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Abstract

Hyperglycaemia induces a vascular inflammatory process that is a critical event in
cardiovascular disease in type 2 diabetes. Cocoa and its flavanols have been widely
investigated for its antioxidant and anti-inflammatory properties, and several clinical and
pre-clinical studies support their vascular benefits. However, the effects of cocoa flavanols
on vascular inflammation in diabetes remain to be elucidated. Herein, we evaluated the anti-
inflammatory effect of a cocoa-rich diet on the aortas of Zucker diabetic fatty (ZDF) rats.
Moreover, the potential role of flavanol-derived colonic metabolites to modulate the
adhesion and inflammatory processes were also evaluated using TNF-a-stimulated
endothelial cells. Results demonstrate that cocoa attenuates the levels of phospho-p65-
nuclear factor-kappa B (NF-xB) and the expression of inflammatory factors including
intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1) and
inducible nitric oxide synthase in the aortas of ZDF rats. Experiments with endothelial cells
further confirm that a mix of flavanol-derived colonic metabolites effectively down-regulate
the levels of p-p65-NF-xB and the cell adhesion molecules ICAM-1 and VCAM-1,
preventing thus the increase of monocyte-endothelial adhesion induced by TNF-a. These
novel data provide the first evidence of the relevant role of cocoa and their flavanol-derived
metabolites to avoid the development of endothelial inflammation and diabetic

complications.
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Highlights

- Cocoa rich diet prevent hyperglycaemia-induced arterial inflammation in diabetic rats

- Cocoa intake reduces p-p65-NF-kB, ICAM-1, VCAM-1 and iNOS levels in diabetic aortas
- Flavanol-derived gut metabolites protect endothelial cells against inflammation

- Flavanol colonic metabolites inhibit monocyte-endothelial adhesion induced by TNF-a



1. Introduction

Type 2 Diabetes (T2D) is associated with a high risk of endothelial cell inflammation
leading to cardiovascular complications such as atherosclerosis (Shah & Brownlee, 2016).
Indeed, cardiovascular diseases (CVDs) represent the major burden of mortality and
morbidity in diabetic patients (Garcia-Carro et al., 2019). Hyperglycaemia, a hallmark of
diabetes, promotes inflammation by oxidative stress-induced activation of NF-kB and the
subsequent production of pro-inflammatory cytokines (La Sala et al., 2019). Increased
expression of inflammatory factors including interleukin-6 (IL-6), tumour necrosis factor-
alpha (TNF-o), intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), and other cytokines are among the most important molecular
determinants that lead to vascular dysfunction (Xia et al., 2014). Therefore, targeting
inflammatory pathways in the vascular system could be a decisive way to decrease
cardiovascular risk in diabetes.

Healthy diets based on high consumption of plant-derived foods are closely
associated with a significant decrease in the incidence and prevalence of chronic
inflammatory disorders (Lapuente et al., 2019). This favourable effect has mainly been
attributed to the presence of several bioactive compounds, such as phenolic compounds.
Among these, flavonoids, abundant in fruits, vegetables, legumes and cocoa, have gained
increased attention due to its anti-inflammatory properties (Santhakumar et al., 2018). Many
epidemiological, in vitro and in vivo studies have shown promising results about the
potential of flavonoids to prevent the onset and development of vascular inflammation
(Fallah et al., 2020, Hussain et al., 2020, Toma et al., 2020). These effects appear to be
mediated via several individual and synergistic mechanisms, such as the inhibition of key

inflammatory mediators and pro-inflammatory enzymes, as well as the modulation of the



expression and activity of pro-inflammatory cytokines (Soheila et al., 2019). Consequently,
it has been suggested that flavonoids can play an important role in decreasing the risk of
CVD in diabetes (Caro-Ordieres et al., 2020). Indeed, these natural compounds are
considered to be as an interesting and cost-effective therapeutic alternative to alleviate
vascular inflammation in diabetic patients.

Cocoa is a flavonoid-rich food widely investigated for its potential beneficial effects
in chronic diseases related to inflammation and oxidative stress (Martin et al., 2017). In
particular, cocoa intake has been related with numerous vascular protective effects,
including lowering of blood pressure (BP) (Ferri et al., 2015), improving endothelial
function (Grassi et al., 2015), as well as prevention of arterial stiffness (Alvarez-Cilleros et
al., 2019). The favourable properties of cocoa has largely been ascribed to its flavonoids
content, mainly monomeric flavanols such as epicatechin and catechin, as well as oligomeric
procyanidins. Epicatechin have a Cmax of about 1 hour declining rapidly from the
circulatory system after 2-4 hours following consumption of cocoa (Actis-Goretta et al.,
2012). However, procyanidins and the fraction of epicatechin, which are not absorbed in the
small intestine (more than 80% of cocoa flavanols), reach the colon where they are
metabolized by the microbiota generating several phenolic metabolites, such as mono- and
di-hydroxylated phenylpropionic, phenylacetic and hydroxybenzoic acids and their
conjugated form (sulphates and glucuronidates) (Mayorga-Gross et al., 2019). These small
phenolic acids have a delayed Cmax of about 6 hours and longer half-life (T12) values that
ranged from 3.1-7.6 h (Ottaviani et al, 2016). In this sense, we have previously showed that
flavanol-derived colonic metabolites such as 3,4-dihydroxyphenylacetic acid (DHPAA), 2,3-
dihydroxybenzoic acid (DHBA) and 3-hydroxyphenylpropionic acid (HPPA) were able to

improve endothelial function and prevent oxidative stress in human endothelial cells



(Alvarez-Cilleros et al., 2018). These findings suggest that microbial derived metabolites
play an important role in conferring the vascular benefits of cocoa flavanols. However, the
potential effects of cocoa flavanols and their gut derived metabolites on vascular
inflammation in diabetes remain to be elucidated.

Considering this, in the present study, we evaluated the anti-inflammatory effect of a
cocoa-rich diet on the aortas of Zucker diabetic fatty (ZDF) rats, a widely used model of
T2D. In addition, the potential role of flavanols-derived colonic metabolites to modulate the
adhesion and inflammatory processes were also evaluated using TNF-a-stimulated

endothelial cells, a widely used model of vascular inflammation.



2. Material and Methods

2.1. Materials and Chemical

3,4-(DHPAA), 2,3-(DHBA), 3-(HPPA), gentamicin, penicillin G, streptomycin,
bovine serum albumin (fraction V), 6-[4-(2-piperidin-1-ylethoxy)phenyl]-3-pyridin-4-
ylpyrazolo[1,5-a]pyrimidine (Comp C) and LY294002 (LY) were purchased from Sigma
Chemical (Madrid, Spain). Recombinant murine tumour necrosis factor TNF-a was obtained
from Preprotech (Madrid, Spain). The fluorescent probes 4-amino-5-methylamino-2,7-
difluorofluorescein diacetate (DAF-FM-DA) and Calcein-AM were from Molecular Probes
(Eugene, OR). Anti-TNF-a (sc-52746), anti-IL-6 (sc-57315), anti-monocyte chemoattractant
protein 1 (MCP-1, sc-52701), anti-phospho-Ser536-p65-NF-kB (sc-135769), anti-inducible
nitric oxide synthase (iNOS, sc-651), anti-cyclooxigenase-2 (COX-2, sc-19999), anti-
VCAM-1 (sc-13160), and anti-ICAM-1 (sc-107) were purchased from Santa Cruz (Qimigen,
Madrid, Spain), and B-actin was from Cell Signaling Technology (lzasa, Madrid, Spain).
Materials and chemicals for electrophoresis and the Bradford reagent were from BioRad
(BioRad Laboratories S.A., Madrid, Spain). Cell culture dishes were from Falcon (Cajal,
Madrid, Spain), and cell culture medium and foetal bovine serum were from Lonza (Madrid,

Spain).

2.2. Diet and Animals

Cocoa rich-diet (10%) was produced by adding 100 g/Kg of natural Forastero cocoa
powder (a kind gift from Idilia Foods, Barcelona, Spain) to a control AIN-93G diet (Panlab
S.L., Barcelona, Spain) at the expense of starch and cellulose, thus the cocoa diet was

corrected by carbohydrate and fibre but not by protein or fat. As a result, the cocoa diet was



slightly richer in proteins (2,2%) and lipids (1,1%) but, in order to make both diets isocaloric
(15048 kJ/kg), the content in carbohydrate was slightly reduced (4,2%). The total
polyphenol content of the cocoa was determined by the spectrophotometric method of Folin-
Ciocalteu using gallic acid as the standard and main cocoa flavonoids and theobromine were
determined by LC-MS as previously described (Alvarez-Cilleros et al., 2019). The
polyphenolic profile of the cocoa powder showed that monomeric epicatechin and catechin
were the major flavanols in the extract, together with appreciable amounts of procyanidins
B1 and B2. Theobromine was also present in high amounts. The resulting cocoa diet was
isoenergetic and its composition is given in Table 1

Nine-week-old male Zucker diabetic fatty rats (ZDF, n=16) and their Zucker lean
controls (ZL, n=6) were purchased from Charles River Laboratories (L’ arbresle, France) and
were placed under controlled conditions (21°C + 1°C, 50-60% humidity and 12 h light/dark
cycles). After one week of acclimation (at 10 weeks of age), ZDF diabetic rats were
randomly divided into two groups of eight animals that received the standard AIN-93G diet
(ZDF-C) or the same control diet supplemented with 10 % of cocoa (ZDF-Co) for 10 weeks.
The lean Zucker rats (ZL) received the standard AIN-93G diet. During the study, all
experimental groups were provided with food and water ad libitum. There was no
differences in daily food intake between diabetic rats fed with cocoa (ZDF-Co) and their
corresponding diabetic control animals (ZDF-C). Animals were treated according to the
European (2010/63/EU) and Spanish (RD 53/2013) legislation on Care and Use of
Experimental Animals and the experiments were approved by the Ethics Committee from
Comunidad de Madrid (PROEX 304/15).

At 20 weeks of age, animals were sacrificed and the aorta was resected for immuno-

histochemical analysis. Glucose was determined in blood samples using an Accounted



Glucose Analyzer (LifeScan Espafia, Madrid, Spain) and insulin and glycosylated
haemoglobin (HbAlc) were quantified by ELISA kits (Rat Insulin, Mercodia, Uppsala,
Sweden; HbAlc Kit Spinreact, BioAnalitica, Madrid, Spain). Fasting plasma concentrations
of both glucose and insulin were used to calculate the insulin resistance index [homeostasis
model assessment (HOMA)-IR] using the following formulae: HOMA-IR=fasting insulin
(mU/ml) X fasting glucose (mM)/22.5. Triacylglycerols (TG), HDL-Cholesterol (HDL-Cho)
and LDL-Cho were determined in serum by Kits (BioSystems, Madrid, Spain) as described
elsewhere (Alvarez-Cilleros et al., 2019). Tumour necrosis factor-a (TNF-o) and
interleukin-6 (IL-6) levels were quantified in serum samples by specific rat TNF-a
Quantikine ELISA Kit (RTA00, R&D System, USA) and IL-6 DuoSet ELISA Kit (DY506,

R&D System, USA) according to the manufacturer’s instruction.

2.3. Immuno-histochemical analysis

For histological analysis, aortic samples were fixed in paraformaldehyde (4%),
embedded in paraffin, and cut into 4-um-thick sections. Antibodies against TNF-a, IL-6,
MCP-1, ICAM-1, VCAM-1, p-p65-NF-kB, iNOS and COX-2, were used. Serial aortic
sections were incubated with the primary antibodies overnight at 4 °C and then with a
biotin-conjugated secondary antibody and streptavidin—biotin peroxidase for 30 min.
Substrate used was 0.05% 3,3’-diaminobenzidine tetrahydrochloride (DAB) and a brown
colour was detected and regarded as a positive signal under a light microscope. For the
immunoreactive score, ten samples were selected at random and viewed under high
magnification (x400; Leica DM LB2 microscope and a digital Leica DFC 320 camera
(Leica)). Specimens were scored as positive when the cytoplasm contained yellow or brown

particles. The intensity of immunostaining for each antibody was evaluated according four



semi-quantitative immunohistochemistry categories reported as negative (0), weak (1+),

moderate (2+), strongly (3+) and very strong (4+) stained cells.

2.4. Cell culture and treatments

Human endothelial cell line EA.hy926 and Human Monocyte cell line TPH-1 were a
gift from Prof. Dr. Patricio Aller and Dr. Carmelo Bernabeu, (Centro de Investigaciones
Biologicas, CSIC, Madrid, Spain). Cells were maintained in a humidified incubator
containing 5% CO2 and 95% air at 37°C and were grown in DMEM media (EA.hy926) or
RPMI (TPH-1), supplemented with 10% foetal bovine serum (FBS) and 1% of the following
antibiotics: gentamicin, penicillin and streptomycin. Different microbial metabolites
DHPAA, DHBA and HPPA (10 uM) and a mixture of microbial metabolites (MIX) at 4 uM
each one (4 uM of DHPAA + 4 uM of DHBA + 4 uM of HPPA) were diluted in DMEM
culture medium. For the TNF-a treatment, different concentrations of TNF-a (50, 100 and
500 ng/mL), diluted in serum-free culture medium were added to the EA.hy926 cells during
18 hours. In the experiments with metabolites and TNF-a, EA.hy926 cells were first pre-
incubated for 6 h with DHPAA, DHBA, HPPA and the MIX and after that the pro-

inflammatory TNF-a (50 ng/mL) was added for 18 h.

2.5. Evaluation of cell viability

Cell viability was determined by using the crystal violet assay. EA.hy926 cells were
seeded at low density (2 x 10° cells per well) in 24-well plates. After the TNFo treatment,
cells were incubated with crystal violet (0.2 % in ethanol) for 20 min. Plates were rinsed

with distilled water, allowed to dry, and 1% sodium dodecyl sulfate (SDS) added. The



absorbance of each well was measured using a microplate reader at 570 nm (Bio-Tek,

Winooski, VT, USA).

2.6. Determination of interleukin-6 (IL-6) secretion by endothelial cells

Concentration of IL-6 in cell culture supernatants was determined using a human IL-6
ELISA kit of Thermo Fisher Scientific Inc (Madrid, Spain) according to manufacturer’s
instructions. The ELISA 96-well micro plates were analysed using a microplate reader at

570 nm (Bio-Tek, Winooski, VT, USA).

2.7. Preparation of cell lysates for Western blotting

To detect iINOS, COX-2, p-p65-NF-«B, IL-6, ICAM-1 and VCAM-1, cells were
lysed at 4 °C in a buffer containing 25 mM HEPES (pH 7.5), 0.3 M NaCl, 1.5 mM MgCly,
0.2 mM EDTA, 05 mM 14-Dithiothreitol, 0.1% Triton X-100, 200 mM R-
glycerolphosphate, 0.1 mM NasVOs, 2 pg/mL leupeptin, and 1 mM PMSF. Supernatants
were collected, assayed for protein concentration by using the Bradford reagents, aliquoted

and stored at —80 °C until used for Western blot analyses.

2.8. Protein determination by Western Blotting

Equal amounts of protein (100 pg) were separated by SDS-PAGE and transferred to
polyvinylidene difluoride filters (Protein Sequencing Membrane, BioRad). Membranes were
probed with the corresponding primary antibody followed by incubation with peroxide-
conjugated antirabbit Ig (GE Healthcare, Madrid, Spain). Blots were developed with the
ECL system (GE Healthcare). Normalization of Western blot was ensured by R-actin and

bands were quantified using a scanner and accompanying software.



2.9. Monocyte adhesion assay

The monocyte adhesion assay was performed as previously described (Ha et al.,
2018). THP-1 cells were labelled with Calcein-AM at a final concentration of 7.5 uM for 30
min at 37°C and 5% CO>. Labelling was stopped by adding RPMI medium and cells were
washed twice with PBS and resuspended in RPMI. Prior the adhesion assay, endothelial
cells were pre-treated with or without the MIX for 6 hours and stimulated with 50 ng/mL of
TNFa for 18 hours. After that, THP-1 cells labelled with Calcein-AM were co-incubated
with EA.hy926 treated cells for 60 min at 37°C and 5% CO>. Next, to remove non-adherent
THP-1, cells were washed with PBS and excess liquid blotted onto filter paper. This was
repeated three times and then 1 mL of PBS was added to the plates. Fluorescence intensity
was monitored at 488 nm excitation and 515 nm emissions using a fluorescence microplate
reader (Bio-Tek, Winooski, VT, USA). The attachment of THP-1 cells was also confirmed
under an inverted fluorescence Leica AF6000 LX microscope (excitation wavelength: 488

nm; emission wavelength: 515 nm).

2.10. Statistics

Prior to statistical analysis, data were tested for homogeneity of variances by the test
of Levene; for multiple comparisons, one-way ANOVA was followed by a Tukey test when
variances were homogeneous or by the Tamhane test when variances were not
homogeneous. The level of significance was P < 0.05. A GraphPad Prism version 7.00

(GraphPad software, Inc., La Jolla, California) was used.



3. Results
3.1. Cocoa intake decreases arterial inflammation in diabetic rats

After 10 weeks of treatment, body weight and total food and energy intake were
increased in both groups of ZDF rats in comparison with ZL animals (Table 2). However,
the enhancement in body weight of ZDF-Co rats was significantly lesser than that of ZDF-C
rats; consequently, both food efficiency and energy efficiency were 40% lower in the ZDF-
Co group. This reduced energy/food efficiency seems to be related to the ability of cocoa
flavanols to inhibit digestive enzymes leading to slow carbohydrate digestion and
absorption. The metabolic characteristics of the animals are shown in Table 3. At 20 weeks
of life, ZDF animals presented hyperglycaemia, hyperinsulinemia and increased levels of
HbAlc and insulin resistance (HOMA-IR). All these parameters were significantly
improved in diabetic animals that were supplemented with cocoa. On the contrary, HDL-
Cho, LDL-Cho and TG levels were significantly elevated in both diabetic ZDF groups in
comparison to the ZL group.

In order to investigate whether cocoa supplementation could affect vascular
inflammation in ZDF rats, levels of pro-inflammatory cytokines, such as IL-6 and TNF-a
were measured in aortic tissue by immunohistochemistry (Figures 1A and 1B). Results
indicated that levels of IL-6 were significantly increased in ZDF-C rats as compared to ZL
group. Interestingly, cocoa diet significantly reduced the expression level of this pro-
inflammatory cytokine, showing that cocoa intake may counteract the low grade of
inflammation found in diabetic ZDF animals. On the contrary, no differences were found in
the levels of TNF-a among all animal groups. Likewise, circulating levels of these cytokines

in serum were not significantly different among ZL, ZDF-C and ZDF-Co rats (Fig. 1C).



3.2. Cocoa diet prevents enhance ICAM-1 and VCAM-1 expressions in arteries of
diabetic animals

Following, we explore the effect of cocoa on the expression of ICAM-1, VCAM-1
and MCP-1 that can contribute to vascular inflammation. We measured their expression in
the aorta by immunohistochemistry and found that the levels of ICAM-1 and VCAM-1 were
significantly increased in the aorta of untreated ZDF rats compared with non-diabetic ZL
rats (Figure 2A and 2B). However, ZDF-Co showed significantly reduced expression levels
of both mentioned adhesion molecules. There were no differences in MCP-1 staining among
the three groups (Figure 2C). These results further substantiated that cocoa supplementation

exerts an anti-inflammatory activity in the diabetic vascular tissue.

3.3. Cocoa diet prevents increased NF-kB phosphorylation and iNOS expression in
arteries of diabetic animals

During vascular inflammation, gene expression of cytokines and adhesion molecules
in vascular tissues is regulated by NF-kB. Therefore, we next investigated the effect of the
cocoa diet on NF-kB and their inflammatory enzymes COX-2 and iNOS in aortic tissues. As
shown in figure 3A, ZDF-C rats had markedly increased levels of p-p65 NF-kB positive
staining in the aorta section compared to ZL rats. However, the p-p65 NF-xB staining was
significantly reduced in aortic tissues of ZDF-Co animals. Likewise, the levels of iINOS
were significantly increased in diabetic ZDF rats whereas cocoa supplementation
considerably decreased iNOS staining in the aorta of ZDF-Co rats (Figure 3B). No
differences were observed in COX-2 among all animal groups (Figure 3C). Altogether, these
results indicate that cocoa diet exhibit anti-inflammatory properties via potentially

modulating intracellular phosphorylation events on NF-kB pathway in ZDF diabetic rats.



3.4. Cocoa flavanol metabolites protect endothelial cells against TNF-a induced
inflammation

In order to study whether cocoa metabolites from flavanols may be responsible of the
beneficial effects of cocoa in diabetic animals, we investigated their anti-inflammatory effect
using an in vitro model of TNF-a-stimulated EA.hy926 cells. Accordingly, endothelial cells
were exposed during 18 hours with different concentrations of TNF-a (50-500 ng/mL) and
levels of the pro-inflammatory marker IL-6 and cell viability were evaluated. Figure 4A shows
that rising concentrations of TNF-a induced a dose-dependent increase of IL-6 levels in the
culture medium. Furthermore, none of the tested doses caused cell injury in EA.hy926 cells
(Figure 4B). Since the concentration of 50 ng/mL of TNF-a was the lowest dose that induces a
significantly increase of IL-6, it was the concentration chosen for the following experiments.

Next, endothelial cells cultured in the presence or absence of microbial flavanol-derived
metabolites DHPAA, DHBA and HPPA (10 uM) and the MIX (12 uM) during 6 h were further
treated with 50 ng/mL of TNF-a from 18 hours and then IL-6 secretion was evaluated. As
shown in Figure 4C, the IL-6 secretion induced by TNF-a was greatly prevented by the pre-
treatment of endothelial cells with different metabolites and the MIX. Interestingly, the MIX
containing lower doses of these microbial-derived flavanol metabolites (4 uM of DHPAA + 4
uM of DHBA + 4 uM of HPPA) was the most effective to prevent TNF-a induced

inflammation. According to these results, we selected the MIX for the subsequent experiments.

3.5. Cocoa flavanol metabolites protect endothelial cells against TNFa-mediated monocyte

adhesion



To address whether the MIX treatment modulates cytokine expression and monocyte
adhesion in TNF-a-stimulated EA.hy926 cells, protein levels of IL-6 and adhesion molecules
such as ICAM-1 and VCAM-1 were also analysed. As shown in Figures 5A and 5B, treatment
of endothelial cells with the MIX significantly decreased TNF-a-induced IL-6 secretion and
expression levels of IL-6, ICAM-1 and VCAM-1. The next step was to examine the effect of
colonic metabolites on monocyte adhesion. As shown in Figure 5C, the incubation of
endothelial cells with TNF-o (50 ng/mL) for 18 h led to a significant increase in monocyte
adhesion to endothelial cells. However, pre-treatment of cells with the MIX (6 h) prior to the
addition of TNF-a significantly decreased TNF-a-induced monocyte adhesion. These results
were confirmed under fluorescent microscopy, as shown in Figure 5D. These outcomes strongly
indicate that colonic metabolites totally prevent the expression of cell adhesion molecules and

monocyte adhesiveness in TNF-a-treated endothelial cells.

3.6. Cocoa flavanol metabolites reduce p-p65 NF-kB, COX-2 and iNOs levels in TNF-a
treated endothelial cells

Next, to determine whether the flavanol colonic metabolites had an impact on the
transcriptional regulation of pro-inflammatory pathways, levels of p-p65, which is
responsible for NF-kB activation, and the inflammatory enzymes COX-2 and iNOS were
determined in TNF-a treated endothelial cells. To this end, EA.hy962 cells were pre-treated
or not with the MIX for 6 h and further stimulated with TNF-a (50 ng/mL) during 18 h;
then, levels of p-p65 NF-kB, COX-2 and iNOs were evaluated by Western blot. As shown in
Figure 6, levels of p-p65, COX-2 and INOS were significantly enhanced in TNF-o-
stimulated endothelial cells. However, this pro-inflammatory effect was totally prevented in

TNF-a-stimulated cells that were pre-treated with the MIX. Altogether, these results indicate



that a M1X of colonic flavanols-derived metabolites significantly reduce endothelial vascular

inflammation in TNF-a-stimulated cells.



4. Discussion

Oxidative stress and inflammation are the major contributing factors for the
development of vascular dysfunction and cardiovascular disease in T2D (Oguntibeju, 2019).
We have previously showen that cocoa intake has the potential to improve vascular health in
a well-characterized animal model of T2D (Alvarez-Cilleros et al., 2019). This protective
effect was due in part to its ability to improve vascular function and to prevent oxidative
stress and aortic stiffening and remodelling. Herein, we show for the first time that cocoa
flavonoids can also avoid vascular inflammation in Zucker diabetic rats and in TNF-a
stimulated endothelial cells, further contributing to its vascular protective activity in
diabetes.

In diabetes induced oxidative stress leads to increased levels of pro-inflammatory
cytokines in vascular tissues and to upregulate cell adhesion molecules such as ICAM-1 and
VCAM-1, which are involved in monocyte-endothelial adhesion (La Sala et al., 2019). The
recruitment of monocytes to the arterial wall and their differentiation into macrophages
initiate chronic inflammation and the development of a large proportion of cardiovascular
diseases. Evidences from previous epidemiological and clinical studies suggest that cocoa
intake has favourable effects on a variety of cardiometabolic parameters, representing a
promising bioactive food in the prevention of cardiovascular diseases (Jafari Azad et al.; Lin
et al.,, 2016; Grassi et al., 2015) More importantly, regular consumption of flavanol-rich
cocoa has been related to decreased cellular and humoral inflammation markers in patients
suffering from T2D, suggesting a potential role of cocoa to avoid vascular inflammation in
diabetes (Ellinger & Stehle, 2016). In line with these reports, here we found that cocoa
intake was able to prevent the low grade of inflammation in Zucker diabetic rats by reducing

the level of inflammatory mediators such as IL-6, VCAM-1 and ICAM-1 in aortic tissues.



These findings strongly indicate that cocoa may down-regulate the expression of vascular
adhesion molecules in the vascular wall of diabetic animals and in consequence may prevent
the inflammatory processes associated with endothelial monocyte adhesion.

The nuclear transcription factor NF-xB is considered to be the major regulator
involved in the expressions of cellular adhesion molecules and migration of leukocytes
through the endothelium (Suryavanshi & Kulkarni, 2017). Furthermore, the NF-xB
signalling system also plays a pivotal role in the expression of pro-inflammatory enzymes
such as INOS and COX-2 that have been involved in hyperglycaemia-mediated endothelial
apoptosis and the occurrence of diabetes-related complications (Zhang et al., 2014). In this
regard, flavonoids acting as NF-xB inhibitors have been shown to modulate the expression
of pro-inflammatory genes leading to the attenuation of the inflammatory responses
underlying in various pathologies (Choy et al., 2019). In particular, the ability of cocoa to
modulate NF-xB actions has been previously demonstrated in different tissues such as colon
(Rodriguez-Ramiro et al, 2013), adipose tissue (Gu et al., 2014) myocardial tissue (Ahmed
et al., 2020) and in peripheral blood mononuclear cells (Vazquez-Agell et al., 2013).
According to that, in this study we found that cocoa intake prevents the phosphorylation of
NF-kB and the upregulation of INOS in the aorta of ZDF rats, supporting thus the anti-
inflammatory effect of cocoa in diabetes. Mechanistically, it has been shown that reactive
oxygen species (ROS) play an essential role in the modulation of NF-xB by the activation of
the mitogen-activated protein kinases (MAPKS) (La Sala et al., 2019). Interestingly, we have
previously found that cocoa intake significantly prevented ROS generation and the
consequent activation of stress signalling pathways in the aorta of ZDF rats (Alvarez-
Cilleros et al., 2019). Therefore, we could suggest that modification of the cellular redox

status by cocoa may contribute to control the activation of NF-xB and thus the inflammatory



cellular response to oxidative stress induced by diabetes. Overall, these data strongly
demonstrate that cocoa supplementation can protect against diabetic vascular inflammation
by preventing NF-kB phosphorylation, which in turn decreases ICAM-1, VCAM-1 and
INOS expression in aortic tissues.

In order to verify whether colonic metabolites from cocoa flavanols could be in part
responsible for the vascular benefits observed in diabetic animals, we next investigate their
potential anti-inflammatory effect in vitro, using TNF-a-stimulated endothelial cells. Recent
published data evidence that health benefits of flavonoids can largely result from the
biological activity of their microbial-derived metabolites (Ruotolo et al., 2020; Del Bo et al.,
2019; Bharat et al., 2018). Indeed, most of ingested flavonoids have limited bioavailability
whereas their gut-derived metabolites are found in the circulatory system at higher
concentrations relative to the parent compounds (Kay et al., 2017). Therefore, the use of
flavanol colonic metabolites in vitro may reproduce physiological conditions more precisely
than the use of native forms (Mena & Del Rio, 2018). Besides, we have used realistic doses
(1-10uM) since phenolic acids could be detected in plasma at low uM concentrations after
the intake of foodstuff containing flavanols (Urpi-Sarda et al., 2009). In concordance with
this, we have recently demonstrated that a mix of microbial-derived metabolites from
flavanols at physiological concentrations stimulate nitric oxide production in human
endothelial cells and protect them against oxidative stress-induced toxicity and endothelial
dysfunction (Alvarez-Cilleros et al., 2018). In the present work, we found that the same mix
of gut-derived metabolites was also able to protect endothelial cells against TNF-a-induced
inflammation. More importantly, this effect was higher than the observed with the single
metabolites alone, suggesting additive or synergistic effects. Similar results have been

described in previous studies showing that the combination of common gut microbial



metabolites of dietary anthocyanins at low micromolar concentrations induced greater anti-
inflammatory effects in human THP-1 monocytes than their individual constituents isolated
(Di Gesso et al., 2015). Overall, these findings indicate that microbial-derived metabolites
from flavanols may have an important role in preventing the low grade of inflammation
found in the aorta of Zucker diabetic rats.

Few studies have investigated the effects of microbial derived metabolites from
flavonoids on adhesion molecules and on monocyte adhesion in endothelial cells (Tang et
al., 2019, Krga et al., 2016, Amin et al., 2015,). For example, Krga et al. (2016) revealed
that isolated anthocyanidins-derived gut metabolites such as protocatechuic, vanillic, ferulic
and hippuric acid at realistic concentrations decreased the adhesion of monocytes to human
endothelial cells. These preventive effects were also confirmed when derived metabolites
were used in combination (Tang et al., 2019, Krga et al., 2016). In the present study, we
demonstrate for the first time that a mix of bioavailable flavanol-derived metabolites, at
physiologically relevant concentrations, strongly prevents THP-1 monocyte-endothelial
adhesion in TNF-o-treated endothelial cells. Moreover, this effect was associated with a
significantly reduction in the protein expression of VCAM-1 and ICAM-1 and in the
phosphorylation of NF-kB. These results are in concordance with a previous study reporting
that a metabolite derived from flavanols (5-dihydroxyphenyl-valerolactone) downregulated
levels of VCAM-1 and MCP-1 in human endothelial cells and attenuated THP-1 monocyte-
endothelial adhesion (Lee et al., 2017). Likewise, increased levels of the inflammatory
enzymes iINOS and COX-2 induced by TNF-o were totally prevented by the mix of
flavanol-derived gut metabolites. Altogether, these findings strongly support the anti-
inflammatory activity of microbial-derived metabolites from flavanols and provide new

evidences supporting their significant role in the specific biological effects of flavanols.



It is interesting to note that cocoa comprise other bioactive compounds, mainly the
methylxanthine theobromine, that could also be participating in the beneficial effects of
cocoa on vascular function. Indeed, it has been shown that theobromine can be the
responsible of immunoregulatory effects of cocoa (Camps-Bossacoma et al., 2018). More
recently, theobromine has also been associated with some of the effects of cocoa intake on
glucose and lipid metabolisms (Camps-Bossacoma et al., 2019). Further studies will clarify
whether the protective effect of cocoa on vascular function can also be partly ascribed to
theobromine and/or to a possible synergistic activity among theobromine and cocoa
flavanols.

In summary, this study is the first work demonstrating that dietary cocoa
supplementation may have an important effect in preventing the progression of
inflammation in diabetes by reducing NF-xB phosphorylation and levels of ICAM-1,
VCAM-1 and iNOS in aortic tissues. Moreover, the experiments with endothelial cells
further confirm that flavanol-derived colonic metabolites effectively down-regulate the
levels of p-p65-NF-xB, as well as ICAM-1 and VCAM-1 cell adhesion molecules,
preventing thus monocyte-endothelial adhesion induced by TNF-o. Notably, these novel
data provide evidences on the anti-inflammatory vascular activity of flavanol-derived
colonic metabolites and their significant role on the preventive effect of cocoa in diabetic

vascular diseases.
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Legends to Figures

Figure 1.- Effect of cocoa diet on vascular inflammation in Zucker lean (ZL), Zucker
diabetic rats fed control diet (ZDF-C) and Zucker diabetic rats fed cocoa diet (ZDF-
Co). (A) Representative photographs for immunohistochemical staining of IL-6 (brown-
stained) and immunoreactive score (scale bar 10 um) in arterial tissues. (B) Representative
photographs for immunohistochemical staining of TNF-a (brown-stained) and
immunoreactive score (scale bar 10 um) in arterial tissues. (C) Levels of TNF-o and IL-6 in
plasma. Values are expressed as mean + SD (n = 6-8). Means sharing the same letter are not

significantly different from each other (P < 0.05).

Figure 2.- Effect of a cocoa diet on ICAM-1, VCAM-1 and MCP-1 levels in arteries
from Zucker lean (ZL), Zucker diabetic rats fed control diet (ZDF-C) and Zucker
diabetic rats fed cocoa diet (ZDF-Co). Representative photographs for
immunohistochemical staining of ICAM-1 (A), VCAM-1 (B) and MCP-1 (C) (brown-
stained) and immunoreactive score (scale bar 10 pm) in arterial tissues. Means sharing the

same letter are not significantly different from each other (P < 0.05).

Figure 3.- Effect of a cocoa diet on p-p65 NF-kB, COX-2 and iNOS levels in arteries
from Zucker lean (ZL), Zucker diabetic rats fed control diet (ZDF-C) and Zucker
diabetic rats fed cocoa diet (ZDF-Co). Representative photographs for
immunohistochemical staining of p-p65 (A), iNOS (B) and COX-2 (C) (brown-stained) and

immunoreactive score (scale bar 10 um) in arterial tissues. Values are expressed as mean *



SD (n = 6-8). Means sharing the same letter are not significantly different from each other

(P < 0.05).

Figure 4.- Effect of colonic flavanol metabolites on TNF-a-induced inflammation in
endothelial cells. EA.hy926 cells were treated during 18 h with different concentrations of
TNF-a (50-500 ng) and IL-6 secretion (A) and cell viability (B) were determined. EA.hy926
cells cultured with DHPAA (10 uM), DHBA (10 uM), HPPA (10 uM) or the MIX (12 puM)
for 6 h were further treated with 50 ng/mL of TNF-a from 18 hours and IL-6 secretion was
evaluated (C). Data represent means + SD of 8-10 samples per condition. Different letters

denote statistically significant differences, P < 0.05.

Figure 5.- Effect of colonic flavanol metabolites on TNF-a-induced monocyte adhesion
in endothelial cells. (A) EA.hy926 cells cultured with or without MIX (12 uM) for 6 h were
further treated with TNF-a (50 ng/mL) for 18 h and IL-6 secretion was determined. (B)
Endothelial cells cultured with or without MIX (12 uM) for 6 h and further treated with
TNF-a (50 ng/mL) for 18 h were subjected to Western blot analysis using antibodies to IL-6,
ICAM-1 and VCAM-1. Bands are representative of four to six experiments. Normalization
of Western blots was ensured by B-actin. Graphic represents the percentage values of IL-6,
ICAM-1 and VCAM-1 relative to the control condition (mean £ SD). (C) EA.hy926 cells
cultured with or without MIX (12 puM) for 6 h and with TNF-a (50 ng/mL) for 18 h were
incubated with fluorescently labelled THP-1 cells during 1 h, and cell adhesion was
measured by fluorescent plate reading. (D) Adherent THP-1 cells were observed using a
fluorescent microscopy (scale bar 100 um) as described in the Materials and methods.

Fluorescence intensity was monitored at 485 nm excitation and 515 nm emissions. Data



represent means £ SD of 8-10 samples per condition. Different letters denote statistically

significant differences, P < 0.05.

Figure 6.- Effect of colonic flavanol metabolites on p-p65 NF-kB, COX-2 and iNOS
protein levels in TNF-a-treated endothelial cells. EA.hy926 cells cultured with or without
MIX (12uM) for 6 h and further treated with TNF-o (50 ng/mL) for 18 h were subjected to
Western blot analysis using antibodies to p-p65, COX-2 and iNOS. (A) Representative
bands of four to six experiments. Normalization of Western blots was ensured by B-actin.
(B) Percentage values of p-p65 relative to the control condition (means = SD). (C)
Percentage values of COX-2 relative to the control condition (means + SD). (D) Percentage
values of INOS relative to the control condition (means + SD). Different letters denote

statistically significant differences, P < 0.05.



Table 1.- Composition of the experimental control and cocoa-rich diets

Component (g/Kg dry weight) Control Cocoa
Casein 140 140
Dextrose 155 155
Sucrose 100 100
Fat 40 40
t-BHQ (tert-butylhydroquinone) 0.008 0.008
Mineral mix. 35 35
Vitamin mix. 10 10
L-Cys 1.8 1.8
Cholin bitartrate 2.5 2.5
Cellulose 100 66
Starch 415.7 349.7
Cocoa powder - 100
Energy (KJ/Kg diet) 15048 15048
Total cocoa polyphenols (g/100g) - 2.4

Cocoa flavonoids

Procyanidin B1 - 0.035
Catechin - 0.115
Procyanidin B2 - 0.132
Epicatechin - 0.382

Theobromine - 0.742




Table 2.- Body weight and food and energy intake of rats fed with standard (ZL and ZDF)

and cocoa-rich (ZDF-Co) diets. Data represent the means £ SD of 6-8 animals. Means in a

row without a common letter differ, P < 0.05.

ZL ZDF-C ZDF-Co
Initial Body weight (g) 210 + 9° 284 + 10° 285+ 11°
Final Body weight (g) 329 + 42 444 + 8° 400 + 12°
Body weight gain (g) 123 £ 92 180 + 10° 121 £ 9°¢
Total food intake (g in 10 1223 + 61° 1839 + 74° 1918 + 107°
weeks)
Total energy intake (Keal 417, 5440 6643 + 289 6763 + 1070
in 10 weeks)
Food Efficiency (body
weight gain/total food 0.10£0.017 0.09 + 0,022 0.06 +£0.01°
intake)
Energy Efficiency (body
weight gain/total energy 0.027 +0.0022 0.027 + 0.003? 0.017 +0.002°

intake)




Table 3.- Biological parameters of 20-week-old Zucker lean rats (ZL), Zucker diabetic fatty

rats fed with control diet (ZDF-C) and Zucker diabetic fatty rats fed with cocoa diet (ZDF-

Co). Data represent the means + SD of 6-8 animals. Means in a row without a common letter

differ, P < 0.05.

ZL ZDF-C ZDF-Co
Glycaemia (mg/dL) 86 + 9° 238 + 7P 118 £ 11°
Insulinaemia (ng/mL) 0.40 + 0,022 4.36 + 0.50° 1.14 +0.22°

HbA1c (%) 438 £0.19° 10.40 + 1.58" 6.09 + 0.79°
HOMA-IR 2.60 + 0.20° 90.96 + 14.26" 12.22 + 1.36°

TG (mmol/L) 0.39 +0.09? 2.74 +0.24° 2.87 £0.31°
HDL-Cho (mmol/L) 2.27 +0.22° 2.85+0.37° 3.08 £ 0.32°
LDL-Cho (mmol/L) 0.92 + 0.09° 2.28 +0.33° 2.82 +0.31°
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