Open Access Article. Published on 04 January 2022. Downloaded on 12/4/2025 11:50:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Food &
Function

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Food Funct.,, 2022, 13, 781

Received 16th September 2021,
Accepted 5th December 2021

DOI: 10.1039/d1fo03108b

rsc.li/food-function

Introduction

Supplementation with cyanidin and delphinidin
mitigates high fat diet-induced endotoxemia and
associated liver inflammation in micet

Eleonora Cremonini, & 12° Dario E. Iglesias, 2 1> Karen E. Matsukuma,®
Shelly N. Hester,” Steven M. Wood,® Mark Bartlett,” Cesar G. Fraga {2

Patricia |. Oteiza (@ **®

and

Consumption of high fat diets (HFD) and the associated metabolic endotoxemia can initiate liver inflam-
mation and lipid deposition that with time can progress to non-alcoholic fatty liver disease (NAFLD). We
previously observed that 14 weeks supplementation with the anthocyanidins cyanidin and delphinidin
mitigated HFD-induced metabolic endotoxemia and liver insulin resistance, steatosis, inflammation and
oxidative stress. This work investigated if a 4-week supplementation of mice with a cyanidin- and delphi-
nidin-rich extract (CDRE) could mitigate or reverse HFD (60% calories from lard fat)-induced liver steatosis
and inflammation. After a first 4-weeks period on the HFD, mice showed increased endotoxemia and acti-
vation of liver proinflammatory signaling cascades. Supplementation with CDRE between weeks 4 and 8
did not mitigate liver steatosis or the altered lipid and glucose plasma levels. However, CDRE supplemen-
tation reverted HFD-induced metabolic endotoxemia, in parallel with the mitigation of the overexpression
of hepatic TLR2 and TLR4, and of the activation of: (i) NF-kB, (ii) AP-1 and upstream mitogen-activated
kinases p38 and ERK1/2, and (i) HIF-1. Thus, even a short-term consumption of cyanidin and delphinidin
could help mitigate the adverse consequences, i.e. metabolic endotoxemia and associated liver inflam-
mation, triggered by the regular consumption of diets rich in fat.

saccharide (LPS) concentration."* This increase, defined as
metabolic endotoxemia, can occur because of an increased

Dietary patterns characterized by a high fat content are associ-
ated with a condition of chronic inflammation that can affect
organ function. In the case of the liver, inflammation and
increased lipid deposition can lead to the development of non-
alcoholic fatty liver disease (NAFLD).

Chronic inflammation secondary to the consumption of
high fat (HFD)/high carbohydrate diets and/or obesity is in
part attributed to an increase in circulating bacterial lipopoly-

“Department of Nutrition, University of California, Davis, CA, USA.

E-mail: poteiza@ucdavis.edu

"Department of Environmental Toxicology, University of California, Davis, CA, USA
‘Department of Pathology and Laboratory Medicine, University of California, Davis,
CA, USA

4Pharmanex Research, NSE Products, Inc., Provo, UT, USA

‘Fisicoquimica, Facultad de Farmacia y Bioguimica, Universidad de Buenos Aires,
Buenos Aires, Argentina

Jmnstituto de Bioquimica y Medicina Molecular (IBIMOL), Universidad de Buenos
Aires-CONICET, Buenos Aires, Argentina

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1fo03108b

{Equally contributed.

This journal is © The Royal Society of Chemistry 2022

passage of LPS from the intestinal lumen into the circulation.
The underlying mechanisms can include: (i) LPS paracellular
transport due to the permeabilization of the intestinal
barrier,>* (ii) co-transport of LPS across enterocytes incorpor-
ated into nascent chylomicrons,”® and (iii) changes in intesti-
nal microbiota leading to increased LPS production.”

Toll-like receptors (TLR) are involved in the pathogenesis of
several chronic liver diseases.® Molecularly, LPS binds to TLR4
leads to the activation of several signaling cascades, e.g. NF-kB
and the mitogen activated kinases (MAPK), which promotes
the transcription of chemokines and proinflammatory cyto-
kines. The liver maintains low levels of TLR4 expression and
manages LPS without significant inflammation. When
exposed to high LPS concentrations, the liver upregulates
TLR4 expression, which subsequent activation can trigger liver
inflammation and fibrosis.” If this condition becomes chronic
in the liver, it can ultimately lead to tissue insulin resistance
and NAFLD.

Anthocyanidins (AC) constitute a family of flavonoids
bearing the basic flavonoid structure C6-C3-C6, with a posi-
tive charge in the heterocycle ring. Different patterns of
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hydroxylation characterize different AC, which mostly exist in
nature as  glycosylated  derivatives  (anthocyanins).
Consumption of AC has been associated with amelioration of
conditions bearing a significant proinflammatory component,
including type 2 diabetes,'® cardiovascular disease'' and
ulcerative colitis."> However, in terms of mechanisms of
action, different AC display different bioactivities.'*'* Thus, in
their 3-O-glucosides forms, cyanidin and delphinidin are more
efficient than other ACs like malvidin, petunidin and peonidin
in attenuating tumor necrosis factor alpha (TNFo)-induced
activation of the proinflammatory NF-kB signaling pathway
and preventing permeabilization of Caco-2 cell monolayers,
used as a model on intestinal epithelium." Similarly, cyanidin
and delphinidin 3-O-glucosides were more efficient than mal-
vidin and peonidin 3-O-glucosides at stimulating glucagon-like
peptide 1 (GLP-1) release from intestinal enteroendocrine
cells.'®

Dietary strategies oriented to decrease metabolic endotoxe-
mia could help mitigate western style diets-associated liver
inflammation and disease. In this regard, we previously
observed that supplementation with a cyanidin and delphini-
din rich extract (CDRE) prevented HFD-induced metabolic
endotoxemia, and mitigated inflammation in mice fed a HFD
for 14 weeks."” Considering the above evidence, and the major
role that endotoxemia plays in liver inflammation, and conse-
quently in the development of liver diseases, this work investi-
gated if a 4-week supplementation with the CDRE could
reverse HFD-induced endotoxemia and the associated liver
inflammation in mice. This period of AC supplementation pre-
vented the increased endotoxemia caused by HFD consump-
tion, in parallel with the mitigation of hepatic TLR4 and TLR2
overexpression and the activation of downstream proinflamma-
tory cascades, i.e. NF-kB, HIF-1 and AP-1 and upstream MAPKs
p38 and extracellular signal-regulated kinase (ERK) 1/2. Thus,
increased cyanidin and delphinidin consumption could help
mitigate the adverse consequences, i.e. metabolic endotoxemia
and liver inflammation, associated to the regular consumption
of diets with a high fat content.

Materials and methods
Materials

Cholesterol and triglyceride concentrations were determined
using kits purchased from Wiener Lab Group (Rosario,
Argentina). Glucose and alanine transaminase levels were
measured using a kit purchased from Sigma-Aldrich Co
(St Louis, MO). Concentrations of insulin were determined
using a kit purchased from Crystal Chem Inc. (Downers Grove,
IL). Antibodies for monocyte chemoattractant protein-1
(MCP-1) (#2029), TNFa (#11948), phospho (Ser176/180)-IKKa/p
(#2697), TKKa (#2682), phospho (Ser536)-p65 (#3033), p65
(#8242), TLR2 (#13744), phospho (Thr180/Tyr182)-p38 (#9211),
phospho (Thr202/Tyr204)-ERK (#4370), ERK (#9102), and
fB-actin (#12620) were obtained from Cell Signaling Technology
(Danvers, MA). Oligonucleotides for NF-kB (sc-2505) and AP-1
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(sc-2501), and antibodies for Col1A1 (collagen type I alpha 1
chain) (sc-293182), fibronectin (sc-271098), TLR4 (sc-293072),
nitric oxide synthase 2 (iNOS) (sc-649), p38a/p (sc-7149) and
HSC-70 (sc-1059) were from Santa Cruz Biotechnology (Santa
Cruz, CA). Antibodies for 4-hydroxynonenal (4-HNE) (ab46545),
NOX1 (ab55831), NOX4 (ab216654) and gp91P"™ (ab129068)
and the kit to measure free fatty acids concentrations were pur-
chased from Abcam, Inc. (Cambridge, MA). Hematoxylin and
eosin solutions were from Thermo Fisher Scientific Inc.
(Piscataway, NJ). Plasma endotoxin levels were measured using
a kit from Abbexa LLC (Houston, TX). T4 polynucleotide
kinase and reagents for EMSA assays were from Promega
(Madison, WI). [y-*P] ATP was from PerkinElmer (Waltham,
MA). PVDF membranes and Clarity Western ECL Substrates
were obtained from Bio-Rad (Hercules, CA). All other chemi-
cals were purchased from Sigma-Aldrich Co (St Louis, MO).
The CDRE was provided by NSE Products, Inc. (Provo, UT).

Determination of AC blend composition

Polyphenols present in the CDRE were determined by HPLC (a
service generously provided by Dr Mary Ann Lila’s lab, North
Carolina State University). The CDRE composition is shown in
ESI Table 1.}

Animals and animal care

All procedures were in agreement with standards for care of
laboratory animals as outlined in the NIH Guide for the Care
and Use of Laboratory Animals; experimental protocols were
approved before implementation by the University of
California, Davis Animal Use and Care Administrative Advisory
Committee. Procedures were administered under the auspices
of the Animal Resource Services of the University of California,
Davis.

Mice were purchased from The Jackson Laboratories
(Sacramento, CA). Sixty mice (5-weeks old male C57BL/6],
20-25 g) were acclimated for one week to the control diet and
subsequently fed for 4 weeks with: (i) a diet containing
approximately 10% total calories from fat (control, C group);
or (ii) a diet containing approximately 60% total calories from
fat (lard) (HF group). After 4 weeks on these diets, 10 mice per
group were euthanized, and the 20 remaining in each group
were divided in two subgroups (10 mice per subgroup) that
either continued on the control and HFD, or were sup-
plemented with CDRE to receive 50 mg of cyadinin (28.9 mg) +
delphinidin (21.1 mg) per kg body weight (control diet sup-
plemented with CDRE, CA group; HFD supplemented with
CDRE, HFA group) for 4 weeks (Fig. 1A). The amount of CDRE
was calculated to represent an achievable human consump-
tion/supplementation and adjust it to mice using Reagan-
Shaw et al.'® scaling criteria. Based on this calculation and for
a 70 kg person, the human equivalent dose of 50 mg per kg
body weight of cyanidin and delphinidin corresponds, for
example, to 50 g of fresh black currants. This is calculated
according with reported AC content in foods."®

Body weight and food intake were measured weekly
throughout the study. After 2 weeks on the diets, a blood

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Effects of the supplementation with a cyanidin- and delphinidin-rich extract on metabolic parameters in mice fed control and high fat diets.
A — Experimental design, B — food intake and C — body weight gain. D and E Body composition after 0, 4 or 8 weeks on the dietary treatments. Mice
were fed a control diet (empty triangles, white bars) (C) or a HFD (black circles, black bars) (HF) for 8 weeks, or the control diet for 4 weeks and the
control diet supplemented with CDRE (50 mg of cyanidin + delphinidin) per kg body weight for the subsequent 4 weeks (full blue triangles, dashed
blue bars) (CA); or the HFD for 4 weeks and the HFD supplemented with CDRE (50 mg of cyanidin + delphinidin) per kg body weight for the sub-
sequent 4 weeks (full blue circles, blue bars) (HFA). Results are shown as means + SE and are the average of 9-10 mice per group. Values having
different symbols are significantly different (P < 0.05, one-way ANOVA). B — Differences in body weight gain values between the control- and HFD-
fed groups were significant after 3 to 8 weeks on the diets (P < 0.05, repeated measures ANOVA).
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sample (20 pl) was collected from the submandibular vein.
Body composition was measured at 4 and 8 weeks on the diets
using EchoMRI, EchoMRI LCC (Houston, TX) the day before
the mice were euthanized.

After 4 or 8 weeks on the dietary treatments, mice were
euthanized by cervical dislocation, blood was collected from
the sub-mandibular vein into EDTA tubes, and plasma was
obtained after centrifugation at 3000g for 15 min at room
temperature. Different adipose tissue pads and livers were col-
lected and weighed. Tissues were either processed for his-
tology or flash frozen in liquid N, and then stored at —80 °C
for further analysis.

Determination of liver lipids content

Lipid triglycerides, cholesterol and free fatty acids content
were measured using different methods. Analysis of liver trigly-
ceride content was performed after extraction and saponifica-
tion as previously described by Weber et al. with minor modifi-
cations.” Briefly, a 100 pl aliquot of 10% (w/v) liver homogen-
ate was mixed with 300 pl of a KOH (30% w/v): ethanol (1:2,
v:v) solution and evaporated overnight at 55 °C. The following
day, 1 ml of 50% (v/v) ethanol was added and samples centri-
fuged for 5 min at 10 000g at room temperature. Of the result-
ing supernatant, 200 pl were added with 215 pl of 1 M MgCl,
and placed on ice for 10 min. After centrifugation at 10 000g
for 5 min at room temperature, 10 pl of the supernatant were
analyzed for triglyceride content using the enzymatic triglycer-
ide kit TG Color GPO/PAP AA (Wiener Lab, Rosario, Argentina).
Liver cholesterol content was determined using the Bligh and
Dyer method®* with some modifications. Briefly, a 300 pl
aliquot of 10% (w/v) liver homogenate was mixed with 900 pl
of a chloroform : methanol (2:1, v:v) solution. After centrifu-
gation at 3000g for 10 min, the supernatant was discarded and
the lower phase was collected and evaporated for 1 h and
30 min using an Eppendorf Vacufuge (Eppendorf, Hamburg,
Germany). After evaporation, the pellet was resuspended with
50 pl of methanol plus 0.05% (v/v) Tween-20 solution and soni-
cated. 10 pl of the lipid suspension were analyzed for chole-
sterol content using the enzymatic total cholesterol kit
Cholestat (Wiener Lab, Rosario, Argentina). Free fatty acid
content was determined following the manufacturers’ instruc-
tions (Free Fatty Acid quantification assay kit, Abcam Inc.,
Cambridge, MA). Briefly, 10 mg of liver were homogenized in
200 pl of 1% (v/v) Triton X-100 in chloroform and incubated
on ice for 20 min. The extract was centrifuged at 14 000g for
5 min at room temperature. The organic phase collected was
first air dried at 50 °C and then vacuum dried for 30 min.
Dried lipids were resuspended in 200 pl of fatty acid assay
buffer provided by the kit, and vortexed extensively for 5 min.
Free fatty acid concentration was determined by fluorometric
assay following the manufacturers’ instructions.

Metabolic measurements

Plasma total cholesterol, triglycerides, free fatty acids, alanine
aminotransferase (ALT), glucose and insulin concentrations
were determined following manufacturer’s guidelines. Plasma
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endotoxin levels were determined using a kit from Abbexa LCC
(Houston, TX) following the manufacturer’s protocols.

Histological analyses

Liver samples were fixed overnight in 4% (w/v) neutralized par-
aformaldehyde solution. Samples were subsequently washed
twice in phosphate buffered saline solution, dehydrated, and
then embedded in paraffin for histological analysis. Sections
(5 pm thickness) were obtained from paraffin blocks and
placed on glass slides. Hematoxylin and eosin (H&E) staining
was performed following standard procedures. Sections were
examined using an Olympus BX46 microscope, with 10x
ocular lenses (field number 22) (Olympus America Inc., Center
Valley, PA). The pathologist was blinded to the identity of all
samples. After review, the specimens fell into discrete histo-
logic categories that were designated as “hepatic injury pat-
terns”. These patterns were: (i) normal, Zone 1 Pallor and Zone
3 Pallor, defined as no significant hepatocytes change; up to
minimal macrovesicular steatosis; (ii) microvesicular, defined
as enlarged hepatocytes with minute intracytoplasmic fat dro-
plets; and (iii) hypertrophy/balloon, defined as slightly
enlarged to notably enlarged hepatocytes with clear cytoplasm.
The images were numerically scored according to Kleiner
et al.”?

Western blot analysis

Livers were homogenized as previously described® using a
BeadMill24 (Thermo Fisher Scientific Inc., Piscataway, NJ).
Aliquots of total homogenates containing 30 pg protein were
denatured with Laemmli buffer, separated by reducing 8-15%
polyacrylamide gel electrophoresis, and electroblotted to PVDF
membranes. Membranes were blocked for 1 h in 5% (w/v)
bovine serum albumin or non-fat dry milk, and subsequently
incubated in the presence of the corresponding primary anti-
bodies (1:1000 dilution) overnight at 4 °C. After incubation
for 90 min at room temperature in the presence of the corres-
ponding secondary antibodies (HRP conjugated) (1:10 000
dilution), the conjugates were visualized using enhanced che-
miluminescence. Images were captured using a Bio-Rad
ChemiDoc Imager, and bands quantified using Image Lab
Software (Bio-Rad, Hercules, CA).

Electrophoretic mobility shift assay (EMSA)

NF-kB- and AP-1-DNA binding were assessed in liver nuclear
fractions isolated as previously described.>*>> The EMSA was
performed by end labeling the oligonucleotide containing the
consensus sequences for NF-kB with [y-*P] ATP. The oligo-
nucleotide was end-labeled using T4 polynucleotide kinase
and purified using Chroma Spin-10 columns. Samples were
incubated with the labelled oligonucleotide (20 000-30 000
cpm) for 20 min at room temperature in 1x binding buffer [5x
binding buffer: 50 mM Tris-HCl buffer, pH 7.5, containing
20% (v/v) glycerol, 5 mM MgCl,, 2.5 mM EDTA, 2.5 mM DTT,
250 mM NaCl, and 0.25 mg ml™" poly(dI-dC)]. The products
were separated by electrophoresis in a 6% (w/v) non-denatur-
ing polyacrylamide gel using 0.5 TBE (45 mM Tris/borate,

This journal is © The Royal Society of Chemistry 2022
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1 mM EDTA, pH 8.3) as the running buffer. The gels were
dried and the radioactivity quantified in a Phosphoimager 840
(Amersham Pharmacia Biotech. Inc., Piscataway, NJ).

Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA)
using Statview 5.0 (SAS Institute Inc., Cary, NC). Fisher least
significance difference test was used to examine differences
between group means. A repeated measure ANOVA with Tukey-
Kramer multiple comparison test was used to analyze changes
in body weight and food intake. A P value <0.05 was con-
sidered statistically significant. Data are shown as means + SE.

Results

Effects of the HFD and supplementation with cyanidin and
delphinidin on body weight gain and composition

Average daily food intake during the last 4 weeks of the study
was significantly lower in mice receiving the HFD compared to
those receiving control diets throughout the study (Fig. 1B).
Within the same period, average daily caloric intake was
similar for both groups (Table 1). After 8 weeks on the corres-
ponding diets, consumption of the HFD caused a 17%
increase in body weight (Table 1). Body weight gain in the HF
group started being significantly higher compared to the

View Article Online
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control group after 3 weeks on the HFD (Fig. 1C). CDRE sup-
plementation during the last 4 weeks did not affect food
intake and body weight gain in both control diet- and HFD-fed
mice (Fig. 1B and C).

Mice fed the HFD had 30% and 40% higher body fat mass,
and 7% and 13% lower body lean mass at weeks 4 and 8,
respectively. CDRE supplementation had no effect on body fat
or lean mass (Fig. 1D and E). Accordingly, at week 8 the weight
of the subcutaneous, epididymal, visceral, and retroperitoneal
fat pads was 48-92% higher in the HF compared to the C
group (Table 2). CDRE supplementation did not affect any of
the above parameters.

Effects of the HFD and AC supplementation on metabolic
parameters

After 8 weeks on the diets, plasma total cholesterol and trigly-
ceride concentrations were 15 and 25% higher in the HF than
in the C group (Table 1). CDRE supplementation did not
change total cholesterol increase. Plasma triglyceride levels in
the HFA were not significantly different compared to the other
three groups. Plasma fatty acid levels were not affected by the
dietary treatments.

Glucose and insulin plasma levels were 24 and 67% higher
in the HF than in the C group; the HOMA-IR was 78% higher
in HF mice, indicating a condition of insulin resistance. CDRE
supplementation did not change these parameters.

Table 1 Body weight, food and caloric intake and metabolic parameters. Mice fed a control diet (C) or a HFD (HF) for 8 weeks, or the control diet
for 4 weeks and the control diet supplemented with 50 mg AC per kg body weight for subsequent 4 weeks (CA) or the HFD for 4 weeks and the
HFD supplemented with 50 mg AC per kg body weight for subsequent 4 weeks (HFA). Food intake and caloric intake correspond to the last 4 weeks
on the diets. Total cholesterol, triglycerides, free fatty acid, glucose, insulin, and ALT were measured in plasma. Values are shown as means + SE (10
animals per group). Values having different superscripts are significantly different (P < 0.05, one-way ANOVA)

Parameter C CA HF HFA

Food intake (g day™) 4.2 +0.2° 3.8+0.1% 2.5 +0.2° 2.8 +0.2°
Caloric intake (kcal g~* day™) 13.8 +0.3% 13.9 + 0.1° 13.7 + 0.3° 13.2 + 0.3°
BW (g) 32.8 +0.7° 32.6 + 0.8° 38.4+0.8° 38.0 +0.8°
Liver weight (g) 1.38 + 0.04* 1.40 + 0.05% 1.24 + 0.04° 1.26 + 0.05°
Triglycerides (mg dl™") 84.1 + 2.4° 86.4 + 3.0° 105.5 + 5.9° 100.2 + 5.9%P
Total cholesterol (mg di™) 189 + 8° 193 + 4° 218 +11° 226 + 8°
Free fatty acids (uM) 344 + 47° 346 + 50° 326 + 36" 379 +37°
Glucose (mg dI™) 274 +19° 265 + 10° 341+ 14° 336 +19°
Insulin (ng ml™) 1.2 £0.2% 1.2 £0.2% 2.0 +0.2° 2.0 0.2°
HOMA-IR 0.9 +0.2% 0.8 +0.1° 1.6 + 0.2% 1.7 +0.2%
ALT (mU ml™) 33.8+1.7° 30.7 +2.2° 33.5+1.3 31.9 +3.2°

Table 2 Fat pads weight from mice fed a control diet (C) or a HFD (HF) for 8 weeks, or the control diet for 4 weeks and the control diet sup-
plemented with 50 mg AC per kg body weight for subsequent 4 weeks (CA) or the HFD for 4 weeks and the HFD supplemented with 50 mg AC per
kg body weight for subsequent 4 weeks (HFA). Values are shown as means + SE (9—11 animals per group). Values having different superscripts are

significantly different (P < 0.05, one-way ANOVA)

Tissue (g) C CA HF HFA

Subcutaneous fat 1.72 + 0.10° 1.80 + 0.13° 3.30 = 0.22" 3.40 + 0.24°
Epididymal fat 1.28 + 0.06° 1.31 + 0.07° 2.31+0.12° 2.25 +0.13"
Visceral fat 0.46 + 0.03* 0.47 +0.03* 0.68 + 0.07" 0.75 + 0.07°
Retroperitoneal fat 0.45 + 0.25% 0.55 + 0.06% 0.83 + 0.06" 0.82 +0.05°
Brown fat 0.17 + 0.01* 0.17 + 0.01* 0.18 + 0.01* 0.20 + 0.02*

This journal is © The Royal Society of Chemistry 2022
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Effects of the HFD and supplementation with cyanidin and
delphinidin on steatosis

We next investigated the effects of the HFD and CDRE sup-
plementation on the development of steatosis and liver
damage. Liver weight was 10% lower in the HF and HFA groups
compared to controls. Plasma alanine aminotransferase concen-
tration, measured as a parameter of liver damage, was similar
among groups (Table 1). After 8 weeks on the diets, liver trigly-
cerides content was 15% higher in the HF compared to the C
group. Supplementation with CDRE did not prevent liver TG
accumulation. After 8 weeks on the HFD, liver cholesterol and
free fatty acid content were similar among all groups (Fig. 2B).
Protein levels of two markers of liver fibrosis, i.e. Col1A1 and
fibronectin, were similar among all groups (Fig. 2C).
Hepatocellular injury triggered by agents such as fat and
toxins could cause hepatic enzyme induction, leading to
microvesicular steatosis and hypertrophy/ballooning. These
clinical features are critical in the development and pro-
gression of NAFLD.”®*” After liver staining with hematoxylin/
eosin, alterations in hepatocytes injury pattern were evaluated,
scoring: (i) microvesicular steatosis, a distinct form of steatosis
which is less common in human NAFLD but features more
prominently in rodent NAFLD; and (ii) hepatocyte hypertro-
phy/balloon, characterized by enlarged hepatocytes with clear
cytoplasm. The proportion of hepatocytes containing microve-
sicular steatosis, and hepatocyte hypertrophy was significantly
higher in the high fat compared to the control groups (Fig. 2D
and E), suggesting an early stage of steatosis and liver injury.
CDRE supplementation had no effects on these parameters.

Effects of the HFD and supplementation with cyanidin and
delphinidin on endotoxemia and liver TLR upregulation

Consumption of a HFD can lead to endotoxemia, which can
initiate liver inflammation and promote disease, e.g. NAFLD.
Thus, we next evaluated plasma LPS levels. Compared to con-
trols, a trend (41%, P = 0.078) for higher plasma endotoxin
concentration was observed after 4 weeks on the HFD (Fig. 3A).
At 8 weeks on the HFD, plasma endotoxin concentration was
significantly higher (44%, P < 0.04) in the HF group than in
controls (Fig. 3A and B). CDRE supplementation cancelled
HFD-associated endotoxemia (Fig. 3B).

Upregulation of TLR receptors is frequently found associ-
ated to endotoxemia. Both TLR4 and TLR2 liver protein levels
were not significantly affected after 4 weeks on the HFD (ESI
Fig. 11); but after 8 weeks on this diet they were 45 and 42%
higher, respectively, in HF mice compared to the C group
(Fig. 3C). CDRE supplementation for 4 weeks prevented liver
TLR2 and TLR4 upregulation.

Effects of the HFD and supplementation with cyanidin and
delphinidin on signaling cascades downstream the TLRs: NF-xB

Activation of the TLR4 and TLR2 receptors can activate proin-
flammatory signaling cascades, e.g. NF-xkB, MAPKs and AP-1.
We evaluated NF-«kB activation by measuring the phosphoryl-
ation of both, IKK and p65 by western blot, and NF-kB-DNA
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binding in nuclear fractions by EMSA. After 4 weeks on the
HFD, no changes were observed in the phosphorylation of p65
at Ser536 (ESI Fig. 17). After 8 weeks on the diets, phosphoryl-
ation of IKKo/p at Ser176/180 and of p65 were 27 and 38%
higher in the HF than in the C group, respectively (Fig. 4B);
CDRE supplementation of HFD-fed mice prevented both
increases. Accordingly, NF-kB-DNA binding was significantly
higher in nuclear fractions from HF mice compared to C and
HFA mice (Fig. 4A). NF-«B regulates the transcription of genes
involved in the proinflammatory response. Among them, we
next evaluated the liver protein levels of the chemokine
MCP-1, the cytokine TNFa and of inducible nitric oxide
synthase (iNOS) (Fig. 4C). MCP-1 and TNFu levels were already
elevated in the HF group compared to the C group after 4
weeks on the HFD (43% and 1.25-fold higher, respectively)
(ESI Table 17). After 8 weeks, MCP-1 and TNFa protein levels
were 3- and 2.3-fold higher in the HF group compared to the C
group. While CDRE supplementation mitigated HFD-mediated
MCP-1 increase, it did not affect TNFa upregulation. At week 8,
iNOS levels were higher in the HF compared to the C and CA
groups, while they were not significantly different between the
HFA and the HF and CA groups.

Effects of the HFD and supplementation with cyanidin and
delphinidin on signaling cascades downstream the TLRs: AP-1

AP-1 is activated by the family of MAPKs that include p38,
ERK1/2 and JNK. After 8 weeks on the HFD, AP-1 activation,
measured as AP-1-DNA binding by EMSA, was 50% higher in
the HF group compared to all other groups (Fig. 5A). A positive
correlation was observed between NF-kB-and AP-1-DNA
binding activity (P = 0.001, r: 0.63). From the AP-1 upstream
kinases, we observed that after 4 weeks on the HFD, only
ERK1/2 phosphorylation at Thr202/Tyr204 was significantly
higher than in control diet-fed mice (ESI Fig. 1}). After 8
weeks, liver phosphorylation levels of p38 at Thr180/Tyr182
and of ERK1/2 at Thr202/Tyr204 were 92 and 34% higher,
respectively, in the HF group compared to the control group
(Fig. 5B). CDRE supplementation for 4 weeks prevented HFD-
induced increased p38 phosphorylation, and restored ERK1/2
phosphorylation levels to control values (Fig. 5B). JNK phos-
phorylation at Thr183/Tyr185 was not affected by HFD con-
sumption (data not shown).

Transcription factor HIF-1 is also involved in LPS-mediated
inflammatory responses.”® HIF-1-DNA binding was 40%
higher in HFD-fed mice compared to the control and HFA
groups (Fig. 5C). A positive correlation was observed between
the DNA-binding activity for HIF-1 and that of NF«B (P =
0.001, 7: 0.56) and AP-1-DNA (P = 0.0004, r: 0.63).

Effects of the HFD and supplementation with cyanidin and
delphinidin on parameters of oxidative stress

Oxidative stress is a major contributor to the development of
NAFLD. Thus, we next investigated the expression of NADPH
NOX1, NOX2 (gp91P"¥) and NOX4. Protein levels of NOX1 and
NOX4 were elevated (69 and 53%, respectively) in the HF and
HFA groups compared to controls, while no changes were

This journal is © The Royal Society of Chemistry 2022
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fatty acid (FFA) content, C — proteins involved in fibrosis, i.e. CollAl and fibronectin, were evaluated by western blot and values normalized to
B-actin or a-tubulin levels, respectively (loading controls). Results for CA, HF and HFA were referred to control group values (C). D — Images of liver
hematoxylin/eosin tissue staining, E — microvesicular steatosis and hypertrophy were evaluated as described in methods. All results are shown as
mean + SE of 9 mice per group. Values having different superscripts are significantly different (P < 0.05, one-way ANOVA test).
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Fig. 3 Effects of the supplementation with cyanidin and delphinidin on endotoxemia and liver TLR expression in mice fed HFD. Mice were fed the
different diets as described in methods. At weeks 0, 2, 4 and/or 8 on the corresponding diets the following parameters were measured: A and B —
Plasma endotoxin concentration. A-Kinetics of plasma endotoxin concentration in mice from the C and HF groups, B — plasma endotoxin concen-
tration, and C — liver TLR2 and TLR4 protein levels after 8 weeks on the corresponding treatments. For western blots, bands were quantified, values
referred to a-tubulin levels (loading control) and results for CA, HF and HFA were referred to control group values (C). Results are shown as mean +
SE of 9-10 mice per group. A — *Significantly different from C at the corresponding time point; B and C — values having different symbols are signifi-

cantly different (P < 0.05, one-way ANOVA test).

observed for NOX2 (Fig. 6A). Oxidative damage to cellular com-
ponents was assessed by western blot measuring adducts of
4-hydroxynonenal (4-HNE), a product of lipid oxidation, with
liver proteins. 4-HNE-protein adduct levels were similar among
groups (Fig. 6B), confirming an initial stage in NAFLD develop-
ment as a consequence of 8 weeks HFD consumption.

Discussion

The present work demonstrated that a short-term supplemen-
tation with cyanidin and delphinidin could prevent and/or

788 | Food Funct, 2022,13, 781-794

reverse HFD-induced endotoxemia and the associated liver
inflammation in mice. These results agree with previous evi-
dence indicating that AC consumption is linked to an improve-
ment of diseases having an important inflammatory com-
ponent. In this regard, dietary intake of AC and/or berries as
source of ACs were found to be associated to a lower risk of
type 2-diabetes,'® cardiovascular disease'' and all-cause mor-
tality.>® In terms of liver inflammation, studies in cells and
animals are supportive of a protective effect, while evidence in
humans is still scarce.>® Our previous study showed that sup-
plementation for 14 weeks with the CDRE, inhibits HFD-
induced steatosis, liver inflammation, insulin resistance and

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Effects of supplementation with cyanidin- and delphinidin on AP-1, MAPK and HIF activation in mice fed a HFD. Mice were fed the different
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oxidative stress in mice."” The current study was aimed to
investigate if dietary supplementation of mice for 4 weeks with
CDRE could revert or mitigate an established liver pro-inflam-
matory condition caused by 4 weeks consumption of a HFD.
Overall, CDRE supplementation did not revert or prevent HFD-
induced adiposity, steatosis and high circulating levels of tri-
glycerides, cholesterol, glucose and insulin, but normalized
metabolic endotoxemia and mitigated liver inflammation.

We observed that metabolic endotoxemia was already
increased in mice after consumption of the HFD for 4 weeks,
remaining elevated after 8 weeks on the diet. Supplementation
with CDRE restored LPS plasma levels to control values. This

This journal is © The Royal Society of Chemistry 2022

normalization of plasma LPS by CDRE suggests that the endo-
toxemia associated to Western style diets and/or obesity could
be mitigated by dietary changes that include AC-rich fruits and
vegetables and/or AC supplementation. At a molecular level,
the cyanidin- and delphinidin-rich blend could mitigate endo-
toxemia by promoting healthier microbiota profiles and
decreasing LPS paracellular transport caused by loss of intesti-
nal barrier function®' or LPS transcellular co-transport with
absorbed lipids.>® However, current data do not allow to ident-
ify the involved mechanisms. The beneficial effects of AC
reverting endotoxemia are relevant to the liver, given that LPS
triggers liver inflammation, which in conjunction with steato-
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sis, can evolve into NAFLD and subsequently non-alcoholic
steatohepatitis (NASH).**>>*

The inflammatory condition associated with endotoxemia,
is reflected in the high liver levels of TLR2 and TLR4 after 8
weeks on the HFD diet. The absence of high TLR4 levels at 4
weeks can be due to the fact that the liver maintains low levels
of TLR4 expression and can manage LPS without significant
inflammation.’ However, as we observed after 8 weeks, sus-
tained exposure to high LPS levels leads to TLR4 upregulation.
TLR2 expression was also upregulated by 8 weeks HFD con-
sumption, which was prevented by CDRE supplementation.
The relationship between these two receptors and LPS is
complex; while LPS is not a TLR2 ligand, TLR2 is required for
LPS-induced TLR4 activation in kidney.*> Thus, the prevention
of HFD-induced overexpression of both TLR2 and TLR4
appears to be central in the capacity of cyaniding and delphini-
din to mitigate liver inflammation.

In accordance with previous results, the HFD was associ-
ated with the upregulation of proinflammatory and profibrotic
cascades downstream TLR2 and TLR4, i.e. NF-kB, p38, ERK1/2,
AP-1 and HIF-1.”® These signaling pathways cross talk in ways
that can escalate inflammation.*®*” Supplementation with the
CDRE fully prevented or reverted the activation of these cas-
cades. In terms of the expression of molecules resulting from
the inflammatory process and the associated oxidative stress, 8
weeks consumption of the HFD led to increased levels of
MCP-1, TNFa, iNOS, and the NADPH oxidases NOX1 and
NOX4. While supplementation with CDRE mitigated MCP-1
increase, it did not improve any of the other parameters. This
discrepancy can be in part explained by the different timing of
protein expression during the inflammatory process and/or
different signaling regulation of each of these proteins. In
addition, different cell types are involved in liver inflam-
mation, which can also explain the observed different
responses to cyaniding and delphinidin supplementation.
Kupffer cells seem to be relevant in the hepatic inflammatory
response to LPS, because they are responsible for the clearing
of LPS arriving to the liver through the portal vein and for the
initiation of TLR4-mediated inflammation.*® In fact, Kupffer
cell depletion inhibits the recruitment of bone marrow macro-
phages and mitigates steatohepatitis.’® Thus, the observed
decrease in MCP-1 expression upon 4-week CDRE supplemen-
tation of HFD-fed mice may be highly relevant in reducing the
recruitment of macrophages and the amplification of hepatic
inflammation.

Conclusions

Prevention of endotoxemia and downregulation of liver TLR2
and TLR4 can in part explain the capacity of AC, especially cya-
nidin and delphinidin, to prevent the activation of proinflam-
matory signals that are involved in the development of liver
inflammatory diseases, e.g. NAFLD. A limitation of this study
is the use of a complex mixture that does not allow identifying
precisely the molecules responsible for the observed effects.
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On the other hand, our previous studies using isolated AC
pointed to cyanidin and delphinidin as the particular AC
involved in providing anti-inflammatory protection.'>*" Until
having a definitive response, results support the concept that
increasing the consumption of fruits and vegetables, especially
those rich in cyanidin and delphinidin, could protect from the
adverse consequences of unhealthy diets on liver functionality.
While not all the adverse consequences of HFD consumption
were reverted by the CDRE, a longer period of AC supplemen-
tation could have additional beneficial actions.
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