, and R. Seica, “Endothelial dysfunc-
tion - a major mediator of diabetic vascular disease,” Biochi-
mica et Biophysica Acta, vol. 1832, no. 12, pp. 2216–2231,
2013.

[5] B. J. von Scholten, H. Reinhard, T. W. Hansen et al., “Markers
of inflammation and endothelial dysfunction are associated
with incident cardiovascular disease, all-cause mortality, and
progression of coronary calcification in type 2 diabetic patients
with microalbuminuria,” Journal of Diabetes and its Complica-
tions, vol. 30, no. 2, pp. 248–255, 2016.

[6] S. Dal and S. Sigrist, “The protective effect of antioxidants con-
sumption on diabetes and vascular complications,” Diseases,
vol. 4, no. 4, p. 24, 2016.

[7] I. Lozano, R. van der Werf, W. Bietiger et al., “High-fructose
and high-fat diet-induced disorders in rats: impact on diabetes
risk, hepatic and vascular complications,” Nutrition & Metab-
olism, vol. 13, no. 1, p. 15, 2016.

[8] G. Serviddio, F. Bellanti, and G. Vendemiale, “Free radical
biology for medicine: learning from nonalcoholic fatty liver
disease,” Free Radical Biology & Medicine, vol. 65, pp. 952–
968, 2013.

[9] N. Chalasani, Z. Younossi, J. E. Lavine et al., “The diagnosis
and management of non-alcoholic fatty liver disease: practice
guideline by the American Association for the Study of Liver
Diseases, American College of Gastroenterology, and the
American Gastroenterological Association,” Hepatology,
vol. 55, no. 6, pp. 2005–2023, 2012.

[10] G. Musso, M. Cassader, F. Rosina, and R. Gambino,
“Impact of current treatments on liver disease, glucose
metabolism and cardiovascular risk in non-alcoholic fatty
liver disease (NAFLD): a systematic review and meta-
analysis of randomised trials,” Diabetologia, vol. 55, no. 4,
pp. 885–904, 2012.

[11] N. Auberval, S. Dal, W. Bietiger et al., “Oxidative stress type
influences the properties of antioxidants containing polyphe-
nols in RINm5F beta cells,” Evidence-based Complementary
and Alternative Medicine, vol. 2015, Article ID 859048,
11 pages, 2015.

[12] N. Auberval, S. Dal, E. Maillard et al., “Beneficial effects of a
red wine polyphenol extract on high-fat diet-induced meta-
bolic syndrome in rats,” European Journal of Nutrition,
vol. 56, no. 4, pp. 1467–1475, 2017.

[13] S. Dal-Ros, J. Zoll, A. L. Lang et al., “Chronic intake of red wine
polyphenols by young rats prevents aging-induced endothelial
dysfunction and decline in physical performance: role of
NADPH oxidase,” Biochemical and Biophysical Research Com-
munications, vol. 404, no. 2, pp. 743–749, 2011.

[14] G. Musso, M. Cassader, and R. Gambino, “Non-alcoholic
steatohepatitis: emerging molecular targets and therapeutic
strategies,” Nature Reviews Drug Discovery, vol. 15, no. 4,
pp. 249–274, 2016.

[15] X. Guo, B. Yang, J. Tan, J. Jiang, and D. Li, “Associations
of dietary intakes of anthocyanins and berry fruits with risk of
type 2 diabetes mellitus: a systematic review and meta-analysis
of prospective cohort studies,” European Journal of Clinical
Nutrition, vol. 70, no. 12, pp. 1360–1367, 2016.

[16] N. M. Wedick, A. Pan, A. Cassidy et al., “Dietary flavonoid
intakes and risk of type 2 diabetes in US men and women,”
The American Journal of Clinical Nutrition, vol. 95, no. 4,
pp. 925–933, 2012.

[17] WHO, WHO Global Strategy on Diet, Physical Activity and
Health, World Health Organization, 2004.

[18] R. S. S. Van der Werf, S. Ros, D. Aoude-Werner et al.,
“Chromatographic on-line detection of bioactives in food,”
Functional Foods in Health and Disease, vol. 3, no. 8,
pp. 323–331, 2013.

[19] R. Van Der Werf, S. Dal, J. Le Grandois et al., “Determina-
tion of active radical scavenging compounds in polar fruit
and vegetable extracts by an on-line HPLC method,” LWT
- Food Science and Technology, vol. 62, no. 1, Part 1,
pp. 152–159, 2015.

[20] S. Dal–Ros, M. Oswald–Mammosser, T. Pestrikova et al.,
“Losartan prevents portal hypertension-induced, redox-
mediated endothelial dysfunction in the mesenteric artery
in rats,” Gastroenterology, vol. 138, no. 4, pp. 1574–1584,
2010.

[21] S. Dal, N. Jeandidier, E. Seyfritz et al., “Featured article: oxida-
tive stress status and liver tissue defenses in diabetic rats dur-
ing intensive subcutaneous insulin therapy,” Experimental
Biology and Medicine, vol. 241, no. 2, pp. 184–192, 2015.

[22] D. E. Kleiner, E. M. Brunt, M. van Natta et al., “Design and
validation of a histological scoring system for nonalcoholic
fatty liver disease,” Hepatology, vol. 41, no. 6, pp. 1313–
1321, 2005.

[23] T. W. Kensler, N. Wakabayashi, and S. Biswal, “Cell survival
responses to environmental stresses via the Keap1-Nrf2-ARE
pathway,” Annual Review of Pharmacology and Toxicology,
vol. 47, no. 1, pp. 89–116, 2007.

13Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2018/7019573.f1.pdf


[24] M. Kitada and D. Koya, “SIRT1 in type 2 diabetes: mechanisms
and therapeutic potential,” Diabetes & Metabolism Journal,
vol. 37, no. 5, pp. 315–325, 2013.

[25] F. Mayor Jr, M. Jurado-Pueyo, P. M. Campos, and C. Murga,
“Interfering with MAP kinase docking interactions: implica-
tions and perspectives for the p38 route,” Cell Cycle, vol. 6,
no. 5, pp. 528–533, 2014.

[26] K. Igarashi, Y. Kimura, and A. Takenaka, “Preventive effects of
dietary cabbage acylated anthocyanins on paraquat-induced
oxidative stress in rats,” Bioscience, Biotechnology, and Bio-
chemistry, vol. 64, no. 8, pp. 1600–1607, 2000.

[27] M. Sterling and G. Anthocyanins, “They plant pigments are
more than coloring agents for fruits juices, wine and other bev-
erages: they also contain an arry of health-promoting benefits,”
Nutrition science News, vol. 5, pp. 231–234, 2000.

[28] Y. Liu, D. Li, Y. Zhang, R. Sun, and M. Xia, “Anthocyanin
increases adiponectin secretion and protects against diabetes-
related endothelial dysfunction,” American Journal of Physi-
ology Endocrinology and Metabolism, vol. 306, no. 8,
pp. E975–E988, 2014.

[29] J. K. Elmquist, C. F. Elias, and C. B. Saper, “From lesions to lep-
tin: hypothalamic control of food intake and body weight,”
Neuron, vol. 22, no. 2, pp. 221–232, 1999.

[30] T. Tsuda, F. Horio, K. Uchida, H. Aoki, and T. Osawa, “Dietary
cyanidin 3-O-beta-D-glucoside-rich purple corn color pre-
vents obesity and ameliorates hyperglycemia in mice,”
The Journal of Nutrition, vol. 133, no. 7, pp. 2125–2130,
2003.

[31] T. Tsuda, Y. Ueno, H. Aoki et al., “Anthocyanin enhances adi-
pocytokine secretion and adipocyte-specific gene expression in
isolated rat adipocytes,” Biochemical and Biophysical Research
Communications, vol. 316, no. 1, pp. 149–157, 2004.

[32] W. Komatsu, Y. Miura, and K. Yagasaki, “Suppression of
hypercholesterolemia in hepatoma-bearing rats by cabbage
extract and its component, S-methyl-L-cysteine sulfoxide,”
Lipids, vol. 33, no. 5, pp. 499–503, 1998.

[33] E. Koloverou, K. Esposito, D. Giugliano, and D. Panagiotakos,
“The effect of Mediterranean diet on the development of type 2
diabetes mellitus: a meta-analysis of 10 prospective studies and
136,846 participants,”Metabolism, vol. 63, no. 7, pp. 903–911,
2014.

[34] M. C. Castro, F. Francini, G. Schinella et al., “Apocynin admin-
istration prevents the changes induced by a fructose-rich diet
on rat liver metabolism and the antioxidant system,” Clinical
Science, vol. 123, no. 12, pp. 681–692, 2012.

[35] A. Speciale, F. Cimino, A. Saija, R. Canali, and F. Virgili, “Bio-
availability and molecular activities of anthocyanins as modu-
lators of endothelial function,” Genes & Nutrition, vol. 9, no. 4,
p. 404, 2014.

[36] A. Ceriello, K. Esposito, M. Ihnat, J. Thorpe, and D. Giugliano,
“Long-term glycemic control influences the long-lasting effect
of hyperglycemia on endothelial function in type 1 diabetes,”
The Journal of Clinical Endocrinology and Metabolism,
vol. 94, no. 8, pp. 2751–2756, 2009.

[37] M. A. Ihnat, J. E. Thorpe, C. D. Kamat et al., “Reactive oxygen
species mediate a cellular ‘memory’ of high glucose stress sig-
nalling,” Diabetologia, vol. 50, no. 7, pp. 1523–1531, 2007.

[38] T. Nishikawa, D. Edelstein, X. L. du et al., “Normalizing
mitochondrial superoxide production blocks three pathways
of hyperglycaemic damage,” Nature, vol. 404, no. 6779,
pp. 787–790, 2000.

[39] H. Zhang, K. C. Dellsperger, and C. Zhang, “The link between
metabolic abnormalities and endothelial dysfunction in type 2
diabetes: an update,” Basic Research in Cardiology, vol. 107,
no. 1, p. 237, 2012.

[40] C. Pergola, A. Rossi, P. Dugo, S. Cuzzocrea, and L. Sautebin,
“Inhibition of nitric oxide biosynthesis by anthocyanin frac-
tion of blackberry extract. Nitric oxide: biology and chemis-
try/official journal of the nitric oxide,” Society, vol. 15, no. 1,
pp. 30–39, 2006.

[41] Y. H. Paik, K. Iwaisako, E. Seki et al., “The nicotinamide
adenine dinucleotide phosphate oxidase (NOX) homo-
logues NOX1 and NOX2/gp91(phox) mediate hepatic
fibrosis in mice,” Hepatology, vol. 53, no. 5, pp. 1730–
1741, 2011.

[42] D. Vicent, J. Ilany, T. Kondo et al., “The role of endothelial
insulin signaling in the regulation of vascular tone and insulin
resistance,” The Journal of Clinical Investigation, vol. 111,
no. 9, pp. 1373–1380, 2003.

[43] M. G. Rosca, T. G. Mustata, M. T. Kinter et al., “Glycation of
mitochondrial proteins from diabetic rat kidney is associated
with excess superoxide formation,” American Journal of
Physiology-Renal Physiology, vol. 289, no. 2, pp. F420–F430,
2005.

[44] M. F. Abdelmalek, A. Suzuki, C. Guy et al., “Increased fructose
consumption is associated with fibrosis severity in patients
with nonalcoholic fatty liver disease,” Hepatology, vol. 51,
no. 6, pp. 1961–1971, 2010.

[45] I. A. Leclercq, G. C. Farrell, R. Schriemer, and G. R. Robertson,
“Leptin is essential for the hepatic fibrogenic response to
chronic liver injury,” Journal of Hepatology, vol. 37, no. 2,
pp. 206–213, 2002.

[46] S. Sutti, A. Jindal, I. Locatelli et al., “Adaptive immune
responses triggered by oxidative stress contribute to hepatic
inflammation in NASH,” Hepatology, vol. 59, no. 3, pp. 886–
897, 2014.

[47] M. Malinowski, T. Konrad, S. Nolting et al., “The role of
the liver in the metabolism of adiponectin and proinsulin,”
Journal of Diabetes Research and Clinical Metabolism, vol. 3,
no. 1, 2014.

[48] I. Rodriguez-Ramiro, D. Vauzour, and A. M. Minihane,
“Polyphenols and non-alcoholic fatty liver disease: impact
and mechanisms,” The Proceedings of the Nutrition Society,
vol. 75, no. 1, pp. 47–60, 2016.

[49] M. P. Gillum, D. M. Erion, and G. I. Shulman, “Sirtuin-1 reg-
ulation of mammalian metabolism,” Trends inMolecular Med-
icine, vol. 17, no. 1, pp. 8–13, 2011.

[50] F. Salamone, G. Li Volti, L. Titta et al., “Moro orange juice pre-
vents fatty liver in mice,” World journal of gastroenterology:
WJG, vol. 18, no. 29, pp. 3862–3868, 2012.

[51] O. Gavrilova, M. Haluzik, K. Matsusue et al., “Liver peroxi-
some proliferator-activated receptor gamma contributes to
hepatic steatosis, triglyceride clearance, and regulation of body
fat mass,” The Journal of Biological Chemistry, vol. 278, no. 36,
pp. 34268–34276, 2003.

[52] R. E. Gilbert, K. Thai, S. L. Advani et al., “SIRT1 activation
ameliorates hyperglycaemia by inducing a torpor-like state in
an obese mouse model of type 2 diabetes,” Diabetologia,
vol. 58, no. 4, pp. 819–827, 2015.

[53] A. Azzi, K. J. A. Davies, and F. Kelly, “Free radical biology –
terminology and critical thinking,” FEBS Letters, vol. 558,
no. 1–3, pp. 3–6, 2004.

14 Oxidative Medicine and Cellular Longevity



[54] B. Halliwell, “Free radicals and antioxidants - quo vadis?,”
Trends in Pharmacological Sciences, vol. 32, no. 3, pp. 125–
130, 2011.

[55] S. Quideau, D. Deffieux, C. Douat-Casassus, and L. Pouysegu,
“Plant polyphenols: chemical properties, biological activities,
and synthesis,” Angewandte Chemie, vol. 50, no. 3, pp. 586–
621, 2011.

[56] B. Halliwell, “Free radicals and antioxidants: updating a per-
sonal view,” Nutrition Reviews, vol. 70, no. 5, pp. 257–265,
2012.

[57] R. L. Prior, “Fruits and vegetables in the prevention of cellular
oxidative damage,” The American Journal of Clinical Nutri-
tion, vol. 78, no. 3, pp. 570S–578S, 2003.

[58] S. R. Zatalia and H. Sanusi, “The role of antioxidants in the
pathophysiology, complications, and management of diabetes
mellitus,” Acta medica Indonesiana, vol. 45, no. 2, pp. 141–
147, 2013.

[59] Y. Rotman and A. J. Sanyal, “Current and upcoming pharma-
cotherapy for non-alcoholic fatty liver disease,” Gut, vol. 66,
no. 1, pp. 180–190, 2016.

15Oxidative Medicine and Cellular Longevity


	Treatment of NASH with Antioxidant Therapy: Beneficial Effect of Red Cabbage on Type 2 Diabetic Rats
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Protocols
	2.2. Plasmatic Metabolic and Oxidative Parameters
	2.3. Vascular Analyses
	2.4. Liver Analyses
	2.5. Statistical Analyses

	3. Results
	3.1. RC Ameliorates Plasmatic Metabolic Disorders Associated with HFHF-Induced Diabetes
	3.2. RC Reduces Plasma OS Parameters by Increasing Total Antioxidant Capacity
	3.3. RC Reduces HFHF-Induced Endothelial Dysfunction by Decreasing Vascular OS Levels and Promotes NO Bioavailability by Increasing eNOS Expression
	3.4. RC Ameliorates HFHF-Induced NASH
	3.5. RC Promotes Oxidative Balance and Decrease Inflammation in the Liver
	3.6. RC Promotes Hepatic Metabolism Pathways

	4. Discussion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

